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RECOMBINANT MATURE COMPLEMENT FACTOR |

Cross-Reference to Related Application
This application claims the benefit of priority from Great Britain Patent Application No.
1704071.8, filed on March 14, 2017, The foregoing apglication is incorporated herein by

reference in its entirety.

Technical Field

Aspects of the present invention relate 1o a recombinant mature Complement Factor |
protein, compositions comprising such proteins and methods of manufacture and uses
thereci, Also included herein are methoeds of freating & complemant-mediated disorder
comprising administering a composition comprising a recombinant mature Complement
Factor | protein to a patient in need thereof.

Background to the Invention

The complement systern is a part of the innate immune systemn which is made up of a large
number of discrete plasma proteins that react with one another {0 opsonize pathogens and
induce a series of inflammatory responses that help to fight infection. A number of
complement proteins are proteases that are themselves activated by proteciytic
cleavage. There are three ways in which the complement system protects against infection.
First, it generates large numbers of aclivated compiement proteins that bind covalently to
pathogens, opsonizing them for enguifment by phagooyies bearing receptors for
complement. Second, the small fragments of some complement proteins act as chemo-
aitractants to recruit more phagocoytes o the site of complement activation, and also to
activate these phagooytes. Third, ihe terminal complement componenis damage

certain pacteria by creating pores in the bacterial membrane.

Complement Factor |, also known as C3b/C4b inhibitor, is a serine proteinase that is
essential for reguialing the complemeant cascade. | is sxpressed in numerous tissues but
principally by liver hepatocytes. The encoded preproprotein is cleaved to produce both
heavy and light chains, which are linked by disulfide bonds to form a hetercdimeric
giycoprotein. This heterodimer can cleave and inactivate the complement components C4b
and C3b, and it prevents the assembly of the C8 and C5 convertase enzymes. Defects in
this gene cause compiement factor | deficiency, an autosomal recessive disease associated

with a susceptibility o pyogenic infections.
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Mutations in this gene have been associated with a predisposition o atypical hemolytic
uremic syndrome, a disease characterized by acute renal failure, microangiopathic hemolytic
anemia and thrombocylopenia. Recently iow levels of circulating CFl have been identified in
individuals with very rare CFI variant genes and these individuals associated with advanced
Age-Related Macular Degeneration (AMD) supporting the role of CFi in risk of AMD
{(Kavanagh et al (2015). AMD is the mest common cause of vision loss in those aged over 50
and currently there are few treatment options. This research suggests that enhancing CFI

activity in these individuals may have some therapeutic benefit.

Curmrently, efforts to produce compositions comprising a high percentage of recombinant
mature CF! have had limited success. Typically, prior art methods result in incomplets
cleavage of the proform to form the mature CFi protein. Thus, the prior arl typically resuits in
compositions comprising significant amounts of uncleavad proform protein. Furthermore,
previous efforts have resulted in compesitions which have reduced activity as compared to

piasma-derived Complament Factor |

it is therefore an aim of certain empodiments of the present invention to at least partially

mitigaie the problems associated with the prior art.

it is an aim of cerain embodiments of the present invention to provide a methed for
producing a composition which cornprises a high concentration of recombinant mature
Complement Factor |.

it is an aim of certain embodiments to provide a composition comprising recombinant mature

Complement Factor | for use in the treatment of complement-mediated disorders.

Bummary of the Disclosure

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commoniy undersiood by a person skilled in ihe art 1o which to this invention

belongs.

Certain aspects of the present invention provide an isclated recombinant mature

Comgplement Factor |

PCT/US2018/022471
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The term "isolaisd” as used herein refers 1o g biological component (such as a nucleic acid
maiecule or protein) that has been substantially separated or purified away from other
biological components in the cell of the organism in which the component naturally occurs,
i.e., other chromosomal and extra chromosomal DNA and RNA, and proteins. Nucleic acids
and proteins that have been "isolated” include nucleic acids and proteins purified by
standard purification methods. The term also embracas nucleic acids and proteins prepared
by recombinant expression in a host cell as well as chemically synthesized nucleic acids,

proteins and peptides.

it is considered that the present inventors have devised a method of producing an isaisted
recombinant mature CFl protein which is substantially isolated from other cellular
components inciuding for example a recombinant precursor CFi protein. it is considerad that
prior art methods of producing a recombinant CFl protein have resulted in incomplete
procassing of a precursor CF1 protein such that a recombinant mature CF| protain has not

been substantially isolated.

in a first aspect of the present invention, there is provided a composition comprising a
recombinant mature Complement Factor | (CF1) protein, wherein the recombinant mature
CFi protein comprised in the composition representis greater than about 50% by weight of a

total CFI protein content of the compeosition.

Thus, certain embodiments of the present invention relate to a recombinant mature
Complement Factor | (CF), compositions comprising recombinant mature Complemeant
Factor | and methods of obtaining such a protein.

As used herein, the term "protein® can be used interchangeably with "peptide” or
"polypeptide”, and means at least iwo covalently attached alpha amino acid residues linked
by a peptidyl bond. The term protein encompasses purified natural products, or chemical
products, which may be produced partially or wholly using recombinant or synthetic
techniques. The term protein may refer to a complex of more than one polypeptide, such as
a dimer or other multimer, a fusion protein, a prolein variant, or derivative thereof. The term
aiso includes modified proteins, for exampie, a protein modified by glycosylation, acetyiation,
phosphorylation, pegylation, ubiguitination, and so forth. A protein may comprise amino

acids not encoded by a nucleic acid codon.

Complement Factor | is an important complement regulator. It is expressaed in numerous

tissues but principally by liver hapatocyles. CFl is a heterodimer in which the two chains are

PCT/US2018/022471
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linked togsther by disuiphide bond. The heavy chain conlains the Factor | module, a CDA
domain and two low density lipoprotein receptor domains (LDLr). The light chain comprises
a serineg protease domain, the active site of which consists of a triad of His380, Aspd38 and
Ser525. A CFl heavy chain amino acid sequence is shown in SEQ ID. No. 1 and a CFi light

chain amino acid sequence is shown in SEQ ID. No. 2 {Figure 2).

When CFI is synihesised, it is initially made as a single chain precursor {precursor GFI
protein}, in which a four residue linker peptide (RRKR) connects the heavy chain to the light
chain. Thus, as used herein, the term “precurser CFl protein” is used o refer to a single
chain precursor Complement Factor | protein which comprises a four residue linker peptide
{(RRKR). Aptly, the precursor CFl protein is substantially inactive and has essentially no C3
C3b-inactivating or iC3b-degradation activity. In cerlain embadiments, the recombinant
precursor CFl protein comprises an amine acid sequence as set forth in SEQ. ID. No. 3
(Figure 2}.

During processing, the precursor CF! protein is cleaved by a calcium-dependent searing
endoprotease, furin, leaving the heavy chain and light chain of fuli length mature Fi held
together by a single disulphide bond. This protein is referred to herein as a mature CFI

protein.

Thus, as used herein, the term *mature CFi protein” refers to a CFI proiein which is or has
been cleaved at or adiacent to a RRKR ilinker seguence e.g. by furin. In certain
embodiments, the mature CFl protein lacks an RRKR linker sequence as compared {0 a
precursor CF protein, wherein the precursor CF1 protein comprises a RRKR linker sequence
at positions 318 to 321. In other embodiments, the mature CFI protein is cleaved adjacentto
the RRKR linker sequence and therefore the mature CFl pretein may comprise a light chain
and a heavy chain, ong or both of which comprises oneg or more aming acid residues of the
linker seguence. In certain embodiments, the recombinant precursor CF| protein is a non-
human mammalian CFI protein,

in certain embodiments, a mature CF protein comprisas a disulphide bond and whersin the
recombinant mature CFl protein is cleavable into a heavy chain and a light chain upon
reduction of the disulphide bond. In cerdain embodiments, the mature CFl protein comprises
a heavy chain comprising a Factor | module, a CD5 module, an LDLr module, LDLr module
and a light chain comprising a serine protease domain. In certain embodiments, the mature
CF1 protein is glycosylated.

PCT/US2018/022471
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As used hersgin, the term ‘recombinant precurser CF1 protein” is ussed o refer to a precursor

CFi protein as described above which is obtained using recombinant methods.

As used herein, the term “total CFI protein content” refers to a total content of the
combination of recombinant mature CFl protein and a recombinant precursor CFI protein

prasent in a single composition.

Aptly, a “recombinant mature CFi protein” is a mature CFl protein defined above which is
rnade by recombinant expression, ie. it is not naturally ocourring or derived from plasma.
Aptly, & wild-type mature CFl protein comprises two chains, each chain undergeoing
glycosylation which results in a total of six N-linked glycosylation sites which adds up to
3kDa of carbohydrale to the predictad molecular weight of 85kDa.

The recombinant maiure CFl proiein may have a different giycosylation pattern t© a
naturaliy-derived i.e. plasma-derived mature CFl protein.

The terms “recombinant” and “recombinant expression” are well-known in the art. The term
“recombinant expression”, as used herein, relates to transcription and transiation of an
exogenous gene in a host organism. Exogencus DNA refers 1o any decxyribonucieic acid
that originales culside of the host cell. The exogenous DNA may be inlegraled in the

genome of the host or expressed from a non-integrating element.

A recombinant protein includes any polypeptide expressed or capable of being expressed
from a recombinant nucleic acid. Thus, a recombinant mature CF! protein is expressed by a
recombinant DNA seqguence. Aptly, the recombinant mature CFi protein has undergone
post-expression processing to be cleaved at or adjacent to a8 RRKR linker sequence to leave
a heterodimer as describad herein.

in certain embodiments, the recombinant mature CFi protein represenis greater than about
&0% by weight of the total CFl protein content of the compaosition. In certain embodiments,
the recombinant mature CFI protein represents greater than about 70% by weight of the total
CFi protein content of the composition. In one embodiment, the recombinant mature CFI
protein represenis grealer than aboul 80% by weight of the icial CFI prolein content of the

composition,

in certain embodiments, the recombinant mature CFi protein represents greater than about
80% by weight of the total CF! protein content of the composition.  Aptly, the recormbinant

PCT/US2018/022471
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mature CFI protein represents greater than aboul 5% by weight of the total CFl protein
content of the composition.

in certain embodiment, the composition further comprises a recombinant precursor
Cormplement Factor | protein, wherein the ratio of recombinant mature CFl: recombinant

precurser CF1in the compuosition is from greater than 50:50 to 100:0.

in a second aspect of the present invention, there is provided a compaosition comprising &
recompinant mature Complement Factor | (CFD) protein and optionally a recombinant
precursor Complement Factor | protein, wherein the ratio of recombinant mature CFIL

recombinant precursor CF1 in the compaosition is from greater than 50:50 to 100:0.

in certain embodiments, the ratio of recombinant mature CFl recombinant precursor CFlin
the composition is from 80:40 to 100:0. In certain embodiments, the ratic of recombinant
mature CFl: recombinant precursor CFl in the composition is from 70:30 to 100:0. In certain
embodiments, the ratico of recombinant mature CFE recombinant precursor CFl in the
compaosition is from 80:20 to 100:0, for example from about 86:10 to 160.0, for example from
85:05 to 100:0.

in cerlain embodimenis, the recombinant CFi protein is a human CFl protein. in certain
empodiments, the recombinant mature CFl protein comprises a first amino acid molecule
comprising an aminc acid sequence as set forth in SEQ. 1D, No. 1. in certain embodiments,
the recombinant mature CFl protein comprises a first amine acid molecule comprising an
amine acid sequence which has at least 80% sequence identity to the aminc acid sequence
as set forth in SEQ. 1 No. 1. Aptly, the % sequence identity is over the entire length of the

amino acid sequencs set forth in SEQ. ID. No. 1.

in certain embodiments, the recombinant mature CFl protein comprises a first amino acid
seguence that is al least 80% identical to the amino acid sequence as set forth in SEQ 1D
NGO 1, e.g. al least 91%, 82%, 93% or 94%. in cerfain emboediments, the recombinant
mature CFl protein comprises a first aming acid molecule comprising an amino  acid
sequence that is at least 95% identical to the amino acid sequence as set forth in SEQ 1D
NOG: 1, e.g. 98%, 97%, 88%, 38% or 100% identical.

in certain embodiments, the recombinant mature CFI protein comprises a further aminoe acid
meiecule comprising an amino acid seqguence as set forth in SEQ. 1D, No. 2, wherein the first
and further amino acid sesguence are linked by & disulphide bond.

PCT/US2018/022471
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in certain embodiments, the recombinant mature CFi protein comprises a further amino acid
molecule comprising an amino acid sequencea which has at least 80% sequence identity 1o
the amino acid sequance as set forth in SEQ. ID. No. 2 wherein the first and further amino
acid sequence are linked by a disulphide bond. In certain embodirments, the recombinant
mature CFl protein comprises an amino acid sequence that is at least 80% identical o the
aming acid sequence as sei forth in SEQ 1D NG 1, eg. at least 91%, 92%, 93% or 84%

identical.

in certain embodiments, the recombinant mature CFi protein comprises a further amina acid
molecule comprising an amino acid sequence that is at least 85% identical to the amino acid
sequence as set forth in SEQ 1D NO: 2, e.g. al [east 96%, 97%, 98%, 9%% or 100%

identical.

Thus, in certain empodiments, proteins having minor modifications in the seguence may be
equally useful, provided they are functional. The terms “sequence identity”, “percent identity”
and "sequence percent identity” in the context of two or more nucleic acids or poiypeptides,
refer to two or more segquences of subsequences that are the same or have a specified
perceniage of nuclectides or aming acid residues that are the same, when compared and
aligned {introducing gaps, if necessary) for maximum correspondence, not considering any
conservative aming acid substitutions as part of the sequence identity. The percent identity
can be measured using seguence comparison software or algerithms or by visual inspection.
Various algorithms and software are known in the art that can be used to obtain alignments

of amino acid or nucleotide segusences.

Suitable programs to determine percent sequence identity include for example the BLAST
suite of programs available from the U.8. government's National Center for Bintechnology

fmet

oing 5 -
Aeb niey [y
ORI NN NN GO

information BLAST web site (i last.egi ). Comparisons between

iy

two seguences can be carried using either the BLASTN or BLASTR algorithm. BLASTN is
used to compare nucieic acid sequences, while BLASTR is used to compare amino acid
sequences. ALIGN, ALIGN-2 {(Genentach, South San Francisco, Californiay or MegAlign,
available from DNASTAR, are additional publicly available software programs that can be
used io align ssguences. One skilled in the art can determine appropriate paramelers for
maximal alignment by particular alignment seoftware. In certain embodiments, the defauit

parameters of the alignment software are used.

PCT/US2018/022471
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in certain embodiments, the recombinant mature CF| protein may comprise an aminoc acid
sequence comprising one or more mutations as compared fo a reference sequence. in
cartain embodiments, the reference seguence is as shown in SEQ. 1D, No. 1 and 2. In

certain embodiments, the mutation may be an insertion, a deletion, or a substitution.

Substitutional variants of proteins are those in which at least one amino acid residue in the
aming acid sequence has peen removed and a different amino acid residue inserted in its
piace. The mature recombinant CFI protein of certain embodiments of the present invention

can contain conservative or non-conservative substitutions.

The term "conservative substitution” as used herein relates to the substitution of one or more
amingo acid residues for aminoc acid residues having similar biochemical properties. Typicaily,
conservative substitutions have littie or no impact on the activity of a resulling protein.
Screening of variants of the CFi proteins described harein can be ussed to identify which
amino acid residues can iolerate an aming acid residue substitution. In one example, the
relevant biclogical activity of a modified protein is not decreased by more than 25%,
preferably not more than 20%, especially not more than 10%, compared with CFl when one

or more censervative amino acid residue substitutions are effected.

in cerlain embodiments, the composition is essentially free of a furin protein or fragmenis
thereof. Furin is a sublilisin-like proprotein convertase which cleaves protein in vivo at a
minimal cleavage site of Arg-X-X-Arg. A human furin protein comprises an amino acid
sequence as set forth in SEQ. 1D, 4,

in certain embodiments, the composition is a pharmaceutical compeosition. The
pharmaceutical composition further comprises one or more pharmaceutically acceptable
excipients. Further details of pharmaceutical compositions arg provided herein.

in a further aspect of the present invention, there is provided a methoed of preparing a
composition comprising a recombinant mature Complement Facior | (CFI) protein, wherein
the recombinant mature CF{ protein represenis greater than 50% by weight of a tolal CFi
protein content of the compeosition, the method comprising:
a. contacting a recombinant precursor CFl prolein with a furin prolein or
fragment thereof, and
b. incubating the recombinant precursor CFl protein with the furin protein or
ragment thereof for a predetermined period of time, whereby the furin protein
or fragment thereof cleaves the recombinant precursor CF| protsin at or

PCT/US2018/022471
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adjacent ¢ a RRKR linker sequenca site to form the recombinant maturs
Compiement Factor | protein.

in certain embadiments, the recombinant precursor CFi protein is a human precursor CF
protein. the recombinant precursor CFi protein comprises an aming acid sequence as set
forth in SEQ. ID. No: 3. in certain embodiments, the recombinant precursor CFl protein is as

descriped herein.

In certain embodiments, the recombinant precurser CF| protein comprises a tag. In certain
embodiments, the tag is a His-tag.

in certain embodimants, the mathod comgprises exprassing the recombinant precursor CF|
protein prior to step (a). in certain embodiments, the method comprises expressing the
recombinant precursor CF{ pradein in a sukaryolic cell,

in certain embeodimants, the method comprises exprassing the recombinant precursor CF|
protein in a prokaryotic cell. Aptly, the prokaryotic ceil is Escherichia coli.

in certain embodiments, the aukaryotic cell is selecied from an insect, a plant, a yeast or a

mammalian ceil.

Suitable host cells for cloning or expressing the DNA encoding a CFl protein include
prokaryote, yeast, or higher eukaryote cells. Suitable prokaryotes for this purpose include
gubacteria, such as Gram-negative or Gram-positive  organisms, for  example,
Enterobacteriacese such as Zscherichia, .g9., £ cofi, Enterocbacter, Erwinia, Klebsiella,
Proteus, Salmonella, eg., Safmonefia typhimurium, Serratia, e.q., Serrafia marcescans, and
Shigella, as weall as Bacilli such as B. subtilis and B. licheniformis, Pseudomonas such as P,

aeruginosa, and Streptomyces.

in addition to prokaryotes, eukaryotic micrebes such as filamentous fungi or yeast may be
suitable cloning or expression hosts for CFi-encoding vectors. Saccharomyces ceravisias, or
common baker's yeast, is the most commonly used among lower eukaryotic host

micreorganisms although others may be useful.

in certain embodiments, the host cell is a mammatlian host cell e.g. monkey kidney CV1 line
transformed by SV40 (e.g. COS8-7); human embryonic Kidney line (e.g. 293 or 283 celis);
baby hamster kidney cells (2.g. BHK); Chinese hamster ovary cells/~DHFR (CHQC), mouse

PCT/US2018/022471
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serici calis (e.g. TM4), monkey kidnay celis {e.g. CV1); African gresn monkey Kidney celis
{e.g. VERO-78); human cervical carcinoma celis {e.g. HELA), canine kidney cells {e.g.
MDCKY, buffaio rat liver cells {g.g. BRL 3A), human [ung celis {a.g. VW138);, human liver celis
{e.g. Hep G2}, mouse mammary tumor (MMT 08¢562), TRI cells, MRC 5 cells and F&4

cells. In certain embodimenis, the mammalian cell is a CHO cell.

Host cells are transformed with the above-described expression or cloning vectors for
antibody production and cultured in conventional nutrient media modified as appropriate for
inducing promoters, selecting transformants, or amplifving the genes encoding the desired

sgguences.

in carain embodimants, the method comgprises transforming the cell with a nucleic acid
molecule encoding & precursor CFi protein. Aptly, the method comprises transforming the
call with a vector which encodas a precursor CF1 protein as describad herein.

"Nudcieic acid molecule’ or 'nucleic acid sequence”, as used herein, refers 1o a polymer of
nucieoctides in which the 3 position of one nucleotide sugar is linked to the 5 position of the
next by a phosphodiester bridge. in a linear nucleic acid strand, one end typically has a free
& phosphate group, the other a free 3' hydroxyl group. Nucleic acid sequences may be used
herain o refer to oligonuclectides, or polynucieotides, and fragmenis or portions thereof, and
to DNA or RNA of genomic or synthetic origin that may be singie- or double-siranded, and

represent the sense or antisense strand.

The term “vector” as used herein means a nucleic acid sequence containing an origin of
replication. A vector may be a viral vector, bacteriophage, bacterial arificial chromosome or
yeast anificial chromosome. A vector may be a DNA or RNA vector. A vector may be a self-

replicating extrachromosomal vector, and aptly, is a DNA plasmid.

Aptly, the vector may further comprise a promoter. The term ‘promoier” as used herein
means a synthetic or naturally-derived molecule which is capable of conferring, activating or
enhancing expression of a nucleic acid in a cell. A prometer may comprise one or morg
specific transcriptional regulatory sequences {o further enhance expression and/or o alter
the spatial expression and/or temporal expression of same. A promoter may also comprise
distal enhancer or repressor elements, which may be located as much as several thousand
base pairs from the start site of transcription. A promoter may regulate the expression of a
gene compaonent constitutively, or differentially with respect to cell, the tissug or organ in

which expression occurs or, with respect to the developmental stage at which expression

10
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GCCUrs, Or in response to external stimuli such as ghysiolegical stresses, pathogens, meatal
ions, or inducing agents.

in cerfain embodiments, the method comprises isclating the expressed recombinant
precursor CFI protein prior to step (@), In certain embodiments, step (8) comprises adding
the furin protein or fragment thereof to a solution comprising the expressed recombinant

pracurscer CFl protein.

in certain embodiments, step (b} comprises incubating the furin protein or fragment thereof
with the recombinant precursor CFi protein at a temperature of between about 25°C to about
42°C.

in certain embodiments, step (b) comprises incubating the furin protein or fragment thereof
with the recombinant precursor CF1 profein at a termnperature of between about 30°C o about
42°C,

in certain embodiments, step (b) comprises incubating the furin protein or fragment thereof
with the recombinant precursor CFl prodein at a ternperature of between about 35°C o about
38°C.

in certain embodiments, step (b) comprises incubating the furin protein or fragment thereof
with the recombinant precursor CF! protein in a solution having a pH of betwesn about § and
7.

in certain embodiments, step (b) comprises incubating the furin protein or fragment thereof
with the recombinant precursor CFl protein in a solution having a pH of between about 5 and
8.

in certain embodiments, the solution comprises calcium ions. in ceriain embodiments, the
solution comprises calcium ions at a concentration of between about 1miM to about SmM.

in cartain embodimeants, the solution further comprises potassium ions.

in certain embodiments, step (b) comprises incubating the furin protein or fragment thereof

with the recombinant precursor CFi protein for between about 5 hours and about 48 hours.

in certain embodiments, step (b) comprises incubating the furin protein or fragment thereof
with the recombinant precursor CFi protein for between about 8 hours and about 20 hours.

11
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in certain embodiments, the furin protein is a human furin protein or fragment thereof. In
cartain embodimants, the furin protein is a fragment of a mature furin protein, Aptly, the furin
protein is a truncated furin protein which is terminated before the transmembrane domain.
Aptly the truncated furin protein comprises at least one or more aming acid residues at a
position at or between 585-7¢1 that is involved in the catalylic activity of furin e.g. to cleave

at a RRKR linker seguence.

in certain embodiments, the furin protein or fragment thereof is givcosylated. Aptly, the furin
protein or fragment thereof is glycosylated at one or more amino acid residues selected from
Asn387, Asnd4( and Asnd53.

in certain embodiments, the furin proiein or fragment thereof has a molecular weight of 60
kDa or greater. Apily, the ifurin protein or fragmeni thergof has a molecular weight of
between about 85 to 85 kDa. In certain embodiments, the furin protein or fragment thereof

comprises a tag e.g. a His tag.

in certain embodiments, the furin protein or fragment thereof comprises the amino acid
sequence as set forth in SEG. 1D, No.4 or a fragment thereof. in cerain embeodiments, the
furin protein fragmenl comprises al least amino acid residues 108 o 715 of a prolein

comprising the amino acid seguence as set forth in SEQ. {2, No: 4.

in certain embodiments, the furin protein is a protein having at least 80%, e.g. at least 85%,
0%, 91%, 92%, 23%, 94%, 985%, 868%, 97%, 88%. 99% or 100% sequence identity with a
protein having a sequence as depicted in SEQ. 1D, No. 4. Aptly, the % seguence identity is
over the entire length of the amino acid sequence set forth in SEQ. ID. No. 4. In cerlain
embodiments, the furin protein is a protein having at least 80% at least 85%, 80%, 81%,
§2%, 93%, 94%, 5%, 86%, 97%, 88%, ¥9% or 100% sequence identity with the sequence

consisting of amino acid residues 168 1o 715 of SEQ. [D. No. 4.
in certain embodiments, the furin protein or fragment thereof is expressaed in a mammalian
cell. Aptly, the method comprises obtaining a furin protein or fragment thereof which has

been exprassed in a rmammalian cell.

in certain embodiments, the method further comprises isolating the recombinant mature CFi
protein.  In certain embodiments, the method further comprises purifying the isolated
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recompinant mature CF| protein.  in ceriain embodimentis, the recombinant mature CFl

protein is as described herein.

in a further aspect of the present invention, there is a composition obtainable from the

method described herein.

in a further aspect of the present invention, there is provided a composition according to
aspects of the present invention for use in the treatment of a complement-mediated disorder.
in certain embodiments, the composition is for use in the treatment of a C3 myopathy.

In certain embodirments, the composition is for use in the treatment of a complerment-
mediated disorder. In cerlain embodiments, the composition is for use in the treatment of a
disorder associated with Complement Faclor | deficiency. Such disorders may be

characterised by severe and often recurrent infections.

in a further aspect of the present invention, there is provided a method of ireating a
complement-mediated disorder, the method comprising:
a) administering a therapsutically effective amount of a composilion as

described herein to a subject in need thereof,

in certain embodiments, the method is a method of treating a C3 myopathy.

in certain embodiments, the compaosition is for use in the treatment of & disorder associated
with Complement Factor | deficiency. Such disorders may be characterised by severe and

often recurrent infections.

In certain embedimants, the complement-mediatad disorder is selected from age-related
macular degeneration {AMD), Alzheimer's Disease, atypical haemolytic uraemic syndrome
{(aHUSZ), membranopmliferative glomerulonephritis Type 2 (MPGN2), atherosclerosis (in
particular, accelerated atherosclerosis) and chronic cardiovascular disease.

in certain embodiments, the composition is for use in the treatment of a complement-
associated eye condition, for example, age-related macular degeneration (AMD), choroidal
neovascularization (CNV), uveilis, diabetic and other ischemia-relaled retinopathies, diabetic
rnacular edema, pathological myopia, von Hippel-Lindau disease, histoplasmosis of the eye,
Central Retinal Vein Occlusion (CRVQO), comneal neovascularization, and  retinal

neavascularization.
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in certain embodiments, the composition is for use in the treatment of age-related macular
degenearation. Age-related Macular Degeneration (AMD) is the leading cause of blindness in
the elderly worldwide., AMD is characterized by a progressive loss of central vision
attributable to degenerative and neovascular changes in the macula, a highly specialized
region of the ocular retina responsible for fine visual acuily. In certain embodiments, the
group of complement-associated eye conditions includes age-related macular degeneration
{AMD), including non-exudative (wel) and exudative (dry or atrophicy AMD, choroidal
neovascularization {CNV), diabetic retinopathy (DR), and endophthaimitis.

AMD is age-related degeneration of the macula, which is the ieading cause of irreversible
visual dysfunction in individuals over the age of 80. Two types of AMD exist, non-exudative
{dry} and exudalive {wetl) AMD. The dry, or nonexudative, form involves atrophic and
hypertrophic changes in the retinal pigment epithelium (RPE) underlying the central retina
{macula) as well as deposits (drusen) on the RPE. Patients with nonexudative AMD can
progress 1o the wel, or exudative, form of AMD, in which abnormal blood vessels calied
choroidal neovascuiar membranes {CNVMSs) develop under the retina, leak fiuid and biood,
and ultimately cause a blinding disciform scar in and under the retina. Nonexudative AMD,
which is usually a precursor of exudative AMD, is more common. The presentation of
nonexudative AMD varies; hard drusen, soft drusen, RPE geographic atrephy, and pigment
clumping can be present. Complement components are deposited on the RPE early in AMD

and are major constituents of drusen.

in certain embodiments, the composition described herein is for use to treat a subject.
“Treatment” is an approach for obtaining beneficial or desired clinical resuits.  For the
purposes of the present disclosure, peneficial or desired clinical resuits include, but are not
imited to, alleviation of symptoms, diminishment of exient of disease, siabilized {(i.e., not
worsening) state of disease, delay or siowing of disease progression, amelioration or
palliation of the disease slate, and remission {(whether partiai or total), whather detectable or
undetectable. “Treatment” can also mean prolonging survival as compared io expecied

survival if not receiving ireatment.

“Treatment” is an intervention performed with the intention of preventing the development or
aitering the pathology of a disorder. Accordingly, “treatment™ refers to both therapeutic
treatment and prophylactic or preventative measures in certain embodiments. Those in
need of trealment include those already with the disorder as well as those in which the

disorder is to be prevented. By treatment is meant inhibiting or reducing an increase in
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pathology or symptoms when compared to the absence of treatment, and is not necessarily
meant to imply complete cessation of the relevant condition.

The terms “palient”, “subject” and “individual” may be used inlerchangeably and refer to

gither a humans or non-human mammal. Aptly, the subject is a human.

As used herein an "effective” amount or a "therapeutically effective amount” of a protein
refers to a nontoxic but sufficient amount of the protein to provide the desired effect. The
amount that is "effective” will vary from subject to subject, depending on the age and general
condition of the individual, mode of administration, and the like. An appropriate "effective”
amount in any individual case may be determined by one of ordinary skill in the art using

routine experimentation.

An effective dosage and treatrnent proioco!l may be delermined by conventional means,
starting with a ilow dose in laboratory animals and then increasing the dosage while
maonitoring the effects, and systematically varying the dosage regimen as well, Numerous
factors may be taken into consideration by a clinician when determining an optimal dosage

for a given subject. Such considerations are known to the person skilled in the art.

Aptly, a pharmaceutical composition as described herein may contain one or more
pharmaceutically acceptable excipients or carriers. In some embodiments, the composition
is substantially pyrogen free or is pyrogen free. In some embodiments, the composition is
sterile.

Varicus literature references are available {0 faciiitate the selection of pharmaceutically
acceptable carriers or excipients. See, e.g., Remington's Pharmaceutical Sciences and US
Pharmacopeia:  National Formulary, Mack  Publishing Company, [Easton, PA
{1984);, Hardman et al. (2001} Goodman and Giman's The Pharmacological Basis of
Therapeutics, McGraw-Hill, New York, NY,; Gannaro (2000) Remington: The Science and
Fractice of Pharmacy, Lippincott, Willlams, and Wilkins, New York, NY; Avis et al. (Eds))
{1993);, Pharmacsutical Dosage Forms: Parenteral Medications, Marcel Dskker, NY,
Lieberman, et al. {Eds.) (1980) Fharmaceutical Dosage Forms: Tablets, Marce] Dekker, New
York, NY; Lieberman, et al. (Eds.)) (1880} Pharmacsutical Dosags Forms: Disperse Systems,
Marcel Dekker, NY; Weiner, Wang, E, int. J. Pharm. 185; 129-188 {(199%) and Wang W. Int.
J.;Pharm. 203 1-80 (2000), and Kotkoskie (2000) Excipient Toxicity and Safety, Marcel
Dekker, New York, NY.
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The iermy “pharmaceutically accepiable sall” refers 1o a sall of the CFi protein of
embodiments of the invention. Salls include pharmaceutically acceptable salts such as acid
addition saits and basic salls. Examples of acid addition salis include hydrochloride salts,
citrate salis and acetate salts. Examples of basis salis include salls where the cation is
selected from alkali metals, such as sodium and potassium, alkaline earth metals, such as
caleium, and ammonium ions TNRMRY, where R® and R? independently designates
optionally substituied Cqs-alkyl, optionally substituied C,s-alkenyl, opticnally substituted aryi,

or optionally substiiuted heteroaryl

The term “solvate” in the context of the present disciosure refers to a complex of defined
stoichiometry formed between a solute {(e.g., a protein or pharmaceutically acceptable salt
thereoi according ic the present disclosure) and a solvent. The solveni in this connaction
may, for example, be water, ethanol or another pharmaceutically acceptable, iypically small-
molecular organic spacies, such as, but not limited to, acetic acid or lactic acid. When the

solvent in question is water, such a soivate is normally referred to as a hydrate.

The pharmaceutical compositions for use in the freatment of a complement-mediated
diserder can be in unit dosage formn.  In such form, the composition is divided into unit doses
coniaining appropriate gquantilies of the aclive component. the unil dosage form can be a
packaged preparation, the package containing discrele quantities of the preparations, for
example, packeted tablets, capsules, and powders in vials or ampoules. The unit dosage
form can also be a capsule, cachet, or tablet itself, or it can be the appropriate number of
any of these packaged forms. It may be provided in single dose injectable form, for example
in the form of a pen. in certain embodiments, packaged forms include a iabel or insert with
instructions for use. Compositions may be formulated for any suitable route and means of
administration. Pharmaceutically acceptable carriers or diluents include those used in
formulations suilable for oral, rectal, nasal, topical {including buccal and sublingual), vaginal
or parenteral (including subcutaneous, intramuscular, intravenous, intradermal, and
transdermal) administration. The formulations may conveniently be presented in unit dosage

form and may be prepared by any of the methods well known in the art of pharmacy.

in vitro Uses
The bioactivity of recombinant CFl proteins and the compositions comprising such proteins
can be measured in vitre using a suitable bicassay. Suitable bivassays are described below

in detail, and include using surface plasmon resonance (SPR) 1o measure binding of the

16

PCT/US2018/022471



WO 2018/170152

[%a)

2

NS
(%21

35

protein to CFH and measuring the abiiity of protein-bound CFH {0 interact with other relavant
complement components {e.g. binding to C3b or C3d, or inducing decay of C3b.Bb).

in certain embodiments, the composition and/or recombinant mature CF! of embodiments of
the present invention may be used in in vilro assays o analyse genetic variants of the CFl
protein. I certain embodiments, in order to target therapy to those who will most likely
receive benefit, the importance of functionally significant rare genetic variants of CFl would
ke advantageous. This is achieved through assays of recombinant mutant proteins
compared to the wild-type protein. Overexpression of CF/ in cell lines results in incomplete
processing. As the precurser form of Fl is not active, varving rates of processing in
individual cell lines could decrease the wvalidity of the results. Thus, the recombinant
mature CFl protein of certain embodiments of ihe invention could be utilized in such assays.

it will be clear to a person skilled in the art that fealures dascribed in relation to any of the
embodiments described above can be appilicable interchangeably between the different
embodiments. The embodimeants described above are examples 1o dlustrate various features

of the invention.

Throughout the description and claims of this specification, the words "comprise” and
"contain” and wvariations of them mean "including but not limited {o", and they are not
intended to {and do not) exclude other components, integers or steps. Throughout the
description and claims of this specification, the singular encompasses the plural uniess the
context otherwise requires. In particular, where the indefinite article is used, the specification
i5 to be undersiood as contemplating plurality as well as singularity, unless the context

requires otherwise.

Featuraes, integers or characieristics described in conjunclion with a particular aspsact,
embodiment or example of the invention are to be understood to be applicable to any other
aspect, embodiment or exampie described herain unless incompatible therawith. All of the
features disclosed in this specification (inciuding any accompanying claims, abstract and
drawings), and/or all of the steps of any method or process so disclosed, may be combined
in any combination, except combinations where at least some of such features andfor steps

are mutually exclusive.
The invention is not restricted o the details of any foregoing embodiments. The invention

extends 1o any novel one, or any novel combination, of the features disclosed in this
specification (including any accompanying claims, abstract and drawings), or to any novel
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one, or any novel combination, of the steps of any method or process so disclosed. The
readers aftention is directed {o all papers and documents which are filed concurrently with or
pravious 1o this specification in connection with this application and which are open to public
inspection with this specification, and the contents of ali such papers and documents are

incorporated herein by reference.

Brief Description of the Drawings

Embodiments of the invention are further described hereinafter with reference to the

accompanying drawings, in which:

Figure 1 depicts an cverview of certain aspects of the complemant system;

Figure 2 depicls the amino acid saquences of proteins described herein. Particulary:

SEQ. 1D, No, 1 is an amino acid sequence of human heavy chain of a mature
Complement Factor |;

SEGQ. 1D, No. 2 is an amino acid sequence of human light chain of a mature
Complement Factor i

SEQ. D, No. 8 is an amine acid seguence of human precursor Complement Factor

SEG. 1D No. 4 is an amine acid sequence of a human furin protein; and
SEG. 1D, No. 7 is an amino acid seqguence of a linker segquence of human
Complement Factor |

Figure 3 depicts AKTA purification of WT Factor | {(FI). Fl was detected by measuring
UV absorbance at 280nm, as demonstraled by the blus irace. The green trace
represents the imidazole gradient. The red circle highlights the point at which Fl was
eluted from the column. Samples of fractions corresponding to this area and
surrounding fractions were run under reduced condilions on a western. There is a

singie band at 88kDa and this corresponds o the proform of Fi only.

Figure 4 is a represeniation of the processing of recombinant human Fl in mammalian
cell lines. Pro-Fl undergoes processing before secretion. When CF/ is expressed in cell
lines, incompiete processing of the protein results in the secretion of both Pro-Fi with

an intact RRKR linker, and the maiure Fi in which the heavy and the light chain is

linked oniy by a disulfide bond.
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Figure 5 shows appearance of Fl on a Western biot. Diagram shows how different forms of
Fi appear on both non-reduced and reduced Western blots, FPro-Fi will appear at 88 kDa

under reduced and non-reduced conditions, Mature FI will appear at 88 kDa under non-

193]

reducing conditions, but when reduced will appear at 50 kDA due to breakage of the
disulphide bond. Fl broken down into its two constituent chains will always appear at 50
kDa under bothy reduced and non-reduced conditions. The light chain is not often detectad
on a western blot as antibodies used for detection predominantly detect heavy chain

epitopes.

10
Figure 8 shows Western blots to show effect of adding furin to pro-Fi in sodium acetate (pH
5.0} buifer and Pro-Fi in HERPES (pH 7.0) buifer. Al reactions had a final conceniration of
100mM buffer and 5mM CacCl,.  All samples were incubated for 15 hours at 37 2C uniess
stated otherwise. Lane 1 contains purified Pro-F| before exchange into different buffers,
15 non--incubated. Lane 2 contains Pro-Fl alone in sodium acetate buffer. Lane 3 contains

Pro-Fi in sodium acetate buifer with furin. Lane 4 coniains Pro-Fi glone in HEPES buffer.
Lane 3 contains Pro-Fi in HEPES buffer with furin.

Figure 7 shows a Weslern biot (reduced and non-reduced) to determine the minimum
20 concentration of furin raguired to achisve iull cleavage of Pro-Fi at the RRERKR linker. All

reactions had a final concentration of 1060mM sodium acetate (pH 5) and 5mM CaCl.. Lane

1 contains Pro-Fl and buffer only. Lane 2 contains Pro-Fl in buffer with half of the

concentration of furin in lane 1. Congcentration of furin is halved g further 3 times in lanes 4,

& and 8. Non-reduced Western confirms the nature of Fi in cleavage reactions is cleaved
25 FL

Figure 8 shows a Western blot {reduced) which shows the effect of changing concentration
of calcium ions and potassium ions on furin efficacy. All reactions had a final concentration
of /32 furin compared to previous axperimants and 100mM sodium acetate (pH 5) buffer.
30 Al reactions were incubated at 37 1C for a period of 16 hours. The first lanes contain Pro-Fl
in a buffer containing 5mi CalCl,. The second lanes contain pro-CFl in a buffer containing
SmM CaCl2 with furin. The third lanes contain pro-CFl in a buffer containing 1mM CaCi,.
The fourth lanes contain Pro-Fi in a buffer containing 1mb Callz with furin. All four lanes
in the bottom western also contain 20mM KCL  The first lanes contain Pro-Fl in a buffer
35 containing SmM CaCl,. The second lanes contain pro--CF1 in a buffer containing 5mM

CaCl2 with furin. The third lanes contain pro-CFl in a buffer containing tmM CaCl,. The
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fourth lanes contain Pro-Fiin g buffer contaming 1mM CaCl, with furin. All four lanes in the

botiom westem aisoe contain 20mit KCI.

Figure 9 shows the rasulis of a C3b cofactor assay to determine the activity of Pro-Fi
compared to mature Fi. All reactions were incubated at 37 JC for 20 min. Two separate
exposures are used due o low intensity of the lower bands, and too high intensity of the
bands above 50 kDa. Lane 1 contains iC3b (cleaved C3b), positive control. Lane 2 contains
uncleaved C3p, nagalive conirel, Lane 3 contains C3b and previously non-incubated pro-
Fi. Lane 4 is empty. Lane 5 contains ©3b and Pro---Fl. Lane 8 contains C3b and furin only,
to demonstrate furin does not cleave C3b, Lane 7 contains furin alone, to demonstrate
antibodies used do no cross react with furin, Lane 8 contains C3b, Pro-Fl and furin
(therefore cleaved Fl). Appearance of g2 band in fane 1 and lane 8 only suggests cleavage
of C3b took place in these lanes only. Therefore, this data suggests that only cleaved Fi

has activity, and Pro-Fl is inaclive.

Figure 1C illusirates a western blot to determine the aclivity of pro-Fl to mature FI. Equal
samples were available for lane 4 and lane 7, which allowed a valid comparison between
the aclivity of pro-CFl and cleaved CFl ic be made. All reactions were incubated at 37 1C
for 26 min. Lane 1 uncleaved C3b, negative contrel. Lane 2 contains C3b and previously
non-incubated Pro-Fi. Lane 3 is empty. Lane 4 contains C3b and pro-CF|. Lane 5 contains
C3b and furin only, to demeonstrate furin deoes not cleave C3b, Lane 8 contains furin alone,
to demonstrate antibodies used do no cross react with furin. Lane 7 contains C3b, Pro-Fi

and furin {therefore cieaved Fi}.
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Methods and materials

Mutagenesis
The pDR2 E1F vector used for exprassion of recombinant pro-CFi {(pro-rCFl}, was provided

by Dr Kevin Marchbank (Institute of Celiular Medicine Newcastie University). Site-directed
mutagenesis was performed using the QuikChange site directed mutagenesis kit
{(Stratagene, La Jolla, CA) (Cat #200523) to add a 8x histidine tag to CFl cDNA in pDR2
EF1 to form pDR2 EF1a. Primers used for the mutagenesis are shown in Table 1. Fuli
length Maxiprep sequencing was undertaken to ensure fidelity of both the wild-type and

mutant vectors.

Reverse GAGATCACAATTTTAATGATGATGATGATGATGCTTATCGTCATCGT
CTACATTGTACTGAGAAATAAAAGG (SEQ. ID. NO 5)

Forward CCTTTTATTTCTCAGTACAATGTAGACGATGACGATAAGCATCATC
ATCATCATCATTAAAATTGTGATCTC (SEQ. iD. NO 8}

Tabie 1: Mulagenesis prirners

Cell culture

Chinese hamster ovary cells (CHO) cells ware maintained in DMEMF12 mixiure {Lonza
Group Lid) supplemented with L-Glutamine {final concentration 4.5 mM, Life Technologies),
penicillin and streptomycin (100 U/ml each, Life techneingies) and 10% heat inactivated
Fetal Bovine Serum (FBS) (Biosera). Transient transfection of CHO cells was performed

using a jetPE! DNA transfection protocol

Cell transfection

Calis were counted with @ haemncytometer and diluted to 75,000 calls/imi. A 8 wall culture
piate had 2 mi of cells added per well (150,000 cells per well). 3 ug of DNA encoding the
pro-GFE CONA was diluted with sodium chiornde (NaCl) to a final concentration of DNA in a
volume of 100 pl. 8ul. of jetRPEl reagent {(Polypius) was diluted in NaCl to a final
concentration in a volume of 100ul. The jeiPE! selution was added in its entirely 1o the DNA
solution, and this mixture was incubated for 30 minutes at room temperature. 200 ul of
jeltRPEVDNA mix was added per well 1o the celis in 1mi of serum containing medium. Plates
were then incubated at 37°C for 24 hours. After 24 hours, the supernatant was removed

frorn the flasks and checked for expression of CFl using a nicke! pulldown assay.

21

PCT/US2018/022471



WO 2018/170152

30

MNickel pulidown

Hygromycin was addad to incubaled cells o remove non-transfecied cells. Single clones
were then isolated using limited dilution. Growth of cells was monitered and wells which
contained a single colony of cells were established. These were transferred to separate
flasks and supernatant removed to perform western blat analysis using nickel-Sepharose
beads {Ni Sepharose Excel, GE Healthcare Life Sciences) o establish the best expressers
of Fi. 50 ul of bead slurry was placed in phosphate buffered saline (PB3) and centrifuged
at 300 xg to precipitate the beads, before removal of the PBS. 1 mi of cell culture
supernatant was then added to the beads. The cell culture supematant and bead mix was
then incubated for 2 hours at room temperature end over end or at 4°C overnight. After
incubation the samples were centrifuged at 300 xg and supematant was removed gently so
as to not disturb the peliet which shouid be bound {0 the His-lagged protein. The pellet was
then washed with 20-40 mM imidazole o remove non-specifically bound proteins. After
washing, samples were spun at 300 xg and supernatant was removed, leaving the peliet,
Pelleted nickal beads and bound protein were then subiected to western blot analysis to

check for expression of pro-CFi.

The protocol followed is as follows:

1. Wsing 1.5 mi V bottomed tubes wash 50ul aliquots of bead slurry (~25ul of beads +
25ul 20% EtCH) in PBS (each 50ul is enough to pull down 1ml of supematand

2. Spin beads at 300xg, remove PBS

3. Add 1misupematant

4. incubate for 2hr @ RT end over end {or o/n at 4 degrees)

5. Spin at 300xg and gently remove supernatant

Wash with 20--40mM Imidazole to remove non-specific binders

o

~J

Spin at 300xg and gently remove supernatant

8. Wash with PBS

9. Spin at 300xg and gently remove supernatant leaving approx 35ui of PBS3

10. Add relevant volume of loading buffer for western ~10ul £x loading buffer to
account for buffer between beads

11. Boil as nonmal

12. Spin at 30Gxg remove sample and load ~35ul on westem
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Protain purification

Supernatant of rCFl expressing cells was coliected and purified on an AKTA purifier (GE
Healthcare, Piscataway, NJ) using a 1mi His-Trap column. A 0-0.5 M imidazols gradient in
20mM phosphate was used to disrupt interaction of the His-tagged pro-rCFl with the His-
Trap column, eluted fractions were collected. Western biots were conducied in order {o
determine which fractions contained pro-CFl. The fractions containing pro-rCFl ware then

ponled together.

S0DS Polvacrylamide Gel electrophoresis (SDS-PAGE) and Western Blot Analysis

25ul. of sample to be studied was added to 1.5 mbL tubes which contained 8.25 ul. of
reducing sample buffer (Thermo Scientific, 39000} or non-reducing sampile buffer (Thermo
Scientific, 22001). All sampiss weare heatad at 85°C for 8 minutes before centrifugation at a
speed of 13,200 rpm for 2 seconds. 10% Tris-glycine gels were made according to
manuiaciurers instructions (Novex, Life Sciences, EC8D75BOX). Once sef, gels were
piaced in XCell SureLock Mini-Ceiis (Novex, Life technologies. £106002) and the mini-celis
were filled with 1x running buffer (25mM Tris base, 182 mM Glycinge, §.1% SDS, daionised
Water, pH 8.3) in both compartments. 22 pl of sample was loaded into each weli of the gel.
When reguired 14 pl of Factor | standard was loaded inte a well of the gel {Comptech,
A138) and used as a marker. 7 pyl of MV ladder Bioiabs, P7708s) was added o at least
one well of each gel The XCell Surelock Mini-Cell was connected to a Powerpac {Bio-rad,
300V, 400mA, 75W) and ran Tor 35 minuies at 190 volts, After running, gels were transferred
onto nitrocellulose membrane {Invitrogen, Life technologies, LC2001) using chilled {4°C) 1x
Tris-Glycine transfer buffer (12mM Tris base, 96mM Glycine, Dl Water, pH 8.3, 20%
Methanol). Transfer was performed by a transfer blotter run for 80 minutes at 100 volts. After
transfer was complete, membranes were washead briefly with deionisaed water before staining
with Ponceau S solution (Sigma, P7170) to determine success of transfer. Membranes were
de-stained in trays placed on a rotating table. All membranes were blocked overnight at 4°C,
or for 1 hour at reom temperature using a solution of 5% non-fal milk powder in 1 x TBST
(50mM Tris. HCI pH 7.4, 150 miM NaCli, 0.05% Tween 20}. The following antibodies were

used;

For detecting pro-CFl and mature CFL Primary antibody, sheep polycional Factor | (Abcam,
Cambridge, MA, ab8843) was applied at a concentration of 2.37 ug/mt for 1hr at room
temperature. Membranes were washed with Tris buffered saline tween (TBST) buffer (137
mi NaCl, 2.7 mM KCI) Tris base 1% mM, Tween) three times for 10 minutes. Secondary
antibody, Rabbit polyclonal secondary antibody to sheep 1gG conjugaled io horse radish
peroxidase (HRP) {Abcam, Cambridge, MA), was applied at a concentrations of 2.37 ug/ml
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for 1 hour at reomy termnperature or overnight at 4°C. Blots were then washed three times for
10 min in TBST. Supersignal Chemilumiescent Subsirate (Pierce, Rockford, iL) was applied
to membranes for 1 minule before exposure io an X-ray film for varying tims periods before
they were developed using standard film developing techniques.

For detecting C3b and iC3b: Primary antibody, rabbit polycional anti-C3 antibody (Abcam) at

a concentration of 1:5000 before the use of goat anti-rabbit igG HRP antibody

Pro-CFl cleavage by furin in vifro

Experiments {o optimise the in vifro cleavage of pro-rCFl by furin were carried out as
detailed herein.

Purified pro-rCFl was buffer exchanged from elution buffer into 1 x cleavage buffer (100mM
HEPES pH 5.2, 0.5% Triton X-100, and 1mM CaCl2} using a PD-10 desalting column (GE
Healthcare) with a bed velume of 8.3 mi.

Furin was obtained from R & D Systems. Properties of the furin protein are provided in
Table 2

Tabie 2
Supplier R & D Systems
Storage buffer pH 2]
Presence of tag{s} C-terminal 10 his-tag
Protein structure Truncated {(amino acid residues 108-715)
Motecular Weight The calculated molecular weight of truncated human furin is 85 kDa.
its apparent molecular weight in SDE-PAGE gels is 85-85 kDa.
Source Mouse myeioma cell line,
Measured by its ability to cleave the fluorogenic peptide substrate pER
Unit definition TKRAMO {Catalog # ESQ13).
The specific activity is 125 pmol/min/ug.

Pro-riFl was buffer exchanged from elution buffer into 1 x cleavage buffer {(100mM
HERPES pH 5.2, 0.5% Triton X—--100, and 1mM Cali2) using a PD-10 desalting column
{(GE Healthecare) with a bed volume of 83 ml

Cleavage reactions using furin-RD were made up as detailed in Table 3 below.

Table 3
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. Pro-rCFl Cleavage Total
Furin-RD
Sample (L) {ul} buffer volume

{pal-} {uL}

1A {pro-CFl only) Y 234 141 a7s
2Z2A (pro-CFl only s) 2324 144 375
3A {pro-CF| + furin} 0 234 126 378
1B (pro-CFI anly) 0 812 18.8 50
28 (pro-CFl only %) 31.2 i18.8 &0
3B (pro~CF1 + furin) o) 312 16.8 50
48 (Furin only) 2 0 48 50

Optimisation of cleavage reaction pH

in order to test the optimum pH for cleavage of pro-CFl a number of buffers with different pH
5 values were lested. Firsily the purified pro-rCFi was exchanged from elution buffer into
three buffers of differing pH using PD MidiTrap G-25 columns (GE Healtheare), Columns
were equilibrated using 15 mi in total of the respective buffer which was 100mM (sodium
acelate, pH 5.0 or HERES, pH 7 or Tris-base pH €). .83 mil pro-rCFl in elulion buffer was
added to each column before centrifugation at 1000 x g for 2 minutes. To establish whether
10 buffer exchange was successful, 30 pyb of pro-rCFi exchanged at each pH was subjecied 10
wastern blot analysis as described previously, Exact quantities of reaction mixes are shown

in Table 4 below.

% M
50 mM
Pro-rCFl corresponding
Sample ] Cali; DEHLG (ul) | Total (b}
{11 stock  buffer "
(%
{pl)
pH 5 30 2 5 13 50
pH 7 30 2 5 13 50
pH 8 30 2 5 13 50

Table 4; Volumes used for buffer exchange.
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10

Furin cleavage reactions were then sst up containing 3¢ ub of pro-rCFl in the respective
buffer and 2 ul. of furin. in order to ensure the concentrations of the buffer to which the pro-
rCFi had been exchanged to 2ul. of 1 M sicck solution of each respeactive bufier was added
0 samples before making samples up to 50ul with deionised water. Control reactions
without furin were set up for each pH buffer. Reactions were incubated at 37 _C for 15
hours. Non-incubated samples of pre-exchange, purified pro-rCFl were aiso set up.

Quantities of each reaction are shown in Table 5.

Incu Pro-—Factor i {of 18 stoek &4m

Sample bate the appropriate Furin buffer (at the M H20 [Totatl

P d H) (Eg B {ul} appropriate CaClt {ael} sty

P pH) {ul) 2 (ul)
2 e Y
F;‘;i\;i‘gss"i 30pl (previousl
puriiea y purfied WT | O 2 5 13 50
Batch  Pro- No g
CFi CFi)
Fi

Newiy o P
purifisd ooied Eer)
bateh  Pro- | D ore - 0 2 5 13 |50
rCFt (before - dasaltin )
desalling) esating
pH 5 Pro- - a P 5 1 5
iCF1 onty Yes 30ub(pH 5) 0] 2 5 13 180
?H 5 Pﬂ;o-rCF: Yes 30uL(pH 5} 2 2 5 11 5o
and furin
pH 7 Pro- 2 P73 5 13 5
rCF only Yes 30ul{pH 73 0 2 5 i3 30
pH 7 Pro-rCFi — a
and furin Yes 30ub-(oH 7 2 2 5 1[50
pH g
Pro-roF| NG 30uL.(pH 9 0 2 5 1350
anby -
pH 8 Pro- o P
1CF only Yes 30uL{pH 9} 0 2 S i3 IS0
pH @ Pro- . . i
1CFl and furin | | ©F 30uL(pH @) 2 2 5 11 50

Table 5 Volumes for pH optimisation of pro-rCF| cleavage by furin.
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After incubation the samples were subjected to western blot analysis as described previously
to assess the level of conversion of pro-CFi to mature CF! by detection of the constitute
bands of each.

Testing effect of furin concentraticn on pro~CF| cleavage

in order to test the minimal amount of furin needed for relatively high rates of cleavage of
pro-rCF! serial dilutions of furin were made up: 1.2, 1:4, 1.8 and 1:186. The diluted furin was
used for cleavage reactions set up as shown in Table 8. 3amples were incubaled at 37°C

for 186 hours.

pro-réFi 1M siock

exchanged . sodium

. . Furin 50mM

into 108 miM | Furin o acetate Total
Sample ] dilution Call, HoO (k)

sodium {ul} pH 5 {ul}

factor {ul.}

acetats pH & buffer

{ut} (bt}
% 30 4] 0 2 5 13 50
2 30 10 11 2 5 3 50
3 30 10 1.2 2 5 3 50
4 30 10 1:4 2 5 3 50
& 30 10 1.8 2 5 3 50
& 30 10 1186 2 & 3 50

Tabie 6: Volumes of reactions to test furin concentration effect on cleavage rate.

After incubation samples were subjected to western blot analysis as described previcusly.

Testing effect of ion concentration on furin cleavage of pro~-CF|

in order to test the affect that ion concentration had on the cleavage of pro-rCFi by furin
differing potassium and calcium concentrations were tested. Furin was diluted to 1/32 of the
eriginal conceniration before use in reaction mixes as detailed in Table 7 below.

Pro- Furin 18 10 50mM H. O KCI Total

Sampie
yCFi diluted | stock mid CacCl, {ul} 258 {Mb}
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pH5 416 sodium | CaCl, | {ul} mbA
buffer | {uL} acetate | {pl}
(st} pH &
buffer
{1l-}
1 15 0 1 0 2.5 6.4 s 25
2 15 2.5 1 0 2.5 4 0 25
3 15 0 1 5 o 6.5 §] 25
4 15 2.5 1 2.5 Y 4 o 25
5 15 0 i 2.5 4.5 2 25
& 15 2.5 1 2.5 2 2 25
7 15 0 i 5 ¢ 4.5 2 25
8 15 2.5 1 2.5 Y 2 2 25

Wi

ixs]

Table 7. ion concentration experiments, reaction volumes.

Optimised pro-CFl digestion reaction volumes

Fro-rCFi digestion was performed using the reaction mixes detailed in Table &  Pro-rCFi

was used in pH5 buffer (100 mM sodium acetate pH 53.

Reactant Reaction

Fro-rCFi + | Pro-rlFi

Furin only

Furin only
Pro-CFl 15 ul 15 ul 0 ul
Furin 5 ul g Sl
M pH &

1 ul 1 uk 2.5 ul
stock
50mM

2.5 ul 2.5 ul 2.5 ul
Call,
H,0 1.5 ul 8.5 ul 15 ul
Total 25 ul 25 ul 25 ul

Table 8: Optimised cleavage reactions.

C3b inaclivation assay: Comparison of pro-CFI vs mature Fi

A C3b inactivation assay was used 1o compare the activity of pro-rCFl and mature CF| A

sample of pro-rCFl was cleaved by furin using conditions identified in the optimisation (as
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detailed previously). Three control reactions were set up: 2 %X Pro-CFl only (incubated and
non-incubated) and furin only (incubaied) in order to determing whether any C3b clsavage
occurred with pro-rCFI that had been cleaved by furin but subjected {o the same conditions.
Al incubaled samples were incubated at 371 for 16 hours.

25 ul reactions were set up with a final concentration of C3b at 0.2 ug/ul. (Comptech). CFH
{Comptech) was used as a cofactor and each reaction contained a final CFH concentration
of 86 .6 ng/ul. A positive control containing C3b and serum CF1 (sFi) {Comptech) at a final
concentration of 10 ng/ul. (Comptech) was made up. A negative control for uncleaved C3b
had no CFi and only C3b in. Two further contrels of pro-rCFl only (nocubated and non-
incubated) were set up and also a control of furin only were set up by adding 10 ul. of each
respective reaction prepared previously. A further control of furin without the presence of
CFH, CFior C3b was also made up. Reactions were made up to the final volume of 28 yl
using low salt buffer. The 7 reactions made up are detailed in Table 8.

Reactant
Sample C3b sCFi CFH Pro- Low Total
Sample L ] ] B o
description | [1.6 [11.11 | [333 CFI Furin | salt volume
Hg/ull | ng/ull | ng/ull buffer | (ul)
~ ; 12.5
1 Cleaved 1o L l45uL |5ul |- . 25 4L
C3b conirof HL

2 Uncleaved 3 ul . 5 Ul toul |- 7ubl [ 25ub

C3b controd

Pro-rCFl
3 ONLY (pre-~ | 3 ul - 5yl 1oul |- 7ulk [ 25ub

incubated)

Cleaved
4 fCFl (pre- | 3wk |~ 5L | toul |-

=

uk. 125yl

incubated)

5 Furin 3 ul |- 5 ul 10ul | 10pL | 7ul | 25ub

control

6 Pro-rCRL g L | S5uL 1oul |-

ONLY (hon-

.

ul. 1 25ul
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%21

10

=
wn

20

25

30

incubated)
7 Furin ONLY | - - - - 0L | 15 ul | 25 UL
. . 0.2 2 ngi| 666
Final Concentration ) - -
ug/ul | pbl gl ube

Table 9. C3b inactivation assay reaction volumes

A 10 pl aliguot was removed at 20 minutes from each reaction mix. Each aliguot was
added to an equal volurne of 1 x laemelli buffer and western blot analysis was performed as
cutiined previously using the antibodies delailed for detecting C3b.  Activity of rCFl was
determined by generation and intensity of the ot and o2 bands upon developing of x-ray

images.

Also ran on some gels was a sampie of inactivated (cleaved) C3b (IC3B) to act as a marker

for C3b cleavage products.

Results & Discussion

Factor | purification

Supernatant of rCF! expressing cells was oollscted and purified as described herein,
Cotllected fractions were run on a polyacrylamide gel under reducing conditions before
westarn blotting of the gel. The presence of rCFl is confirmed by the band at a molecular
weight of 88 kDa, corresponding to the MW of pro-rCFl (uncleaved). This is further
confirmed by the absence of a band corresponding to a molecular weight of 50 kDa which
would be expecied from cleaved mature CFlL.  The conceniration of the rCFl was
determined by ELISA testing to be 6.8 ng/ul.

Factor | cleavage optimisation

Cleavage of the *PRRKR™' cleavage site was optimised by testing a range of conditions,
to ensure that the maximum level of cleavage of pro~-rCF| to mature rCF{ was achieved in
vitro, Al samples were subjectad to polyacryiamide gel sleciroghoresis in reducing and
non-reducing conditions to aliow the distinction between mature rCFI and the heavy chain
aione which may be dissoniated due to degradation of the protain,

Under non-reducing conditions, both the pro~-rCFl and mature rCFI should have a MW of
approximately 88kDa; when Pro-rCF! is reduced, it should remain at 88kDa due to the
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existence of the RRKR linkar; Mature rCF| should separate inio the heavy chain (5¢ kDa)
and light chain (37 kDa) as the di-sulphide bridge between the two chains is reduced. The
fight chain is not often detected on a western biot as antibodies used for detection
predominantly detect heavy chain epitopes. Figure 4 summarizes the processing of CFl in
rmammalian cells and demonstrates the effect of reduction on the different forms. Figure 5
provides a disgram of how different forms of CFI are expecied {o appear on a western blat

under both reducing and non~reducing conditions.

Quptimisation of gH for cleavage of pro-rCF1 by furin

After incubation with furin it can be seen from the wesiern blois shown in Figure S5A
{reducing conditions) and 5B {non-reducing conditions) that no pro-rCF! or mature rCF! s
detectable when the reaction is performed at pH 7 {ianes 4 and 5) as is indicated by the
absence of pands al ~88 and/or 50 kDa. When the reaction was performad at pHS the
presence of a band at ~50 kDa in Figure 5A and absence of a band at ~88 kDa indicates
that all delectable amounts of the pro-rCFl has been cleaved 1o the mature CFI form,

A pread pH is provided in the prior art for cleavage of pro-CFl. These experiments show
that the pH of the reaction can help maximize the cleavage of pro-rCFi {o the mature form,
it has been suggesied that slightly acidic pH may help {o increase the rate of proteciyiic
cleavage due to conformational change that may help 1o expose the cleavage site. The
data here indicates that a high rate of cleavage ocours at pH 5 but other pH values may
aiso allow for a high rale of cleavage depending on other reaction conditions and
reactants that may be used.

Coptimisation of furin concentration

it can be seen from Figure 8A and 88 that even at low concentrations furin is able to
provide a high rate of cleavage of pro-CFIl. This can be seen by the presence of a band in
the wastern biot performad in reducing conditions (Figure 8A) at ~50 kDa which
corresponds 1o cleaved mature rCFl and the absence of a band at ~88 kDa which
corresponds o uncleaved pro-CFl. Even whan furin is diluted by a factor of 18 a relatively

high rate of cieavage is observed.

Cleavage by furin is confirmed by the absence of a band at ~50 kDa in Figure €A lane
which corresponds to a pro-rCFi control.  If degradation of the protein was the cause of
the band seen at ~50 kDa it would be expected io be seen for the pro-rCFl only control as
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QOptimisation of ion concentration

The resulis indicate thal the regardisss of polassiumy ion concentration, calcium ions
enhances the rate of cleavage. This can be seen in Figure 7A by the presence of a band
at ~50 kDa corresponding to cleaved mature rCFl in lane 2. The corresponding band in
lane 4 which shows the products of & cleavage reaction performed with a lower (1 mM
CaCly calcium fon concentration and is less intense indicating that a higher (5m M CaCly)

calcium ion concentration may increase the cleavage rate.

it can be seen when comparing the wesiern biots shown in Figure 8A and 8B that the
presence of potassium fons may help increase the rate of pro-rCFl cleavage by furin by
the fact that the bands corresponding to cleaved mature rCFIE (~50 kDa) in lanes 2 and 4
of Figure 8B have a greater inlensity than that seen in Figure 8A.

it is noted though that for shorter incubation times the presence of potassium ions may
help speed up the cleavage reaction allowing for faster cleaving of all of the pro-CFi to

mature CFl.

Foliowing the optimisation tests the reaction mix and condition for cieavage of pro-CFi

using furin was as given in Table 10:

BrowlFl *+
Furin
Pro-CFl 15 ul
Furin S ul
18 H 5
P 1l
stock
50m
2.5 ul
CagCl,
H,O 1.5 uk
Total 25 ul

Table 10: Optimised furin cleavage of pro-Fi
Pro-rCFl was first exchanged into 160 mM sodium acetate pH 5. Samples were incubated

at 37°C for 16 hours. Potassium ions were not included in the reaction as the effect they

had when using the given reaction conditions was considered negligible.
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C3b inactivation assay: Comparison of pro-rCFi vs mature CFi

in order to test then vifro activity of the in vitro cleaved mature rCFi g C3b inactivation assay
was performed. 1 is expected that if CFl is in the aclive mature form it will cleave C3b into
its inactive state iC3b by cleavage of the o chain to produce two chains with molecular
weights of 68 kDa {ut) and 46 kDa (@2) the o2 chain is further cleaved 1o a final molecular
weight of 43 kDa. This change in the structure of C3b can be seen by analysing the
producits of an C3b inactivation reaction using a westemn blol and comparing the intensity
and occurrence of a band that corresponds io the o chain and the intensity and occurrence
of bands that correspond to the af and 2 chains. This therefore allows for the activity of
the mature CFl to cleave C3b 1o be accessed.

if can be seen from Figure 8 that when compared 1o control experiments (lanes 2, 3, 4, 5, §,
and 7} lane 8 which corrasponds to a sample containing the in vitro cleaved mature rCFi, is
the only sample containing bands that correspond to the a1 and o2 chains. This scan be
confirmed by cormparing the western blot bands seen for the IC3b clsaved by incubation with

mature sCFi,

The separation of the B and ot bands was not as defined as possible and so a second
westarn blot was performed. Figure 10 shows the western blot analysis with the separation
of the B and ol bands. The activity of the in vifro cleaved rCF| can be seen to be
comparaple to sCFl indicating that the amount of ceavage of pro-CFl to CFl is relatively
high.
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CLAIMS

A composition comprising a recombinant mature Complement Factor | {(CF1) protein,
wherein the recombinant mature CFl| protein comprised in the composition
represents greater than about 50% by weight of a total CFi protein content of the
composition.

The cornposition according to claim 1, wherein the recombinant mature CFl protein
represenis greater than aboul 80% by weight of the total CFl protein content of the
composition.

The composition according o claim 1 or claim 2, wherein the recombinant mature
CFI protein represents greater than about 70% by weight of the total CFl protein
content of the composition.

The composition according to any preceding claim, wherein the recombinant mature
CFl prolein represenis greater than about 80% by weight of the total CFI protein
content of the composition.

The composition according to any preceding ciaim, wherein the recombinant maturs
CFl protein represents greater than about 80% by weight of the total CFI protein
content of the composition.

The composition according to any preceding ciaim, wherein the recombinant mature
CFi protein represents greater than about 85% by weight of the {otal CFI protein
content of the composition.

The compoesition according to any preceding claim, which oplionally further
comprises a recombinant precurser Complement Facior | protein, wherein the ratio of
recombinant mature CFl: recombinant precursor CFi in the composition is from
greater than 5¢:50 to 100:0.

A composition comprising a recombinant mature Complerment Factor | (CFI) protein
and optionally a recombinant precursor Complement Factor | prolein, wherein the
ratio of recombinant mature CFl recombinant precursor CFl in the composition is
from greater than 50:50 0 1000,

The composition according to claim 7 or claim 8, wherein the ratio of recombinant
mature CFL recombinant precursor CFL in the composition is from 66:40 to 100:0.

. The composition according to any of claims 7 to 9, wherein the ratic of recombinant

mature CFL recombinant pracurser CFl in the compaosition is from 70:30 to 100:0.
The compaosition according to any of claims 7 to 10, wherein the ratio of recombinant

mature CFL recombinant precursor GFI in the composition is from 86:20 {o 100:0.
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12.

14

16.

2G.

21.

22.

23.

The compostition according o any of claims 7 1o 11, whersin tha ratic of racombinant

mature CFl recombinant precursor CFl in the composition is from 80:10 to 100.0.

. The composition according to any of claims 7 to 12, wherein the ratio of recombinant

mature CFL: recombinant precursor CF! in the composition is from 95:05 to 100:0.
The composition according to any preceding claim, wherein the recombinant CF

protein is a human CFl protein.

. The composition according to any preceding claim, wherein the recombinant mature

SFP protein comprises a first amine acid molecule comprising an amino acid
sequence as set forth in SEQ. 1D, No. 1.

The compeosition according to any of claims 1 to 14, wherein the recombinant mature
CFl protein comprises a first amino acid molecule comprising an amino acid
seguencs which has at least 80% saquence identity ic the amino acid sequence as
set forth in SEQ. ID. No. 1.

. Tha composition according to claim 16, wherein the recombinant mature CFi protein

comprises a first amino acid sequence that is at least 80% identical 1o the amino acid
sequencs as set forth in SEQ 1D NO: 1.

. The composition according to claim 17, wherein the recombinant mature CFi protein

comprises a first amine acid molecule comprising an amino acid sequence that is at

ieast 95% identical to the amino acid sequence as set forth in SEQ D NG: 1.

. The composition according to any preceding claim, wherein the recombinant mature

CFl protein comprises a further amino acid molecule comprising an amino acid
sequence as set forth in SEG. 1D, No. 2, wherein the first and further aminoe acid
sequence are linked by a disulphide bond.

The composition according to any of claims 1 to 18, whersin the recomiinant mature
CFl protein comprises a further amino acid meoelecule comprising an amino acid
sequence which has at least 80% sequence identity to the amino acid seguence as
set forth in SEQ. 1D, No. 2 whersin the first and further amine acid sequence are
linked by a disuiphide bond.

The composition according to claim 20, wherein the recombinant mature CFi protein
comprises an amino acid seguence that is at ieast 90% identical to the amine acid
seguence as set forth in SEQ 1D NG 1.

The composition according to claim 21, wherein the recombinant mature CFi protein
comprisas a further aminc acid molecule comprising an amine acid sequence that is
at least 95% identical to the amino acid sequence as set forth in SEQ 1D NO: 2.

The composition according to any preceding claim, which is essentially free of a furin

protein.
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24, The composition according to any preceding claim, which is a pharmaceutical
composition.
25 The composition according ic claim 29, which further comprises one or more
pharmaceutically acceptable excipients.
5 26. The composition according to any preceding claim for use in the treatment of a
complement-meadiated disorder,
27. The composition according to claim 22 for use in the treatment of a C3 myopathy.
28. The composition according to claim 22 for use in the trealment of a complement-
mediated disorder, wherein the complement-mediated disorder is selecied from age-
10 related macular degeneration, Alzheimer's Disease, atypical haemolytic uraemic
syndrome, membranocproliferative  glomerulonephritis Type 2 (MPGNZ),
atherosclerosis {in particular, accelerated atherosclarcesis) and chronic cardiovascuiar
disease.

29. A methed of preparing a composition comprising a recombinant mature Complement

[%a)

Factor | (CFD protein, wherein the recombinant mature CFl protein represents

2

greater than 50% by weight of a total CF| protein content of the composition, the
method comprising:

a. contacting a recombinant precurser CFi protein with a furin protein or

fragment thereof, and
20 b. incubating the recombinant precursor CF! protein with the furin protein or
fragment thereof for a predetermined period of time, whereby the furin protein
or fragment thereof cleaves the recombinant precursor CF| protein at or
adjacent to a RRKR linker sequence sile to form the recombinant malure

Complement Factor | protein.

Tt
o
[
O

. The method according to claim 29, wherein the recombinant precursor CFi protein is
a human precursor CFi protein.
31. The method according 1o claim 29 or claim 30, wherein the recombinant precursor
CFIi protein comprises a lag.
32. The method of claim 31, whersin the tag is a His-tag.
30 33. The method according to any of claims 29 to 32, which further comprises expressing
the recombinant precursor GFl protaein prior to stepg (a).
34. The method according to claim 33, which comprises expressing the recombinant
precurser CFi protein in a eukaryotic cell.

35 The method according to claim 33, which comprises expressing the recombinant

A
[

precursor CFI protein in a prokaryotic cell
38. The method of claim 35, whersin the prokaryotic cell is Escherichia coli,
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37.

38.

38,

4¢.

41.

42

44,

48.

49

The method according to claim 34, wherein the eukaryotic call is selected from an
insect, a yeast or a mammalian cell.

The meathod according to claim 37, wherein the mammalian cell is a CHO cali.

The method according 10 any of claims 29 to 38, which comprises isolaling the
expressed recombinant precursor CFl protein prior to step (a).

The method according to any of claims 28 to 39, wherein step (a) comprises adding
the furin protein or fragment thereof 1o a solution comprising the expressed
recombinant precursor CFi protein.

The method according to any of claims 28 io 40, wherein step (b)) comprises
incubating the furin protein or fragment thereof with the recombinant precursor CF
protein at a temperature of between about 25°C to about 42°C.

The method according to any of claims 29 to 41, wherein step (b)) comprises
incubating the furin protein or fragment thereof with the recombinant precursor CF
protein at a temperature of betwean about 30°C o aboul 427°C.

. The method according to any of claims 29 to 41, wherein step (b) comprises

incubating the furin protein or fragment thereof with the recombinant precursor CFI
protein at a temperature of between about 35°C to about 38°C.
The method according to any of claims 29 o 43, wherein step (b} comprises

incubaling the furin protein or fragment thereof with the recombinant precursor CFI

profein in a solution having a pH of between aboul 5 and 7.

. The method according o claim 44, wherein step (b) comprises incubating the furin

protein or fragment thereof with the recombinant precurser CFI protein in a solution
having a pH of between about 5 and 6.

. The method asccording to claim 44 or claim 45, wherein the solution comprises

calcium ions.

. The method according to claim 48, wherein the solution comprises calcium ions at a

concentration of betwesn about TmM 1o aboul Smi.

The method according o any of claims 44 to 47, wherein the solution further
comprises polassium ions.

The method according to any of claims 29 o 48, wherein step (b) comprises
incubatling the furin protein or fragment thersof with ihe recombinant precursor CFI

protein for between about 5 hours and about 48 hours.

. The method according o any of claims 28 o 49, wherein step (b) comprises

incubating the furin protein or fragment thereof with the recombinant precursor CFI

protein for between about 8 hours and about 20 hours.
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52.

59.
60.

The method according to any of claims 22 to 50, wherein the furin protein or fragmeant
thereof comprises the amine acid sequence as set forth in SEQ. 1D, No4 or a
fragment thereof.

The method according to claim 51, wherein the furin protein fragment comprises at
least amine acid residues 108 to 715 of a protein comprising the amino acid

sequence as set forth in SEQ. 1D No: 4.

. The method according to any of claims 28 to 52, which further comprises isolating

the recombinant mature CFi protein.

. The method according to claim 53, which further comprises purifying the isclated

recombinant mature CFi protein.

. The method according to any of claims 29 to 53, wherein the recombinant precursor

i protein comprises an amino acid sequenace as set forth in SEQ. 1D, No: 3.

. The method according to any of claims 29 to 54, wherein the recombinant precursor

CFI protein comprises an aming acid seqguance as set forth in SEQ. 1D, No. 3.

. A composition obtainable from the method of any of claims 28 to 56.
58.

A metnod of ireating a complament-madiated disorder, the methoed comprising:

a. administering a therapeutically effective amount of a compaosition according to

any of claims 1 to 28 or claim 57 to a subject in need thereof,

The method according o claim 58, which is a metheod of treating a C3 myopathy.
The method according to claim 592, which is a method of trealing a complement-
mediated disorder, wherein the complement-mediated disorder is selected from age-
relgted macular degeneration, Alzheimer's Disease, atypical haemolytic urasmic
syndrome, membranoproliferative  glomerulonephritis Type 2 (MPGNZ2Z),
atherosclerosis {in particular, accelerated atherosclerosis) and chronic cardiovascular

disease.

. The method according to claim 60, which is a method of treating age-related macular

degeneration.

. A pharmaceutical composition comprising the composition of any cone of claims 1-28,

and a phamaceutically acceptable carrier.

. The pharmaceutical composition of claim é2, wherein the composition is substantially

pyrogen free.

. The pharmaceutical composition of claim 62 or 83, wherein the compaosition is sterile.
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Precursor Complement Factor | (human ) {(SEQ. ID. No. 3}

MELLHEVFLLFLCFELRFCRKVTYTSQEDLVERKCLARKY THLSCDRVFCOPWORCIEGTCVCRLPYQC
PRNGTAVCATNRRSFPTYCQORKSLECLHPGTKFLNNGTCTAEGRKFSVSLKHGNTDSEGIVEVKLYDY
DRTMFICRKSSWOMREANVACLDLGFQQGADTORRFELSDLSINSTECLEVHCRGLETSLAERCTFTRR
RTMGYQDFADVVCYTOQRKADSPMEDFFQCVNGKY ISQMKACDGINDCGDOESDELCCKACQGRGEFHC
ROGVCIPSQYQUNGEVDCITGEDEVGCAGFASVIQEETEILTADMDAERRRIKSLLPRLSCGVENRMY
HIRRKRIVGGERAQLGDLFWOVAIRDASGITCGGIVIGGCWILTAAHCLRASKTHRYQIWT TVVDWIHP
DLEKRIVIEYVDRIIFHENYNAGTYONDIALIEMKKDGNKRDCELPRSIPACVPWSPYLFOPNDTCIVSG
WGREKDNERVFSLOWGEVRLISHNCSKFYGNRFYEREMECAGTYDGS IDACKGDSGGPLVCMDANN
VITYVHGVVSWGENCGKPEFPGVYTKVANYFDWISYREVGRPFISQYNY

UniProtKB/Swiss-Prot: PO5156.2

>@i|317373341]sp|P05156.2]CFAL_ HUMAN RecName: Full=Complement factor |; AltName:
Full=C3B/C4B inactivator; Contains: RecName: Full=Complement factor | heavy chain; Contains:
RecName: Full=Complement factor | light chain; Flags: Precursor

Heavy Chain (HC): 317 residues (SEQ. ID. No. 1)

KVTYTSQEDL
RRSFPTYCQO
FICKSSEWSMR
TKRRTMGYQD
COGKGFHCKS
KSLLPRLSCG

VEKKCLAKKY
KSLECLHPGT
EANVACLDLG
FADVVCYTOK
GVCIPSQYQC
VENREMHI

THLSCDRVFC
KFLNNGTCTA
FQOGADTORR
ADSPMDDFFQ
NGEVDCITGE

QPWORCIEGT CVCKLFPYQCP
EGKFSVSLKH GNTDSEGIVE
FRLSEDLSINS TECLHVHCRG
CVNGKYISOM KACDGINDCG
DEVGCAGFAS VAQEETEILILT

RNGTAVCATN
VRLVDODRTM
LETSLAECTF
DOSDELCCRA
ADMDAERRRI

Calculated MW for non-glycosylated fl heavy chain: 35,286 Dalton

Light Chain {(LC): 244 residues {(SEQ. ID. No. 2}

IVG GKRAQLGDLP WQVAIKDASG ITCGGIYIGG CWILTAAHCL
WITVVDWIHP DLKRIVIEYV DRIIFHENYN AGIYQNDIAL IEMKKDGHNEX
PNDTCIVSGW GREKDNERVF SLOWGEVKLI SNCSKFYGNR
GDSGGPLVCM DANNVTYVWG VVSWGENCGK PEFPGVYTEVY

RASKTHRYQI
DCELPREIPA
FYERKEMECAG
ANYFDWISYH

CVPWERPYLEQ
TYDGSIDACK
VGRPFISQOYN

CFi Linker Sequence

RRKR (SEQ. ID. No 7)

Vv

Figure 2
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‘Furin’ sequence per Wise et al NCBI accession NP_001276753.1 (SEQ. 1D, No. 4)

MELRPWLLWVVAATGTLVLLAADAQGOKVITNTWAVR I PGCPAVANS VARKHGFLNLGOIFGDYYH
FWHRGVTKRSLSPHRPRESRLOREPOVOWLEQQVAKRRTKRDVY QEPTDPRFPOOWYLSGVTOR
DLNVKAAWAQGYTGHGIVVSILDDGI ERNEEDLAGNYDPGASFDVNDQDPDPOPRYTOMNDNREGT
RCAGEVAAVANNGVCGVGVAYNARIGGVRMLDGEVTDAVEARSLGLNPNE THI YSASWGPEDDGRT
VDGPARLAEEAFFRGVSQGRGGLGS IFVWASCGNGGREEDSCNCDGYTNS IYTLES ISSATOFGNVEW
YSEACSSTLATTYSSGNONEKQIVITDLROKCTESETGTSASAPLAAGT IALTLEANKNL TWRDMOHL,
VVOTSKPAHLNANDWATNGVGRRVSHESYCYCLLDAGAMVALAONWTTVAPQRKCI IDILTEPRDIGK
RLEVRKTVTACLGEPNEITRLEEAQARLTLSYNRRGDLAI HLVS PMGTRSTLLAARPEDY SADGFND
WAFMTTHSWDEDPSGEWVLE I ENTSEANNYGTLTRFTLVLYGTAPEGLPVPPES SGCRTLTSSQACY
VCEEGFSLEQRSCVORCPRGFAPOVLDTHYSTENDVETT RASVCAPCHASCATCOGPALTDCLSCP
SHASLDPVEQTCSROSOSSRESPPOOQPPRLPPEVEAGORLRAGLLPSELPEVVAGLSCAFIVLVEY
PUFLVLOLRSGFSFREVKVY TMDRGL IS YRGLPPEAWORECPSDSEEDEGRGERTAFIRDQSAL

Figure 2 (Continued)
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Fi Standard

Figure 3
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Pro FI (i} 81 kDDa

‘5%
RRKR-—

PCT/US2018/022471

Linking peptide cleavage
N- Giyccsyiat on N-Glycosylation
Secretion Secretion

Pro Fi{s) 88 kDa Mature FI 88 kDa

Reduction| Reduction|

Pro Fi (s;) gg kDa Fi Heavy chain 5() kDa

Fi Laqht cham 3? kDa

Reduced

ProFl 5) 88 kDa

Figure 5
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Geographic Atrophy

Clinical Features and Potential Therapeutic Approaches

Frank G. Holz, MD," Erich C. Swrauss, MD 7 Steffen Schmice-Valckenberg, MDD
Menno van Lookeren Campagne, PRD”

In contrast o wet age-related macular degeneration (AMD), where loss of vision is typically acute and
treatment leads to a relatively rapid reduction in retinal fluid and subsequent improvements in visual acuity {VA),
disease progression and vigion loss in geographic atrophy (GA) awing to AMD are gradual processes. Although
GA can result in significant visual function deficits in reading, night vision, and dark adaptation, and produce
dense, irreversible scotomas in the visual field, the initial decling in VA may be relatively minor if the fovea is
spared. Because best-corrected VA does not correlate well with GA lesions or progression, allernative clinical
endpoints are being sought. These include reduction in drusen burden, stowing the enlargement rate of GA
lesion area, and slowing or eliminating the progression of intermediate to advanced AMD. Among these con-
siderations, slowing the expansion of the GA lesion area seems to be a clinically suitable primary efficacy
endpoint. Because GA lesion growth is characterized by loss of photoreceptors, it is considerad a surrogate
endpoint for vision loss. Detection of GA can be achieved with a number of different imaging techniques,
including color fundus photography, fluorescein angiography, fundus awtofluorescence (FAF), nesar-infrared
reflactance, and spectral-domain optical coherence tomography. Previous studies have identified predictive
characteristics for prograssion rates including abnormal patterns of FAF in the perilesional retina. Although there
is currently no approved or effective treatment to prevent the onset and progression of GA, polential therapies
are being evaluated in clinical studies, Ophthaimology 2074, T21:1079-1087 © 2014 Fublished by Elsevier Inc.
on behalf of the American Academy of Qphthalmology.

| Sypplemental material is available at wwiw aagy
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Age-related macular degeneration {AMD) {s a progressive.
degenerative disease of the reting, in which the macula. the
area responsible for visual acuity {VA}Y and color vision, is
most affected. The prevalence of AMD increases with age,
and it is estimated that in the United States approximately
A miflion peaple 2235 years old have moaocular or binoculay
intermediate AMD or monocular advanced AMD.

Farly signs of AMD include the developnient of drusen,
extraceliular deposits betweern the retinal pigment epithe-
linsn {RPE) and Bruch™s membrana 1 I it eardy and
infermediate  stages. AMD  causes only mininal VA
impatrment. The advanced stage of dry AMD, geographic
atrophy  (GA), 15 characterized by loss  of  retinal
photoreceptors,  RPE, and chordocapillaris,  amd s
responsible for approxunately 20% of all cases of legal
hiindness in North America.

14 Prodshed k
on el of the Amedcan Academy of Ophthalinology.

v Elsaviey oo,

Depending on the histopathologic teatures and stage of
the disease, AMD can be divided into several categories.
Early AMD s characterized by maultiple siall (063 pum} or
> 1 imternediate drasen (> 63 but <0125 pm); 1o idenmediate
AMB, there may be many intermediate or >1 large drusen
(=125 pm), oftea acconipanied hy hyper- or hypo-
pigientation of the RPE; and advanced AMD is charac-
terized by 2 tvpes of late stage lesions: GA (dry) and
neovascuiar (vt AMDP. There s no exchusive dichotony
between GA and wet AMBD: both forms of the disesse may
develop in the same eve. Approximately 0% to 15% of
patients with indermediate dry AMBD progress o the peo-
vascular form.” The average fime from entering the Age-
redated Lve Disease Study (AREDS} to imitizl appearance
of GA has been shown to be approximately 3 1o 6 years in
the presence of confluent or large (>123 pum) drasen and

Leder I‘ C ,7 9
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Evolution of geographic atrophy
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hyperpigmentation, as compared with 2.3 the
presence of hypupigmentation. ™"

The biology of neovascular AMID is better understond than
the atrophic form of the disease. This may be becanse of the
availabiity  of  better  predictive  preclinical  models
for neovascular AMUD, although more recently rodent models
of attophic AMD bave shown some promise.” Because most
pathways identified by genetics seent fo predispose {0 both
tormis of AMID, the cwrreat thinking is that hoth advanced
stages gre initiated by common patlyways that colminate in
stress and danwge to the RPE, Bruch’s membrane, and
chorowd, and can result o either photoreceptor degenarabion
or  choroiddd veovascularization with subsequent
degeneration. Based on this principle. early treatment of
AMD at the high-risk intermediate AMD stage would be
reguirsd to prevent both forms of advanced AMD.

Currently, there i3 no approved or etfective treatment to
prevent either onset or progression of GA. However, in
recent years. significant progress has been made i under-
standing the pathogenesis of GA, which has led to a number
of new ;)Otenti;ll therapies currently underguing clinteal wial
evalnaton (ehie | availahle at s 3

yeurs i

AR

Clinical Background on GA

Epidemicdogy and Risk Factors

in the industrially developed world, AMD is the prim'«u’y
catse of blindness for adults >»55 years of age. Patents in
the early and intermediate stages of drv AM D generally do
not lose central vision, bur instead have other functional
impairiments, such as dificolty reading and imited vision at
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night or with reduced light” Risk factoss for AMD include
advanced age, race, Rmnkmg, and diet.

With aging, gradual and cumulative damage to the retina
oceurs through varows factoss, wckuding oxadative stress. In
addition, apairment of normial physiologic fancton in RPE
cells, ncloding the constant degradation of ltrud—rzch oHer
photoreceptor dzscs, can lead to foomation of infraceiludae
dipofusciny and extracelhudar debris {druseny. The advanced
forr of dry AMID, or GA, is responsible for approximately 209
of 4l h:‘ﬂ'd] cases of blindness in North America with increasing
incidence and prevalence nwing to @ higher fife expectancy.

Overadl, AMUD 8 more comman in white patients than
individuals of other ethiic origing. Although drusen ave seen
with similar frequency in non-white and white people, the
latter have been shown o bave an iacreased prevalence of
advanced AMD, perhaps a consequence of lower melanin
Jevels. In the Mult-ethaic Study of Atherosclerosis, the
prevatence of AMD was 2.4% in blacks. 4.2% in Hispanics,
4,69 in Chinese, and 3.4% in whites.”

Cigavette smoking is another risk factor for AMD in
many clivical trials, A divect correlation has beeo reported
hetween the visk ol developing the disease and number of
cigareftes smoked. 'in a case-control study of 75 white
patients, snmk‘ing = 40 pack-yvears of cigarettes was
associated with a 3.5-fold hi gher risk for GA ¥ The
mechanisms by *&f’ll\,h smoking incredges the risk for
AMD include the reduced generation of antioxidants,
induction of hypoxia. generation of reactive oxygen
species, and impaired choroidal blood flow.

Finally, there is some evidence for an association be-
tween diet, specifically fat intake. and obesity and an
increased rvisk of AMD. Moreover, several smadies have
demonstrated the protective effect of antioxidants, nuts, fish,
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and t0-3 farty acids. In the AREDS study, a zine anfioxidant
oral supplement was reported o slow the progression of
AMD to the wet form of AMD, but there was no statistical
benefit in GA. In the Blue Mountains Eve Study, it was
shown that ligh dietary  hutein and  zeaxanthin  intake
reduced the risk of long-term AMD. However, the
AREDS? study has shown that the addition of lutein plas
zeaxanthin of -3 polyunsaturated fatty acids (PUFAs:
docosabexaenoic acid plus eicosapentaenoic acid). or both,
to the AREDS formudation has niot sigailicantly reduced the
risk of propression to advanced AMD, ™

Genetics

Both population-based and famibial stadies have found ev-
idence of sibling comelations, with an estimation that ge-
netic factors can account for between 55% and 37% of the
totad variability in disease risk.”’ Recent findings on single
sucieotide polvmorphisnt i genes coding Yor complament
factors (CFy H, L, and B, and complement coniponents

2 and 3. implicate the complement systemn in the
pdthnpmsmiog of bhoth interptediate and  advanced

AMBL Y Many  associaton  amd  linkage  studies have
pointed to chromosomal locus kg3, ll.[ll\.&tl with the CFH
gene. in conferting substantiad AMD risk.’

Although genetic associativn of AMD with & single
nucleotide polvmorphism does not necessarily imply a
catsative relationship, in the case of CHFH there iy strong
evidence for a link between CFH function as a negative
regulator of the alternative coniplement pathway and AMD.
Fhis 1s based on the finding that & rare penietrant mutation in
CEFH that resualts o oss of function of this opottant nega-
five wgu’lamr of the pathway predisposas to AMD showing a
strong penetics-based refationship between increased ‘ﬂfer
native pathway complement asctivation and AMD.Y
Farthermore, by combining visk and profective alternative
pathway variants, a “complotype™ was revealed in which
C3, fH, and B
alternative pathway activity e plasma, thereby iafluencing
sk in Lompiemem dependent  diseases.’”  Last, rare,
highly penetrant missense mutations in CFI, a negative
t‘Uu]&lUl of the alter lmme complement pathway, confers
hlgh risk of AMDY Mence, a polentially cavsative
relation has been found between alternative complement
pathway activation and the incidence of advanced AMD.

Sequencing of chromosome 1026 identified comupion
variants with large effect sizes pear the age-related macal-
opathy susceptibthity 2 (ARMS2) and high temperature
reguirentent A serine peptidase T (HTRAL) genes estab-
lishing this locus, in addition to the CFH variast on clwo-
mosonie 1, a8 a second major AMD soesceptibility Tocas. A
totat of 13 vanaots in thig locus were in strong lakage
disequilibrivm leaving statistics-based analyses with insaf-
ficient power to discriminate berween these variants,”’
Functioonal  dissection of the effects of each risk-
assochuted variant in Q26 is required fo determine
which of the 2 genes, ARMS2 or HTRAL, i the true AMD
susceptibility gene. Ouly recently, more detailed genome-
wide association stedies have investigated whether the 2
subtypes of advanced AMDB, choraidal geovascularization

ariants  collaborite to set fevels of

(CNV)Y, aad GA, segregate separately o families and as-
sociate with different disease variants, The variants m the
10G26 locus confer ncreased risk for both advanced AMD
subtypes, but imparts greafer risk for CNV than for GALY
Other loct were detected with suggestive associatians that
differ for advanced AMD subtypes and deserve follow-up
in additional studies.

A recerit, collaborative, genome-wide assoctation study by
the AMP Gene Consortiun inchuded > 17 1O advanced AMD
cases and > 60 000 controls of European and Asian ancestry.””
This study identified 19 loci iovolved in the wegulation of
complement activity, lipid metabolism, ﬁ.\ﬁ'&f_ﬁ.nulcﬂ matsty
ernodeling and angiogenesis (F < 5% T } which includes 7
Ioct with associations teaching £ < 5= 107 for the first thme
near  genes COLSAI-FILIPIL, IERS-DDRI,  SLCIGAS,
TGFBRI, RADSIR, ADAMTSS, and H3GALTL.

The gene for hepatic lipase {LIPO), locuted on chromo-
some 13g21.3, was recently found o he associaed with
AME 1 a Mry:,, genome-wide association smdv”‘-“: is
tindings were confivned in apother genome-wide study
where 4 strong association with alleles at 2 ool previousdy
associated  with  high-density  Hpoprotein  (HDL)  was
found.” Exploring the velationship between the LIPC
genotype and serum lipids, i was found that the TT
genotype of the LIPC gene was associated with a reduced
risk of both wet and dry AMD." However, despile this
genctic lisk between LIPC and AMD, epidemioclogic
evidence suggests that tis is aot mediated through plasma
HDL. Fubue studies elncidating the role of LIPC o the
eyve are needed.

Imaging Features

Based on stereo biomicroscopy and codor fundus photog-
aphy, there are distinctive features of GA that differ from
other forms of dey AMDL The GA areas are visible on
funduscopy as sharply demarcated hypopigniented areas,
in which larger choveoidal vessels may become visible
awinkg o the absence of the RPE and the choriocapillaris.
Although crystalline datsen may be present in areas of GAL
soft drasen as g intermediate dry AMD are absent. The
definition of GA is based on c¢linicohistopathologic in-
vestigations that have shown that clinically visible areus of
atrophy are characterized by cell death in the RPE, outer
newrosensory retina, and choriocapillaris. With modern
i vivo imaging techoology, these findings can be
confirmed. By ﬂapec‘crza]w!onmi n oplical colierence tomog-
raphy (SD-QCTY imaging, choroidal signal enhancemant
awing to the loss of absorhing pigmeat an thinving of the
outer retinal layvers, including the outer nuclear layver, are
clearly visible at the site of GA. Owing to the atrophy of
the RPE and thus loss of Ruorophores, atrophic areas in
GA exhibit a4 mackedly reduced signal by FAYF imaging
13 3. Using simultancous SD-OCT and FAF confocal
scanning laser ophthalmoscope lmaging., an excellent
spatial correfation of typical 5D-0OCT and FAL findings at
the site of atraphbic areas could be demonstrated with loss
of photoreceptors (Fig 3% Both modalities allow  for
noninvasive and rapid assessment of GA in the clindeal
settitig. With imnage analvsis software, areas of GA can
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Figure 2. Fundus surofinorescence {FARY inuges of

of intmindividaal symmietry hetwesss both e
veflecting s wdu

patrerhs of incressed FAF signals sumrounding the strophic petches.

be semiautomatically quantified and GA enlargement can
he monitorad over time. The corresponding functional
impact can be demonstrated by microperimetry {Hig ).

MNatural History and Progression

The earliest sigos of AMD ioclude the appearanee of soall
drusen, which increase in size over tme. Dousen with a
dizmeter of <63} um, so-called drupelets, wre not associated
with increased risk of progression and are, thersfore, aot
considered AMD but rather a nonspecific aging change.”
Intermediate stages are defined by larger, confluent drusen
as well as hyper- and hypopigmentation amd degensration,
whereas the advapced stage is either GA or CNV. In dry
AMD, loss of vision occues graduatly over several yeags and
progresses to GA, a degeneration of the RPE and death of
photoreceptor  cells, leading fo preversible vision  foss.
Patienits with GA, even in late siages, may maintain good
ceantral vigion over some tne, vidil the disease progression
mvolves the centval fovea. The peripheral spread is typically
faster thap toward the center for unknown reasons.
Approximately [0% to 15% of patiesits with intermediate
tlry AMD progress to the nepvascular form. A retrospective
analysis of 895 eves from 2 AREDS studies found that the
average tinte from study entrance o ininal appearacce of GA
was 5§ to © vears in the presence of comdfluent or large
(>125 um) dvusen and hyperpigmentation, compared with
2.5 yoars in the presence el hypopigmentation,” Drasen were
tound in 100% of patients af the site of later GA development;
drusen »125 um, confiuent drusen, and Byperpigmentation
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sgeenpiaic atropty, ! the high degres

ol and o by {dark

were prasent 1o »>90% of eyves, whereas dasen >230 um
and hypopigmentation were present in > 80% eyes.

Loagitudinal studies bave shown that progression rates
vary widely among pafients.” A mean growth rate of
atrophic areas of 1.2t 2.5 mm” per vedar has been
reporfed from various studies, Some studies have shown
that growth rates of arophic patches depend on size of
lesion, with small lesions (disc area [DA] « Q.67 nn:nz_'}
growing at approximatety 0.5 gﬂm"" per vear, with meditm
slzed lesions (DA = L7 mm™) growing ab a sate of 1.5
mm® per year—; and the largest lesions (DA = 4.2 ey
progressing at around 2 to 6 muy® per year,

In the Beaver Dam Bve Study, the overall increase in
atrophy was 6.4 mm™ over 5 years. Eyes with multifocal
lesions had greater increases (12 mm™) in atrophy ares, and
progressed 0 foveal center more often (83%) compared
with eves with single lesions (2.%4 wun® dnerease 1o atrophy
ared, 22% progressed to fovea)”

Several factors are thought to pradict GA progression,
such as knowledge of prior rate of atrophic area growth and
petterns of abnormal tundus awoffuorescence (FAEFY deree-
ted by confocul scanning faser ophthalmwoscopy.”

Pathophvsiology of AMD

The pathology of AMID is characterized by degenerative
changes in the outer portion of the reting, the photorecep-
tors, the RPE, Bruch’s nembrane, and the chortocapiilans.
leading ultimately to visgal Joss (Fige 1 and 5) Bardy




Holz et al » Clinical Fearures and Therapeutic Approaches o GA

PN s A .
l"lgUl"C 3- bt‘:'\‘t}l‘ﬁh' -‘.'I CTEENED :Ul‘l-‘.’hi:’: aw [ALE NI o a B | A0 A ACLY he I3 JA[I‘L?gf\l"

CHTEY s

cobmrescs o

b derasin

rview of st brsneous fusd]
oY Wehin

Hes is dkase

sere the

ERRCY LT (NI ¥ ST

¥
>

auroflnovescenee, exactly st the sine wi

changes include basal laninar and basal linear deposics,
thickening  and  accumudation of  lipoidal  material i
Broch’™s  membrane,  Hpofusein  accummtiation  in the
Iysosomal compatment of the RPE, and drusen formation
beocath the basal humnina of RPE as well as suluetinal
deposits apiead of the RPE cell monolayer {so-called
reficnlar drusen). Both hard and soft drusen are hallmark
lesions of AMD. Hard drusen are pinpoint, yvellow—white
lesions <203 pm s dameter: in small menbers they are
act considered a sk factor for AMD. but in larges
aumbers they independantly predict AMIY™ Soft drusen
are larger, have indistinct edges, and tend to become
confluent. The presence of large and confluent drusen is a
significant risk factor for developing CNV and GA.
Reticular drosen are bhest identified with near-ifraced
reflectance andfor AT scanning laser ophthalmoscopy it
aging, and are highly prevaleat in eves with GA”" Late
changes inchide RPE amophy, ot GA, preseoting as well-
demarcated areas of RPE cell loss, subsequent to hypo-
pigmentation. This process is followed by degeneration of
corresponding photoreceplors, and thinning of the retina.
The pathophysiclogy of GA remains poorly understood.
in part becase of its naltifactorial etiology. @ combination
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of environmental and genetic risk factors. and & lack of
appropriate  ardmad models, Hiochemical, histologie, and
genatic studigs have plicated several patovays, including
oxidative damage, chronic inflammation, excessive accu-
mulation of lipofascin, asd maliunctioning of the comple-
ment systemt. These mechanisms ntay be operative in
various phenotypic manifestations of AMD, and i
currently unknown which of these mechanisms are more
relevant or perhaps specific for the development of outer
retipal atrophy. In addition, the comtribution of different
mechanisnis pay viry hetween patients, which may be re-
flected in differences in the genotype or clinicsl characters-
istics, for example, presence or absence of reticular drusen
with (A,

Lipids and Lipid Metabolism

Available evidence from epidemiology. pathology, and ge-
netics studies suggests a potential link between risk factors
tor cardiovascular disease and AMD, such ag smoking. hy-
pertension, and hyperiipidenda, Accurnmdation of lipids in
Bruch’s membrane play a vital role in the pathogenesis of
AMD and therse ave sinmlanties between AMD lesions and
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Figure 4. Lox

senseivity & redecet e variable degrees.

atherosclerotic plaques, although it has been shown that the
lipoprotein particles within Bruch's membranes are different
fron plasnia lipoproteins in that they contain free and ester-
Hied cholesterol, phosphatidylcholine, and  apolipoprotein
BIOO” A number of studies have explored the potential of
stating in lowering the incidence and progression of AMD;
however, most studies were observatiooad, retrospective, o
popufation based. and the results were inconclsive. A
recent Cochrage  review  idestiied just 2 randomized.
placebo-controlled oials—one with inconclusive resulis; the
other, ongoing.™

Inflammation, Complement, and the Inflammasome

in contrast with wet AMD, where CNV is assoclated with
inflammatory  cells,™ the etology of GA has not been
associated with a marked recruitivient of leukooyies from the
circulation. Rather. (GA bhas been primarily associared with
activation of cells constitutively  present in the retina,
inciuding  microghia cells, Muller cells, RPE cells, and
occasional  macrophages, with  peripheral  imune  cells
present i the choraid, mostly counsisting of pedcapiilary
macrophages, giant cells and mast cells™ Lutty G, Bhutto L

Pathways and Therapeutic Targets in Dry AMD
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Seddon ¥, Mcleod D0 Mast cell degranulation i AMID
choroid. Presented at the Assoclation for Research in Vision
and Ophthalmology JARVO] Annual Meeting, May 59,
2013, Seartle, WA} The appearance of these nnate immune
cells close o sites of celhudar deposits on Bruch™s menhrane
niay indicate that the phagoeytotic capacity of the declining
RPE calls has been exceeded, resulting in attraction of
phagooytic cells that in tura have been shown to produce
angiogenic factors. Drusen that hogely consist of Epoprotein
particles and KPE call reminants also comsist of 4 number
of  inflammatory  proteins,  including  apolipoprotein I,
coagulation proteins, scute phase proteins, innunogiobufin
G, complemeat components, and complernent activators. This
further supports the hypothesis  that joocal  nfammation,
induced by Hpoprotein accarmulation and oxidation, marks the
early pathogenesis of AMD Next to farmaiion of a
niembrane aftack complex on cells, excessive activation of
the alternative complement cascade generates a vanery of
promfanmatory esponses and 18 thought o play 4
significant role in the progression of AMU.Y This is
supported by fiadings deserdbed under Oenetics, that CFH
polymwrphism increases patients” risk for developing AMD.

Twao recent studies examined the role of IHCERT
deficiency and found that patients with GA have reduced
RPE levels of DICER], an enzyme that cuts long douhle-
stranded RNA into smaller pieces and plays a key role i
puuntindng RPE cell health, The BPE constantly produces
long double-stranded A/g RNA and ia healthy individuals,
DICER processes these toxic RNAs info shorer, nonfoxic
versions. In patients with GA, DICER] levels are greatly
reduced and this feads to Al RNA acoumulation i the RPLE.
It was found that 2 DICERT deficit or Al KNA exposure
activates the inflammasome and its components and triggers
Tol-like receptor—independent MyDES signaling via inter-
leukin (IL)-18. Inflammasomes are a group of recently
discoverad proein complexes composed of a sensor for
sterile or pathogen-associated noxious stimuli, soch as the
NOD-like receptor fanily, pyrin domain-containing protein 3
(NLRP3), and caspass-1. which are conpscted theough an
adaprer protein (PYCARD). In contrast with the pathogenie
effect of increased inflammasome activation in the absence of
DICERT, an independent study ™ has found that NLRP3 has a
protective role in nsovascular AMD through the induction of
L-18 by drasen components. Hence, although recent obser-
vations have confirmed that buman GA RPE contains
elevated levels of NLRP3, PYCARD, and IL.-18.7" futher
dissection of a protective versus pathogenic role for the
infammasonie and its products is regquired to provide a
vationale for targeting this pathway o GA.

Onxidative Stress and Lipoproteins

The reting is pacticnlarly receptive © oxidative damage
because of high oxygen tension. marked exposure to irra-
diptionn. a high proportion of PUFAs in the phoforeceptor
outer segments (POS), presence of several chromophores
{e.g., pofuscin, melagin. rhodopsin), and the generation of
reactive oxygen infermediates created through phagocytosis
of photoreceptors, nereased levels of antioxidant enzymes
in the RPE of AMD eves; advanced glycation end products

i soft drosen, basal linear, and laminar deposiis; aad hpo-
peroxidation and DNA strand breaks in eyes with GA all
add o the growing body of evidence that cumoiative
oxiclative stress condributes o the pathophysiology of AMD.
These findings are supported by epideniologic studies that
indicate that smoking, known to cause oxidative damage, is
amovig the main nsk factors for AMD, and that a diet nich in
agtioxidants seems to decrease the risk for AMD. Owing to
constant light exposure and exposure fo oxidative stress.
proteins, lipids, and BNA can undergo lipid peroxidation.
Mualondialdehyde (MDA) is a common lipid peroxidation
product that accumulates in AMD; MDA can i turn modify
endogenous molecules, generating novel oxidation-specific
epitopes, which  are also present on the susface of
apoptotic cells and blebs released from them. Many of these
oxidation-specific epitopes are recognized as danger signals
by innate inummne rteveptors” OF interest, the CFH
golvmorphism H402, which is sooogly assoclated with
AMB. markedly reduces the ability of CFH o bind
MDA, further reinforcing a gevetic Hok herween disease
etivdogy and toflammation.

One important age-related change in AMD coonsists of
lipid and hpoprotein accurmidation i aging Bruch’s mem-
brane, basal deposits, and drusen, leading to extraceliular
deposits. ™™ Although the accumolation of lipids alone doss
not seem o have an adverse effect on RPE function, the
combination with oxidative stress over time leads to the
formation of lipid peroxidation products. The votina has
the highest concentration of w-3 PUFAs of all tissues, and
within the retina, PUTAs are particularly eariched in POS
membranes.  Owing  to their  polyuosadurated  natare,
PLTAas are highly sasceptible o oxidative degeneration,
The resulting lipid peroxidation products prasent 4
physical barer o POS  degradation, forming  highly
reactive aldehyde imtermediates, such as such as MDA,
d-hydroxyeonendd, and carboxyethylpyrrole. Accumdation
of these advanced lipid peroxidation end products interferes
swith pratein stability and function and can fead to apoptosis.
Adbvanced lipid perovidation end prodocts bave hean Tound
in fipofuscin, as well as iy drusen and Bruch’s membranes
of AMD patients.

Lipofuscin, a diverse group of autofluorescent lipid,
protein, and retinold aggregates and a prodoct of auto-
oxidation, may play a role in the pathogenesis of AMD. ™ In
the RPLE, the lipofuscin concentation is highest in the
macole, specifically the pamafoveal daog, and is largely
derived from inpaired POS phagoeytosis, It is thought that
lipofuscin adversely affects RPE function by mechanically
interfesing with its cell architecture. A-retinyi-N-retinylidene
cthanwlamine (A2E), the major component of lipofuscin
and & hyproduct of the visual cyele, 18 syothesized within
the POS. The RFPE. which acts as a phagoeyte, takes up the
POS, leading 1o the accumulation of AZE in the RPE
i vitro, in cell cudture, and in animal roodels, AZE has
been shown to have nany different effects, including
tmpairment of RPE phagoeytosts, inhibition of yvsosonual
degradation. and induction of detergent effects om the
Iysosomal membrane, all resulting in RPE apoptosis.”’ Of
note, A2E is a condensation product of all-Trans Retinal,
which on its own is woxic by stimulating the production of
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superoxide via nicotinamide adenine dinncleotide phosphate
hydrogen oxidase.”” However, a recent investigation in flat-
monrted RPE and retinal cross-sections from human do-
nors tound that the scoumulation of AZE was nof responsible
for the increase in Hpofuscin flucrescence ohserved in the
cenral RPE  with aging lipofuscin  fluorescence. ™
Turthermore, in & histologic exandnation of 2 small pumber
of hwman donor eyes with GA the increased signal of
avtofliorescence bn pestlesional seas nwy be caused by
vertically superimposed cells and cellular fragments and aot
by increased lipofuscin content of individual cells,

Amvloid

Studies have shown that drusen—abnormal extracellular
deposite—contain a number of components that are also
conttoniy foand tn plagues that charawterize other chronic
diseases. such as glomerlonephritis, atherosclerosis, and
Alzheimer’s disease. A nwmnber of these sgeots are inflam-
matory mediators, immunomoedulators, and components of
the complemery systern, suggesting that drosea formation is
an inflammuatory event aggravated by complement activa-
fion. tn the human eve, the Alzheimer’s amyloid B pratein
has been identified as a potenital activator of the comple-
ment system and found to colocalize with activated frag-
pents of complement €3 within drusen.™  Potentiaily,
amyloid B protein deposition may be a contributor fo RPE
atrophy, drusen generation, and AMD pathogenesis, Move
vecently, it was shown i a2 mouse model of AMID that
systemic AP0 and AP42 antibody administration was
associated with abrogation of dum:munugmpkm deficits,
reduced A levels. and structural preservation of the RPLL
These findings implicate AR in the pathogenesis of AMD
andd zdennt AB as a viable therapewtic target for its
treatment.”

Choroidal Perfusion and Nearodegeneration

The choroid provides oxvgen and nouristonent to the onfer
layers of the reting. The justaposition of the RPE/Broch’s
membrana and choriocapillaris permits the chortocapitlaris
to provide all of the metabolic needs from serum for the
photoreceptors including 90% of the O consumed by the
PR in darkness. Because photoreceptars ave almost anoxic
in the dark, any disruption in choroidat blood flow would be
detrimental to these cells.

Clinical studies in subjects with GA bave shown that
choroidal blood flow and vohinie may be impaired
compared with age-natched control subjects, suggesting
that these may be early pathologic changes of AMID. Al-
erations adjacent to Bruch’s membrane. for example,
basolateral and basolinear deposits as well as drasen for-
plation, may affect bemodynamic properties of retingd tissoe
perfusion and suggests that therapies targeting choroidal
blood How may be beaneticial in drvy AMD. With the advent
of SD-OCT imaging, choroidal thickness can be assessed
in vivo. Prelindnary reports indicate that choroidal thickness
piay be reduced in certain types of GAL Chonocapillaris
matperfusion has also been implicsted as a potential
contributor to the evolution of reticuiar drsen.
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Rationale for Therapeutic Strategy

The primary goal in treating AMD is to identify the un-
derying cause and prcwent or slow disease progression dnd
loss of vision (Tuble 1, available at wawew. A3
however, suitable .,md reliable in viro systems andfor
animal models for testng the efficacy of sew therapeatic
agents are lacking. Although the main target for GA
remains  unkoown, the pathways described  offer some
insight indo potential therapeniic interventions. Although
photoreceptor and RPE loss may be the initial event,
inferveation st any individual molecular pathway may not
be sufficient to completely halt the progression o GA.
Pathways currently being evaluatad in clinical studies
include the preservation of RPE cells and photoreceptors.
prevention  of  oxidative damage, reduction i the
accumulation of  metinal  toxins,  and  alleviation  of
inflammatory damage.

Lipid Modulators

Alihouph preciinical research studies have suggpested a Po;
tentiaf rationale for an antitipid therapeutic strategy mr GAS
o date, no trials 1n GA with this target have been idemtified.

Anti-inflammatory Agents

Fluocinolone. Bavien  {(Buvier;  Alimera  Sciences,
Aldpharetin, GAY is a2 sos—bjo-erodible polyimide tube
containing 180 g of corticosteroid designed for intravitread
inijection. A phase 2 study in patients with bilateral GA ix
cirrently under way: the prmary endpoint will be the
eglargement rate of GA in weated versus antreatad eyes.

Glativamer Acetate, Glativamer acetate (Copaxone; Teva
Pharhaceuticals, Kfar-Saba, Israel) 8 an imniunomodula-
wry agent that dowsregulates inflamymatory evtokines. Ithas
been tested in a mouse model of Alrheimer’s disease, and
has heen shown to eliminate formation of plagues, namely,
amyloid depaosits contaning inlanimatory mediatoes, sug-
gesting that glatiramer acetae may be effective in dry AMI3.
A phase 2/3 study is underway to evaluate the efficacy and
safety of glatiramer acetate 1o halting progression of dry
AMD, including progression to wet AMD.™

Strolimus. Sirolimus (Rapamyein: Wyeth, Madison, WD
was originally approved as an antifungal and was later
assessed in oncology because of its ability to ichihit the
marnmadian target of rapamyein. i has a broad spectrum of
action, iphibiting inflammation, angiopenesis, fibrosis, and
fovperperoieahility. The and-ioflamroatory effects ruay show
benefit in atferating earty complenient activation and drusen
formation. A phase H2Z study sponsored by the National Eve
jostittte assessed whether sirolimus coudd be safely admiin-
istered 1o patients with GA, and if it condd preserve vision in
these patients. Results show that subconjunctival sirolimus
given every 3 months for 2 vears did not prevent GA pio-
gression in ¥ patients (34% incyease in study and a 40% in-
crease in the fellow eyve) and may be associated with effects
detrimpental to VA {dun,fm: in slud*-, and fellow m-z:, 21 and 3
lefters, respectively} “ In addition, another phase 172 study in
patients with bilateral GA 1s curmently active, but no jonger
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enrailing; it is scheduled fo complete 1o July 2014, A phase 2
study s currentlty envolling patients with central GA who
have shown progressive  worsening over time and 1§
scheduled o complete in December 2014,

LFG316. LFG316 (Novartls Phanmaceutical Corpora-
tion, East Hanover, NI, administered intravitreally in 12
monthly doses, 18 thought to be an antthody that nhibits
activation of comriplenent C3. It is carrently being evaluated
in a pbase 2 study in patients with GA.

POT-4. POT-4 (Appellis Pharmaceuticals, Crestwood,
KY and Alcon Research LTD, Fort Waorth, TX) is a cyclic
13-amino gcid peptide that prevents the conversion of C3 to
C3a and C3b, thereby iphibiting all 3 major pathways of
complement activation; it is intended as a Deatroent for dey
AMD.™ A phase 1 safery trial in patients with advanced
neovascular lestons bas been completed.

Eeulizumab. Eculizumab (SOLIRIS. Aledion Pharma-
ceutials, Cheshire, CT) 5 a humanized monoclonal actibody
that mhibits the complement cascade af C5, prevemting the
formadon and release of the downstream anaphylatoxin CSa
and the formation of the cytolytic membrane attack com-
plex. Eculizumab is approved by the US Food and Drug
Administration tor the infravenous fraatment of paroxysmal
nocturnal henoglobinuria, also a complement-mediated
condition. A pbase 2 gial, the COMPLETE study,
assessed the efficacy asd safety of IV administration of
eculiziimab in patients with dry AMUD, including manifest
GA at baseling, The COMPLETE smdy failed o demon-
strafe efficacy with the primary owtcome measore at the
predefined 6 month endpoint {Yehoshua Z, Alexandre €,
Gregort (3, et al. Systemic complenent inhibition with
eonlizamaly for the teatment of GA in AMD patients: The
COMPLETE study. Presented at the 2012 Annual Mesting
of the Association for Research in Vision amd Ophtebal-
mology [ARVQ], May 6—10, 2012, Fort Lauderdale, FL).

ARC-1905, ARC-1903 (Ophthatech, Prisicaton, NIy is
an andi-C3 pegylated aptamer that inhibits downstream
complement activation and s administered as an intravitreal
gection Aptamers are smaller than antthodies and do not
generajly elicit an imoune response. A phase 1 dose esea-
lation study assessed ARC-1903 in combination with rani-
bizbmab.,  FThis  wasx  a  safety, tolembility,  and
pharmacokinetic study of multiple doses of ARC-19035
infravitreons njection when administerad in combination
with multiple doses of ranibizomab 0.3 my per eve, or with
1 nduction dose of ranibizumab 0.5 g per eye in subjects
with sobfoveal choroidal seovascularization secooadary to
AMD. This study was completed in June 2012, The statiis of
another phiase T osafety aad wolerability study, which evalu-
ated ARC-19035 in patients with diusen and/or GA in both
eyes, is currently anknown.

Lampalizumab, Lampalizomab (Gesentech/Roche, South
San Pranciseo, CA ), previously designated as FCRD4AST4S, i
a recombinant, monoclonal  antibody  frapment  directed
against factor D, which is the rate-limiting enzyme n the
alternative  contplement pathway. A phase W2 study
(MAHALQ) investigating the safety, tolerability, and evi-
deace of activity of lampaliagmah as a possible eatment for
GA. was recently completed and published results are
anticipated. A phase 2 extension stady is curssntly ongoing.

Antioxidants: Nutritional Supplements

The AREDS trial has reported that daily high doses of anti-
oxidants, incloding B-carotene, vitaming € and E. and zine
reduced progression w advanced AMD by 253%." However,
the 253% beachit was reported only for the progression o
neovascular (wend AMD; there was vo bevefit in the
progression to central GA. o addition, the reported 25%
benefit for progression to wet AMD required an average of
6.3 years. Puthermore, the ARBDS antioxidant—nuneral
Formsfation was reported as having no significant effect on
the pogression of GA in a more recent study, ™

A multicenter, randonized study, AREDS2 assessed the
addition of lutein, zeaxanthin, andfor long-chain @-3 faity
acids, docosahexasnoic acid, and 2icosapentaennic acid to
the orginzl AREDS fornulation on  progression o
adbvanced AMD. The study completed in early 2013 and
showed that the addition of futein or zeaxanthine did not
signifcantly reduce nisk of progression to advanced AMD
(hazard ratio, 0.90: P - 012"

OT-551. A phase 2 study investigated the safety and
prefiminary efficacy of OT-351. a disubstituted hydroxyh
amine with anfioxidamd properties, for the treatment of GA
in 1O participants with bilateral GAL The stady concluded
that OT-351. in the current conceniration and mode of de-
livery, may have limited or no benefit as a treatment for GA.

w-3 Fatty Acids. Several studies are ongoing investi-
gating the effects of -3 fally acids, the ratio of W-3 10 13-
fatty actds, and utein and zeaxanthin (AREDRS2 smdy) in
patients with AMIDD (Table 1 available onfine at www,

Visual Cycle Inhibitors

Another strategy for treating GA i3 the interruption of the
normad visuad eyele by decreasing the accuniation of toxic
metabolites, such as AZE and lipofuscin. Abnormal acca-
mulation of lipofuscin within the RPL oceurs with age and
early in the onset of AMID.

Fenrotinide, Fenwetinide  (SirlonTherapeutics,  Tampa.
FL} s an oral synthetic retinoid derivarive thar prevents the
ransport of retingl to the RPE, effectively dowaregudating
photo receptor nietabolism. In an animal study of Stargardt’s
disease, fenretidineg was shown to decrease the formation of
AZE and other fluorophores. A recent phase 2 study assessed
tenratidine (100 and 300 mg oradly administeced daily versus
placebo) for slowing lesdon growth inn 246 patieats with GA.
Prata from this study showed a trend for reduced anmual lesion
growth rates (mean teduction, (.33 ™y in patients in the
300 mg fenrefindine group who achieved serum retinol Jevels
of <1 gmoelL. Only 51% of patients receiving 300 mg and
contpleting the 2-vear stody achieved this level of serum
retinol reduction, resulting in a aonsigaificant change in
lesion growth rate vessus the placebo group.™

ACLU-4420. ACU-429 {Acucela, Ing, Bathell, WA isa
sl molecale  that  inhibits  the conversion of  all-
trans-retinyl ester to [ l-cis-retinol and prevents accumla-
tion of AZE. 7 Phase 1 studies are complete, showing that the
drug was well-tolerated up to 75 mg with expected dose-
dependent suppression  of seotopic  electroretinography
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responses. A phase 2 safety study in patients with GA s now
complet2; no results have been posted. A phase 273 study
(n = 440) with a primary endpoint of chaage from baseline
in foral area of GA leslons is cwrently recruiting.

ALKAOL (Akkeus Pharmaceuticals, Boston, MAY ix a
modified vitmin A molecule, deaterated at the 20 position
and thus able tw prevent the dimertzation of vitamin A
molecudes o form A2E. This will in tum siow the formation
of lipofuscin and RPLE apoptosis. This compound was
initially designed to freat Stargasdt’s disease and has been
shown 1o reduce AZE sccumualation in & mouse model of
Stargardt’'s disease. It may also benefit GA by reducing
toxic AZLE, ali-trans retinal, and lipofuscin accunnadation.
This compound s currently i the preclinical stage.

Amyloid

RN6G. This i1s a new treatment strategy for AMD
orginally developed for the teatment of Alzhebmer’s dis-
ease: the rafionale in AMID is related to the presence of
antyloid [ in drusen.™ RNOG (PF-4382923; PHzer, Inc,
New York, NY) is oa wmanized monoclonal antibody
intended to prevent accumulation of amyvioid P40 and
42 and preserve photoreceptors and the RPE. A phase |
study has bheen completed and 2 phase 2 toaks are
currently recruiting in patients with GA.

GEKO337T6. GSKI33776 {GlaxoSmithKliine, Research
Triangle Park, N(O) s a humanized monocional amtibody
infended to modulate amyloid B fevels in patients with GA
secondary to AMD, A phase 2 study is currently recruifing
patients.

Choroidal Perfusion Enhancers

Trimetazidine, Trimetazidine is currently used for
freatment of anging and is under investigation for slowing
the conversion of itermediate dey to wet AMD. A recest
Fuaropesn study in 1086 patients with drusen and/or RPE
abnormalities in the stady eve and ONV in the fellow eye
assessed the effects of oral trimetaridine on CNY or GAL 1o
this study, trimetazidine falled o prevent CNV and there
were no significant differences in the progression of GA
between drug and placebo.™

MC-1101. MC-1101 (MacuCLEAR, Inc, Plano, TX) is
@ topiead agent with anti-inflamumatory and antoxidative
properties shown 10 inerease chowoidal blood flow: it
intended action is to prevent ruptare of Bruch’s membrane.
A phase |, proof-of-concept. placebo-controlled study bas
been conpleted in subjects who self-administered MC-1 11
using an oghthaimic topical delivery systen (Mystic Phar-
nacatticals, Austin, TX). Inoreased blood volume and ve-
locity was found in eves treated with MC-1101 2 hours after
dosing. o patienits with AMIL, modest 1acreases in biood
flow were found 30, 60, and 120 minutes postlosing. A
phase 2/3 study ts currently recriiting patients with mild-to-
nioderate nonexudative AMD.

Neuroprotection

UFAQO2E UFO21  (sopropyl  gnoprostone:  Ocusevar
Sucampo Pharmacsuticals, Japan} is a prostaglandin anatog
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that was investigated in Japan in a phase 2 chical study in 112
patients with nid- 1o late-stage retinitls pigmentosa. Patients
received placebo, or 1 or 2 drops of U021 twice daily for 24
weeks. The primary endpoint of the study was a change from
baseline in retinal sensitivity in the central 2 degrees as
measured by microperimeter-1. The sesults showed that the
high-dose growp met the primary endpoint (F == Q018). A US
trial for dry AMD is in the planadog stage.

Newroprotectants have been shown to protect photore-
ceptors in in vitro models of vetinal degeneration and aninal
medels of glavcona and retinitis pigmentosa. The mecha-
nis by sdiich neurotrophic factors, such as ciliary neuro-
trophic factor (CNTF) and basic fibroblast growth factor,
protect photoreceptorns is not fully understood. and it shoudd
be noted that the relevance of these animal models in AMD
is not clear. The RPE and retina both produce fibroblast
growth fuctor and the vetina produces CNTF.

Ciliary Neurotrophic Factor. CNTT belongs to the -6
tamiky and hus potent psuroprofective cuapabilities. It has
been shown o inhibit photoreceptar cell apoptosts in animal
models of retisal degeneration and is being assessed as a
treatment for dry AMD. A sustained-refease platfornt with
encapstiated humap BPLE cells enginesred to release CNTH
for I year or longer has beer developed and was tested in a
phase 2 study in pattents with GA (ONTH/NTS0: Neuro-
tech, Lincolns, RI). There was an apparent stabilization of
VA af month 12 {93% of high-dase group losing <015 fetters
vs 75% of sham groupl I the ditference was not signifi-
cant, An apalysis of date from paiients with a baseline
BOVA of 220063 revealed that 100% of patients in the
high-dose group fost <15 leiters versus 55% of sham/
low-dose patients (F - 0.033) and there was a significant
increase in refinal thickness. However, no henefit in the
progression of lesion expansion was found,”

Tandospirene. Tandospirone { AL-8309B.; Alcon Ressurch
Lad) 15 a selective serotonin 1A agonist that protects the retina
from light dumage: it is currently under development as o
topical ophthalmic solution for patients with GA. A phase 3
trial, the Geographic Atrophy Treatment Evaluatinn (GATE )
assessed the effect of topical tandospivone (19 and 1.75%) on
the rate of progression of GA. The study was discontinued in
2012 owing to lack of efficucy.

Brimonidine Tartrate Inéravitreal Implant. Brimonidine
sthmadates the production of neurctrophic factors and can
protect photweceptor celis in animal models of retinal
degeneration. Brimouidios has been formulated as an futea-
vitread plant using Allegan’s Novador posterior segnweat
dhug deftvery system (Allergan, Trvine, CA), which delivers
the doug 1o the reting over a 3-ruonth period. A phase 2 study
assessed the safety of the implant i3 a {-monih dose-
escalation (stage 1p and the efficacy and safety of the
immplant (stage 23, with progression of the area of OA at
month 12 heinng the printary endpoint.

Stem Cell Therapy

MAQOU-hRPE. Advanced Cell Technology {Santa Mon-
ica, CA) has tested subretinal transplantation of haman em-
hrvanie  stem-celb—derived  retingl  pigmented  epithelial
(MAGS-hRPE) cells, and the potential safety of this stem cell
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approach was shown it a pattent with GA and a patieat with References
Stargard?’s disease.™ The company 18 currentdy recruiting
patients with Stargardt’s disease for clinical mials of stem
cell trapsplaptanion. In addition, the US Food and Drug
Adnministration has granted approval o test this technology
in patients with GA and phase 1/2 studies we currently
onrgeing.

HuCNS.SC, Human nevrai stem cells are used in this
study via sub-retinal fransplangation in patients with retinal
degenerative disease, such as AMUD. A phase 1/2 stady is
currently ongoing {StemCelis Inc, Newark, CA).

Clinical Implications

An appropriate short-term clinical endpoint for dermon-
strating effivacy of any pharmacologic intervention in GA
remains to be identified. With neovascular fwet) AMD. VA
loss 18 relafively rapid and g reduction in hyperpermeabadity
and extracellular fluld may be observed soon after treatment
with subsequent improvements in VAL In contrast, disease
progression and vision loss in GA are gradual and relatively
slow. lndally, GA may result in visual function deficits in
reading, driving at night, dark adaptation, and cosntrast
sensitivity: moreover, GA creates profound, irreversible
vispal ekl deBcits (scotomas). However, decline o VA
pray be relatively minor if the fovea is spared. In geneml,
VA may not be significantly compromised until progression
to central GA.

Changes in macular anatomy  are slow to manifest;
therefore, VA may take vears to show a chnically significamt
reatment hesiehit, Becansge of these concerps surrounding VA
as an endpoint, alternative endpoints are heing developed.
These include eliniinating the drusen burden. slowing the
enlargement of GA lesion area, or slowing or eliminating the
progression of internediate dry to wet AMD. The laser-to-
drusen irials used lasey photocoagulation o assess the ef-
fect of drusen elimination on UNY development and VA
ooteomes, A systermatic review of 9 trials with 22135 patients
concluded that photocoggulation could result i drusen
elimination, but there was no evidence that this reduced the
risk of developing CNV., GA, or VA loss.™ However, these
frials selected drusen based on 2-dimensional size alone,
rather than other propesties such as volume on SD-QCT.

The progression of GA lesion area seems 0 be a clini-
cally meaningful primary efficacy endpoint because GA s
characterized by {oss of photoreceptors and the RPE; loss of
these struchires is considered a surrogate primary efficacy
exdpaoint o loss of visual function. Precision detection of
GA can be achieved with a number of different boaging
techniques, including color fundus photography, fluorescein
angiography, FAY, rnear-infrared reflectance, and SO-0CT
(for a detailed review of these modalities, see™ ') More-
over, previous studies using a confocal scanning laser
ophthabnoscopy have identified several phenctypes of GA
with variable abnormal patterns of FAF in the perilesional
retina that ave predictive of the progression rutes of the GA
areas; these perilesional FAF patteras may facilitate wdendi-
fication and enraliment of patients at visk for rapid pro-
sression for chinical taals,
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Change in Drusen Volume as a Novel Clinical Trial
Endpoint for the Study of Complement Inhibition
in Age-related Macular Degeneration

Carlos Alexandre de Amorim Garcia Filho, MD; Zohar Yehoshua, MD, MHA; Giovanni Gregori, PhD;
Renata Portella Nunes, MD; Fernando M. Penha, MD, PhD; Andrew A. Moshfeghi, MD, MBA;
Kang Zhang, MD, PhD; William Feuer, MS; Philip J. Rosenfeld, MD, PhD

BACKG ROUND AND OBJECTIVE- To evaluate the change m
drusen volume followmg treatment ‘with ecuhzumab a
systemlc lnhlbltOI‘ of complement compon nt 5 :

PATIENTS AND METHOD mgle center pro pectwe ranQé

group‘aml;e‘spectlvely In the‘piaoebo group, one eye had a
. decrease in drusen volume of al least 50% and two. e.yesj

The presence of large drusen is a characteristic
feature of intermediate dry age-related macular de-
generation (AMD).! The increase in the size of drusen
is considered a risk factor for the progression to late
AMD, which includes geographic atrophy (GA) and
macular neovascularization.’® Historically, drusen
were imaged and quantified using color fundus imag-
ing, but drusen morphology can now be reproducibly
measured and their natural history followed using
spectral-domain optical coherence tomography (SD-
OCT) imaging.*” The natural history of drusen mor-
phology was followed for 2 years, and three different
growth patterns were identified.® While most eyes
showed an increase in the volume and area of drusen,
other eyes showed stable drusen morphology, while a

developed neovasculanzahon through 26 weeks 5
‘ minority of eyes showed a decrease in drusen volume.
In eyes showing a decrease in drusen volume, the dru-
sen progressed to either GA or macular neovascular-
ization or the drusen volume dramatically decreased
without any obvious sequellae. While the reduction in
drusen volume without the formation of GA or neovas-
cularization and with the preservation of central visual
acuity is a rare event, it would be a desired outcome for
any therapy designed to treat dry AMD.

The laser-to-drusen trials were the first studies
designed to reduce the drusen burden and positively

of a Comp051te chmcal j :
is defined by the treatment § ablhty ta prevent dmsen§
growth neovasmﬂanzatlon, and the formatlon ol geo—§
graphlc atrophy over 1 year. ' ' o 5
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Drusen Volume Measurements at Baseline in the Central 3 and 5 mm

TABLE 1
Study Eyes
Placebo Active Placebo Active
n=10, Treatment n=14, Treatment
Drusen Measurements mm (SD) n=20,mm (SD) P Value* mm (SD) n=28, mm (SD) PValue*
Central 3 mm
Mean drusen volume, mm? 0.12{(0.08) 0.15{(0.17) 0.12(0.10) 0.18{0.20)
0.12(0.08) 64 29
Cube root volume, mm 0.47 (0.10) 0.49(0.14) 0.46(0.12) 0.51(0.16)
Central 5 mm
Mean drusen volume, mm? 0.18(0.19) 0.17(0.17) 99 0.17(0.18) 0.21(0.21) 47
Cube root volume {(mm) 0.52(0.15)  0.52(0.14) ' 0.50(0.16) 0.54(0.16) '
SD = standard deviation.
*Two-sided, two-sample t-test

Study and Fellow Eyes

influence disease progression.®*® These trials con-
firmed the anecdotal observations that laser photo-
coagulation to the macula caused the disappearance
of drusen. Color fundus imaging confirmed these ob-
servations. However, there was no evidence that this
overall loss of drusen resulted in any benefit in terms
of preventing visual acuity loss or the development of
choroidal neovascularization (CNV) and GA.'* More-
over, these studies relied on the en-face appearance
of drusen on examination and color imaging, so the
investigators could only assess the area and not the
volume measurements of drusen. As a result, they
based their enrollment on drusen area, which may
have resulted in a diverse population of drusen at dif-
ferent stages of growth or regression, and many of the
drusen may have already started to regress into GA.
Moreover, using color fundus imaging, the investiga-
tors would not have been able to follow the incremen-
tal changes in drusen volume, outer retinal anatomy,
and integrity of the retinal pigment epithelium (RPE),
which are essential in assessing future visual func-
tion. However, at the time these studies were con-
ducted, there was no reliable natural history data
and no method for reproducibly measuring drusen
morphology, so these trials relied on large numbers
of patients to adequately power their studies to over-
come all these uncertainties.’® In contrast, the use
of SD-OCT imaging to assess drusen volume in the
central macula has provided a unique, reliable, and
reproducible method for measuring the morphology
of drusen over time. This SD-OCT imaging strategy
identifies a specific subset of drusen that elevate the
RPE.*® As a result, the change in volume for these dru-
sen can now be used as a novel clinical trial endpoint
when studying therapies for dry AMD.5*"

January/February 2014 - Vol. 45, No. 1

While the pathogenesis of AMD is multifactorial,
resulting from a combination of genetic and envi-
ronmental risk factors, there is convincing evidence
that the complement system plays an important role
in causing AMD.® Even before the genetic studies
showed an association between AMD and comple-
ment genes, evidence of complement activation in
AMD was provided by the presence of complement
components 3 (C3) and 5 (C5), complement factor H,
and the membrane attack complex in drusen.'®?? Ge-
netic studies have implicated these same gene prod-
ucts as well as other genetic loci in the complement
pathway as having a protective or risk-enhancing role
for the development of AMD.?*%6 In addition, the
role of complement in AMD is suggested by the ap-
pearance of macular drusen in eyes of patients with
complement-mediated renal disease®” and by the data
from animal studies showing that complement activa-
tion has a role in CNV 2830

Currently, there is no proven therapy that stops
the progression of dry AMD, but the inhibition of
complement could be a viable treatment strategy
given the evidence that complement activation has a
role in AMD and the encouraging unpublished results
from a study investigating complement inhibition for
the treatment of GA.** Currently, the only inhibitor
of terminal complement activation approved by the
U.S. Food and Drug Administration is eculizumab
(Soliris; Alexion Pharmaceuticals, Cheshire, CT), a
humanized monoclonal antibody derived from the
murine anti-human C5 antibody m5G1. Eculizumab
is approved for the treatment of paroxysmal noctur-
nal hemoglobinuria and atypical-hemolytic uremic
syndrome. Eculizumab is given intravenously and
specifically binds the terminal complement protein
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TABLE 2
Changes in Drusen Volumes From Baseline to 26 and 52 Weeks

in central 5 mm (SD)

SD = standard deviation.

' Two-sided, two-sample t-test
*Unpooled variance test

Study Eyes Study and Fellow Eyes
Active Active
Placebo Treatment Placebo Treatment
(in=9) (in=18) PValue' (n=12) (n =25) P Value' 7
26 Weeks of Follow-up
Cube root volume (mm) change  -0.05(0.15) 0.02 (0.01) 17% -0.03 (0.13) 0.03(0.01) 18*
in central 3 mm (SD)
Cube root volume (mm) change  -0.04 (0.11) 0.03 (0.05) 14% -0.02 (0.10) 0.03 {0.01) 16%
in central 5 mm (SD)
52 Weeks of Follow-up
Cube root volume {mm) change  -0.04 (0.15) 0.02 (0.05) 26% -0.02(0.13) 0.02(0.05) .25%
in central 3 mm (SD) 7
Cube root volume (mm) change  -0.03 (0.12) 0.02 (0.05) .14* -0.01{(0.11) 0.03(0.05) .26*

C5, thereby inhibiting its cleavage to C5a and C5b
during complement activation and preventing the
formation of the membrane attack complex.

The COMPLETE (Complement inhibition with
eculizumab for the treatment of non-exudative age-
related macular degeneration) study was designed
to evaluate the safety and efficacy of systemic eculi-
zumab for the treatment of drusen in dry AMD. The
change in drusen volume was chosen as a surrogate
endpoint because it could be studied over a shorter
period of time compared with other dry AMD effi-
cacy endpoints such as the progression to advanced
AMD or vision loss, which require years of follow-
up. Moreover, this is the first prospective, random-
ized clinical trial to use complement inhibition for
the treatment and assessment of drusen in dry AMD
and the first study to use the volumetric assessment of
drusen as a clinical trial endpoint.

PATIENTS AND METHODS

Study Design

The COMPLETE study is a 12-month investigator-
sponsored, single-center, prospective, randomized,
double-masked study designed to evaluate the safety
and efficacy of intravenous eculizumab for the treat-
ment of patients with drusen secondary to AMD. All
subjects and study personnel other than the clinical
coordinator were masked to treatment assignment.
The study was performed with FDA approval (IND

20

#104471). Before the initiation of the study, addi-
tional approval was obtained from the institution-
al review board at the University of Miami Miller
School of Medicine. Informed consent was obtained
from all patients before determination of full eligi-
bility, and the study was performed in accordance
with the Health Insurance Portability and Account-
ability Act. The COMPLETE study is registered at
www.clinicaltrials.gov (NCT00935883).

From November 2009 to May 2011, 30 patients
were enrolled. Eligibility criteria included age of 50
years or more, the presence in the study eye of high-
risk drusen, and best corrected visual acuity (BCVA)
of 20/63 or better (ETDRS letter score of at least 59).
High-risk drusen were defined by the presence of at
least one druse with a diameter of at least 250 pm
observed on fundus biomicroscopy or color fundus
photography and a total volume of drusen of at least
0.03 mm?* as measured by SD-OCT within a 3 mm
diameter circle centered on the fovea. Exclusion cri-
teria included visual acuity worse than 20/63, pres-
ence of any GA, or any history of macular neovascu-
larization in the study eye. If both eyes were eligible
for the study, then one eye was chosen as the study
eye at the discretion of the investigator. All patients
enrolled in the study received a meningococcal vac-
cine at least 15 days prior to the initiation of treat-
ment as described in the package insert approved by
the FDA (http://soliris.net/sites/default/files/assets/
soliris_pi.pdf).*2
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Figure 1. Drusen volume changes over 26 weeks. These scatter plots depict the baseline cube root drusen volume within a 3 mm circle
centered cn the fovea along the x-axis and the cube root drusen volume at 26 weeks along the y-axis. The dotted lines represent the
95% test-retest confidence intervals for the variability associated with measurements. The solid diagonal line represents the cut-off for a

50% decrease in the baseline cube-root volume. (A) Study eyes. (B) Study eyes plus eligible fellow eyes.

Treatment Protocol

Patients were randomized 2:1 to receive active
treatment with eculizumab or placebo in a double-
masked fashion. Randomization schedules were
stratified with the use of a permuted-block strategy to
insure balance. During the treatment period, patients
received eculizumab for a period of 24 weeks with the
primary endpoint at 26 weeks. The treatment period
was divided into an induction period and a mainte-
nance period. The first 10 patients in the eculizumab
group received a low dose of eculizumab (600 mg via
intravenous infusion weekly for 4 weeks followed by
900 mg every 2 weeks until week 24), while the next
10 patients received a high dose (900 mg eculizumab
via intravenous infusion weekly for 4 weeks followed
by 1,200 mg every 2 weeks until week 24). After 26
weeks, patients were monitored without treatment
every 3 months for an additional 6 months.

The presence of any study-related adverse event
that was considered to be severe in intensity by the
investigators led to the discontinuation of treatment
in the study, but masking was maintained. Patients
were encouraged to continue with the study visits but
no treatment was administered.

Ophthalmological Examination and Imaging
Procedures

Ophthalmological examination included BCVA
measured using the ETDRS chart at 4 meters, low lu-
minance visual acuity testing at 4 meters using a 2.0-
log unit neutral density filter (Kodak Wratten filter;
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Kodak, Rochester, NY),** slit lamp biomicroscopy,
IOP measurement, and fundus examination. All imag-
ing studies were performed at baseline, 12 weeks, 26
weeks, 38 weeks, and 52 weeks of follow-up. These
studies included color and autofluorescence imaging
with a fundus camera-based flash system (TRC-50DX;
Topcon Medical Systems, Oakland, NJ; AF Excita-
tion A: 535-585 nm, Detection A: 605-715 nm), auto-
fluorescence and fluorescein angiographic imaging
with a confocal SLO system (Spectralis; Heidelberg
Engineering, Heidelberg, Germany; AF excitation A:
488 nm; detection A: > 500 nm), and SD-OCT imaging
with both the Cirrus (Carl Zeiss Meditec, Dublin, CA)
and Spectralis instruments.

SD-OCT drusen volume maps were obtained using
the Cirrus instrument and the macular 200 x 200 ras-
ter scan pattern and a proprietary algorithm, which
is now available in version 6.0 of the Cirrus operat-
ing system.* This algorithm calculated the difference
between the elevation of the RPE caused by drusen
and a virtual RPE floor free of deformations, which
resulted in reproducible measurements of drusen
area and volume. Only drusen that elevated the RPE
would be measured using this strategy. For this study,
the drusen volume was measured within a 3 mm and
5 mm diameter circle centered on the fovea. The posi-
tion of the fovea was determined manually by scan-
ning through the OCT data sets and finding the spot
where the geometry of the inner retinal layers best
matched the known anatomic configuration in the
fovea. Drusen measurements were performed in the
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Figure 2. Drusen volume changes over 52 weeks. These scatter plots depict the baseline cube root drusen volume within a 3 mm circle
centered on the fovea along the x-axis and the cube root drusen volume at 52 weeks along the y-axis. The dotted lines represent the
95% test-retest confidence intervals for the variability associated with measurements. The solid diagonal line represents the cut-off for a

50% decrease in the baseline cube-root volume. (A) Study eyes. (B) Study eyes plus eligible fellow eyes.

same areas contained within these circles at baseline
and at follow-up visits. A single experienced opera-
tor obtained the images, and they were actively moni-
tored for quality and the presence of artifacts that
could influence the drusen volume measurements.
The same scan pattern was used to generate the OCT
fundus image (OFI) and the sub-RPE slab OFIs.?43>
These images were used to assess the development of
GA during the follow-up visits. Autofluorescence and
fluorescein angiography images were used as well to
assess the formation of GA. Fluorescein angiography
and SD-OCT imaging were used to assess the forma-
tion of macular neovascularization.

Choroidal imaging was performed with the Spec-
tralis instrument using the enhanced depth imaging
(EDI) protocol. Two independent graders manually
measured choroidal thickness at the foveal center,
and a consensus image was used for quantitation.

Outcome Measures

The primary outcome was to determine whether
the treatment with eculizumab could decrease the
volume of drusen by 50% within a 3 mm circle cen-
tered on the fovea over a 6-month treatment period.
The primary outcome included both the low-dose and
high-dose groups. Fellow eyes that met inclusion cri-
teria were included in the analysis of secondary out-
comes. Secondary outcomes also included the change
in drusen volume in the central 5 mm, the change in
drusen area within the 3 mm and 5 mm diameter cir-
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cles, the change in BCVA from baseline, a compari-
son of the low-dose and the high-dose groups, and
the conversion rate from dry to wet AMD in study
and fellow eyes over 12 months, which included the
6-month treatment period and the 6-month observa-
tion period.

To eliminate the influence of drusen size at base-
line on the measurement of drusen growth and to
eliminate the influence of drusen size on the 95%
tolerance limits of the variability associated with the
test-retest measurements, we performed an appropri-
ate transformation of the data before statistical analy-
ses were performed.* These transformations included
a square root transformation for drusen area measure-
ments and a cube root transformation for drusen vol-
ume measurements.

Safety was assessed through the summary of ocu-
lar and nonocular adverse events, serious adverse
events, ocular assessments, deaths, laboratory test
results, and vital signs. Safety analyses included sub-
jects who received at least one eculizumab infusion.
Adverse events leading to discontinuation from the
study were listed.

Statistical Analysis

The principal treatment efficacy outcome was the
success rate at 6 months of follow-up. Success was
defined as a decrease in the drusen cube root volume
of at least 50% compared with the baseline cube root
volume without evidence of progression to GA or
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Figure 3. Decrease in drusen velume over 52 weeks. This left eye of a 61-year-old man treated with placebo demonstrated a decrease
in drusen volume over 52 weeks. (A, F, K, P) Color fundus images with white box representing the spectral-domain OCT (SD-OCT) scan
area (200 x 200) and a line centered on the fovea representing the location of the SD-OCT B-scan, at baseline, 12 weeks, 26 weeks,
and 52 weeks. (B, G, L, Q) Heidelberg autofluorescence images at baseline, 12 weeks, 26 weeks, and 52 weeks. (C, H, M, R) SD-OCT
B-scan centered on the fovea at baseline, 12 weeks, 26 weeks, and 52 weeks. (D, I, N, S) Retinal pigment epithelium segmentation maps
at baseline, 12 weeks, 26 weeks, and 52 weeks. (E, J, O, T) Drusen volume maps with a 3 mm circle centered on the fovea. The drusen
volume in the central 3 mm was calculated to be 0.2 mm? at baseline (E), 0.009 mm? at 12 weeks (J), 0.005 mm? at 26 weeks (O), and

0.006 mm? at 52 weeks (T).

neovascular disease.” Success rates were compared
between study eyes randomized to eculizumab and
those randomized to placebo with the Fisher exact
test. Volume and area reductions were compared
with the two-sample t-test. Average change in drusen
volume and area over time constituted a secondary
outcome variable and were compared between groups
with the two-sample t-test. Analysis of variance was
used to examine the effect of genotype on the change
in lesion size.

The rationale for sample size determination is
presented in a previously published natural history
study.® Assuming a 5% rate of success in placebo-
treated patients, this randomized trial was designed
with 80% power, at an alpha error level of 0.05, to
detect a 65% or greater success rate in patients ran-
domized to eculizumab.

Pharmacokinetic and Complement Factors Analysis

During the study, blood samples for pharmacoki-
netic and complement factor screening were drawn
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and analyzed in a masked fashion at baseline and at
every planned visit at weeks 1, 2, 3, 4, 6, 8, 10, 12, 14,
16, 18, 20, 22, 24, 26, 28, 38, and 52. Alexion Phar-
maceuticals laboratory measured soluble C5b-9 and
performed a hemolytic assay for C5 activity. Levels of
factor H and C3 were also measured.

Genetic Analysis

Genstic testing for seven single-nucleotide poly-
morphisms (SNPs) was performed in all patients as
previously described,®® and the prevalence of the
following [alleles] was assessed: CFH-rs1061170
[C], C3-rs2230199 [G], CFH-rs2274700 [C], HTRA1-
rs10490924 [T], CFB-rs641153-R32Q [G] C2_
rs9332739-E318D [G]. Blood samples from each pa-
tient were sent to the University of California San
Diego for the testing. Genomic DNA was extracted
from peripheral blood leucocytes according to estab-
lished protocols. All SNPs were genotyped using the
SNaPshot method according to the manufacturer’s
recommendations.*®
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Figure 4. Increase in drusen volume over 52 weeks. This left eye of a 72-year-old man treated with placebo demonstrated an increase
in drusen volume over 52 weeks. (A, F, K) Color fundus images with white box representing the spectral-domain OCT (SD-OCT) scan
area (200 x 200} and a line centered on the fovea representing the location of the SD-OCT B-scan at baseline, 26 weeks, and 52 weeks.
(B, G, L) Heidelberg autofluorescence images at baseline, 26 weeks, and 52 weeks. (C, H, M) SD-OCT B-scan centered on the fovea
at baseline, 26 weeks, and 52 weeks. (D, I, N) Retinal pigment epithelium segmentation maps at baseline, 26 weeks, and 52 weeks. (E,
J, O) Drusen volume maps with a 3 mm circle centered on the fovea. The drusen volume in the central 3 mm was calculated to be 0.11
mm? at baseline (E), 0.15 mm? at 26 weeks (J), and 0.18 mm? at 52 weeks (O).

RESULTS

Baseline Characteristics

Thirty eyes of 30 patients were enrolled in the
study and randomized 2:1 to active eculizumab treat-
ment and placebo. Patients in the eculizumab group
were randomized to receive the low-dose or high-
dose treatment regimen. The first 10 patients on ecu-
lizumab received the low-dose regimen and the next
10 patients received the high-dose regimen. Twelve
fellow eyes met inclusion criteria and were analyzed
as a secondary endpoint.

The mean ages (standard deviation) of patients in
the placebo and active treatment groups were 70.7
(7.8) and 70.7 (6.8), respectively. Mean ages in the
low-dose and high-dose regimen groups were also
similar: 72.4 (6.5) and 69.0 (7.0}, respectively. Mean
ETDRS visual acuity was 78.0 (10.0) letters in the
placebo group and 80.9 (5.9) in the active treatment
group (P = .33). Low-dose and high-dose groups had
similar ETDRS visual acuity letter scores of 81.1 (3.8)
and 80.7 (7.7) letters, respectively (P = .88).

The drusen volumes at baseline are shown in Ta-
ble 1 (page 19). At baseline, the mean cube root dru-
sen volume (SD) in the central 3 mm was 0.49 mm
(0.14) and 0.47 mm (0.10) in the eculizumab and pla-
cebo groups, respectively (P = .64). Volumes on the
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untransformed scale were 0.15 (0.17) mm? and 0.12
(0.08) mm? in the eculizumab and placebo groups.
Mean square root drusen area at baseline in the cen-
tral 3 mm was 1.40 (0.33) mm and 1.37 (0.24) mm
for the eculizumab and placebo groups, respectively
(P =.71). Areas on the untransformed scale were 2.07
(1.00) mm? and 1.93 (0.71) mm? in the eculizumab
and placebo groups. The baseline measurements of
placebo and eculizumab groups were similar by all
volume and area measurements.

Patient Retention, Treatment Compliance, and Safety
Twenty-eight patients completed 52 weeks of follow-
up. Two of the patients in the high-dose group refused
further participation after 3 weeks of follow-up because
of personal conflicts with the treatment schedule and
exited the study. No adverse events were identified in
these patients. One placebo patient failed to complete
a full course of infusions because of chest discomfort
during one of the infusions, which required a hospital-
ization. However, she remained masked, treatment was
halted, and she continued to be monitored in the study
without further infusion. After unmasking at the end
of the study, she was found to have received placebo.
Systemic therapy with eculizumab was well tolerated
through 6 months, and no drug-related adverse events
were identified in the patients included in the study.
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Figure 5. Stable drusen volume over 52 weeks. This right eye of a 79-year-old man treated with low dose of eculizumab demonstrated a
stable drusen volume over 52 weeks. (A, F, K) Color fundus images with white box representing the spectral-domain OCT (SD-OCT) scan
area (200 x 200) and a line centered on the fovea representing the location of the SD-OCT B-scan at baseline, 26 weeks, and 52 weeks.
(B, G, L) Heidelberg autoflucrescence images at baseline, 26 weeks, and 52 weeks. (C, H, M) SD-OCT B-scan centered on the fovea at
baseline, 26 weeks, and 52 weeks. (D, |, N) Retinal pigment epithelium segmentation maps at baseline, 26 weeks, and 52 weeks. (E, J,
0). Drusen volume maps with a 3 mm circle centered on the fovea. The drusen volume in the central 3 mm was calculated to be 0.076

mm? at baseline (E), 0.078 mm? at 26 weeks (J), and 0.078 mm? at 52 weeks (O).

Primary Outcome

Figure 1 (page 21) shows the change in drusen vol-
umes in the study eyes from baseline to 26 weeks. At
6 months of follow-up, none of the 18 eculizumab-
treated study eyes demonstrated a 50% reduction in
drusen volume, whereas one eye (10%) in the place-
bo group showed a 50% reduction in drusen volume
(P = .36, Fisher exact test; Figure 3, page 23). One ad-
ditional placebo-treated eye experienced a decrease
in drusen volume that was less than 50% of the base-
line volume. In the eculizumab group, no study eyes
decreased in volume beyond the 95% tolerance in-
terval for test-retest variability limits shown by the
dotted lines in Figure 1. The remainder of the eyes
either showed an increase in drusen volume beyond
the test-retest variability limits (Figure 4, page 7) or
remained stable (Figure 5). The 95% confidence inter-
val around the difference between the treatment and
placebo groups with respect to the proportions with a
successful outcome ranged from —0.55 to 0.21, which
effectively ruled out a treatment-related positive out-
come of a 50% drusen reduction in 22% or more of
the eyes treated with eculizumab.

Secondary Outcomes

There was no difference in drusen growth between
the placebo- and eculizumab-treated study eyes (Ta-
ble 2, page 20). At 26 weeks of follow-up, the pla-
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cebo eyes (n = 9, excluding the eye that progressed
to neovascular disease) averaged a —0.05 mm (SD =
.15) change in cube root drusen volume within the
central 3 mm, whereas the eculizumab-treated group
(n = 18) averaged a 0.02 (SD = .01) increase in cube
root drusen volume (P = 0.17, unpooled variance
t-test). The 95% confidence interval for the difference
in the mean change in drusen volume between the
eculizumab and placebo groups ranged from —-0.04
to +0.19. Thus, a reduction in drusen volume growth
due to eculizumab was not detected (Table 2). Be-
tween weeks 26 and 52 (Table 2; Figure 2, page 22),
no additional eyes experienced a 50% reduction in
drusen volume.

A subset of 12 fellow eyes met the study inclusion
criteria. One eye was excluded from the final analysis
because the patient exited the study. Figures 1 and 2
(pages 21 and 22, respectively) show the changes in
drusen volumes from baseline to 26 weeks and from
baseline to 52 weeks for both the study and the fellow
eyes. There were no differences between the eculi-
zumab- and placebo-treated groups when the fellow
eyes were included in the analyses (Tables 1 and 2,
pages 2 and 3, respectively). In addition, there were
no detectable differences when comparing the effects
of low-dose with high-dose eculizumab regimens on
the change in drusen volume over 26 weeks (P = .63)
or 52 weeks (P = .59).

25



Wk 52

Figure 6. Conversion of dry to wet AMD over 26 weeks. This right eye of a 75-year-old woman treated with placebo demonstrated a
conversion from dry to wet AMD. (A, G, M, S) Color fundus images with white bex representing the spectral-domain OCT (SD-OCT) scan
area (200 x 200) and a line centered on the fovea representing the location of the SD-OCT B-scan at baseline, 24 weeks, 26 weeks, and
52weeks. (B, C, H, I, N, O, T, U) Early- and late-phase fluorescein angiographic images at baseline, 24 weeks, 26 weeks, and 52 weeks.
(D, J, P, V), Foveal SD-OCT B-scans at baseline, 24 weeks, 26 weeks, and 52 weeks. (E, K, Q, W) Retinal pigment epithelium segmenta-
tion maps at baseline, 24 weeks, 26 weeks, and 52 weeks. (F, L, R, X) Drusen volume maps with a 3 mm circle centered on the fovea
at baseline, 24 weeks, 26 weeks, and 52 weeks. (G, H, |, J, K, L) Choroidal neovascularization was first visualized at the week 24 visit.
Visual acuity was 20/40 (69 ETDRS letters). Note the leakage on the fluorescein angiography (H, 1), the presence of subretinal fluid (J),
and a retinal pigment epithelial detachment (PED) (J, K, L). The patient received an injection of ranibizumab, and after 15 days (week 26
visit), the fluid and PED olume had decreased. After 52 weeks of follow-up, the patient had received four injections of ranibizumab and

visual acuity was 20/32 (75 ETDRS letters).

By 26 weeks of follow-up, a single placebo study
eye progressed to neovascular disease with the devel-
opment of a vascularized retinal pigment epithelial
detachment (PED) and the appearance of intraretinal
fluid (Figure 6). A single non-study but eligible fellow
eye, also in the placebo group, progressed to neovas-
cularization at 20 weeks of follow-up. No additional
eyves developed neovascularization between weeks
26 and 52. None of the eyes developed GA over 52
weeks.

The BCVA of both study and fellow eyes remained
stable over 26 weeks of follow-up with small increas-
es in the number of ETDRS letters read in both groups:
+2.4 (3.9) in the active eculizumab group and +4.0
(7.0) in the placebo group (P = .36). The maximum
number of letters lost by any eye meeting inclusion
criteria was five letters (one eculizumab eye). There
was a deficit in the low luminance visual acuity com-
pared to standard visual acuity test at baseline of 14.4
(5.1) letters and 15.5 (5.4) letters in the eculizumab
and placebo groups, respectively (P = .60). After 26
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week of follow-up, the deficit increased to 16.5 (4.8)
and 16.3 (5.8) letters in the eculizumab and placebo
groups, respectively (P =.92). The difference between
baseline and 26 weeks of follow-up was not statisti-
cally significant (P = .37).

No correlation was found between choroidal
thickness and the area or volume of drusen at base-
line either with or without adjusting for age and axial
length (all P> .12), and no correlation was found be-
tween choroidal thickness and the progression of dru-
sen area or volume over 26 and 52 weeks of follow-up
(all P> .53).

Genetic Analysis

The distribution of patients according to the number
of at-risk alleles they carry is shown in Table 3 (page
27). This table also shows the association between
these genotypes and the volume of drusen at baseline
and the change in volume of drusen over 26 and 52
weeks. The drusen volume at baseline in the central
3 mm measured by SD-OCT was not associated with
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TABLE 3
Correlation Between Genotype and Change in Drusen Volume Through 52 Weeks

0.49 (0.15)

SD = standard deviation.

'One-way analysis of variance.

(data not shown).

Number

of At-Risk Cube Root Changein Change in

Alleles of Drusen Cube Root Cube Root
Single-Nucleotide {(Number of Volume at of Drusen of Drusen
Polymorphism Patients With Baseline Volume at 26 Volume at 52
[At-Risk Allele] Genotype) (SD} PValue' Weeks (SD) PValue' Weeks (SD) P Value'

*One patient converted to wet AMD and was not included in the drusen change over 26 weeks. All patients carried both at-risk alleles for SNP C2_rs9332739-£318D

+0.005 (0.093) 0.001 (0.098)

the number of at-risk alleles in each patient (P = .87)
or whether a particular locus was homozygous or het-
erozygous (all P> .05). However, the growth of drusen
volume over 26 and 52 weeks was associated with the
number of at-risk alleles for the SNP CFH-rs1061170
carried by a patient, and this association was statisti-
cally significant (P < .001). This SNP identifies the H1
at-risk haplotype. For the SNP CFH-rs2274700, there
was a statistically significant difference in the growth
of drusen volume at 26 weeks if the patients carried
one or both copies of the at-risk allele (P = .03). How-
ever, the statistical significance observed at 26 weeks
was lost at 52 weeks. This SNP identifies both the H1
and the H3 CFH haplotypes. No other at-risk allele
tested showed a correlation between the allelic burden
and the growth of drusen volume through 52 weeks
(all P > .05). A secondary analysis was performed to
determine whether the genotype had any influence
on the treatment outcome. There was no correlation
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between any of the SNPs and the potential treatment
effect of eculizumab (all P > .05).

Pharmacokinetics

During the study, blood samples were collected
to assay for eculizumab and C5 activity. Among pa-
tients receiving eculizumab, all samples collected
between the onset of treatment and week 26 showed
measurable levels of drug. Eculizumab levels rose
rapidly during treatment weeks 1 to 4, with the low-
dose cohort averaging 91 to 285 mg/mL and the high-
dose cohort averaging 84 to 239 pg/mL. Differences
between levels in the low- and high-dose groups
were not statistically significant (all P > .2). Between
weeks 6 and 26, eculizumab levels continued to in-
crease by only 1.5 pg/ml/week in actively treated
patients. On average, C5 activity decreased to less
than 8% of normal levels by 1 week after treatment
and less than 0.5% by week 26. Among the patients
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TABLE 4
Sample Size Estimates for Each Treatment Group Based on the Predicted Percentage of
Failures at 1 Year

neovascularization or geographic atrophy at 1 year.

Number of Subjects Needed for Each Treatment Group Based on the Predicted Percentage of Failures
in Actively Treated Group at 1 Year*

*Based on an estimated failure rate of 60% in the placebo group and 1:1 randomization. Failure was defined as growth of drusen volume and formation of any

receiving placebo injections, levels of eculizumab
were undetectable.

DISCUSSION

The COMPLETE study is the first randomized,
phase 2 clinical trial performed to evaluate the clini-
cal efficacy and safety of complement inhibition for
the treatment of drusen in dry AMD. A number of
strategies for modulating the complement system
are currently being used in dry AMD patients, and
these approaches include the inhibition of comple-
ment proteins such as C3, C5, and factor D.?” In this
study, eculizumab, an anti-complement drug that
blocks the activation of C5, was intravenously ad-
ministered in a population of patients with drusen
secondary to AMD.

The effects of eculizumab on drusen volume and
area were assessed and compared against placebo. As
described above, the square root transformation of
drusen area measurements and the cube root trans-
formation of drusen volume measurements were per-
formed to eliminate the influence of drusen size on
their 95% test-retest reproducibility limits and on
their overall growth rates.* Overall, there was no sta-
tistically significant effect of eculizumab on drusen
volume and area. The majority of patients in the ac-
tive treatment and placebo groups maintained a sta-
ble drusen volume over 52 weeks with some dynamic
changes around the test-retest 95% confidence inter-
vals shown as the dotted lines in Figures 1 and 2 (pag-
es 21 and 22 respectively). Figure 1 shows the scatter
plots of the baseline and follow-up cube root drusen
volumes at 26 weeks for the placebo and eculizumab
patients. Two eyes included in the placebo group had
a significant decrease in the drusen volume over 26
weeks, and these two eyes can be observed below the
test-retest dotted line. Only one eye lost at least 50%
of its baseline volume, and this eye is shown below
the solid diagonal line. Neither eye progressed to GA
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or CNV. Figure 3 (page 23) shows the color fundus
image, autofluorescence image, OCT B-scans, and
drusen volume maps of an eye in the placebo group
that experienced a significant reduction in drusen
volume over 26 weeks. In this example, some drusen
that would be classified as hard or calcific drusen in
the color image appeared to resolve during the fol-
low-up period. One study eye in the placebo group
progressed to CNV during follow-up (Figure 6, page
26). This patient presented with an increase in drusen
volume over the first 20 weeks of follow-up before de-
veloping subretinal fluid and a vascularized RPE de-
tachment at week 24. In addition, one fellow eye of a
patient included in the placebo group presented with
neovascularization at week 20. Overall, there were no
differences in the drusen volumes between treatment
groups through 52 weeks.

In this study, we were not able to identify any ef-
fect of systemic eculizumab treatment on drusen vol-
ume measured with SD-OCT. These results raise ques-
tions of whether complement inhibition is a viable
treatment strategy, whether our study was too small
and too short to detect a treatment effect, whether
C5 is the appropriate target to prevent complement-
mediated disease progression, whether systemic
therapy is appropriate for the treatment of dry AMD,
whether an adequate dose of eculizumab was used,
whether intravitreal injections would have been a
better route for drug delivery, or whether comple-
ment inhibition may only be effective in a genetic
subgroup of AMD patients who carry the at-risk al-
leles of complement genes. While eculizumab inhib-
its C5 and prevents terminal complement activation,
it is entirely possible that more proximally activated
complement proteins such as C3a and C3b need to be
suppressed to affect drusen volume and eculizumab
is unable to suppress these anaphylotoxins. While
the doses used in this study were based on the ef-
fective doses of eculizumab used to treat paroxysmal
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nocturnal hemoglobinuria and atypical hemolytic
uremic syndrome, and these doses completely inhibit
systemic complement C5 in these diseases,®®®9 it is
possible that an even higher dose is needed to pen-
etrate the back of the eye to reduce drusen volume. Of
course, this assumes that C5 activation in the retina
has a role in the growth of drusen. However, if C5
inhibition is needed in the choroid to induce drusen
regression, then the doses used in this study should
have been adequate to show a treatment effect. While
it’s possible that complement activation may not have
a role in the reduction of drusen volume, our genetic
data suggest that complement activation clearly has a
role in drusen growth.

Although the number of patients in this study is
small for a genetic association study, it is striking that
there was a highly statistically significant correlation
between the growth of drusen volume and the num-
ber of at-risk CFH alleles carried by the patients. Of
the seven SNPs evaluated in this study (Table 3, page
27), only the SNP associated with the high-risk H1
haplotype, the CFH allele (CFH-rs1061170), showed
an association with the growth of drusen volume at
26 and 52 weeks (P < .001). This highly significant
association suggests that complement may play an
important role in the growth of drusen volume, and
it is unlikely due to alpha error inflation as a result
of multiple statistical comparisons.*®41 Perhaps a
more appropriate endpoint might have been the in-
hibition of drusen growth rather than the reduction
of drusen volume. However, our study was not pow-
ered to study the inhibition of drusen growth. It is
also interesting that two placebo eyes converted from
dry to wet AMD. While it is possible that complement
inhibition might be an effective treatment to prevent
the conversion of dry to wet AMD, no conclusion is
possible due to the small size of our study. However,
such a prevention strategy could be used as a clinical
trial endpoint in the study of complement inhibition
for dry AMD. Previously, this prevention endpoint
was used unsuccessfully to study anecortave acetate
for the treatment of dry AMD (www.clinicaltrial.gov;
NCT00333216).

Our data suggest that a novel composite clinical
trial endpoint should be used when designing future
phase 2 clinical trials to test potential therapies for
nonexudative AMD (Table 4). This composite end-
point uses the three likely outcomes when following
the normal progression of drusen, and the power cal-
culations in Table 4 are derived from the natural his-
tory study previously published by Yehoshua et al®
and confirmed in the current study. We found that
when eyes with a baseline drusen volume of 0.03
mm? or greater in the absence of any GA are followed
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up for 1 year, the proportion of eyes at follow-up with
decreasing, stable, and increasing drusen volumes
are 20%, 26%, 54%, respectively. If we then assume,
based on our previous research, a cumulative inci-
dence of CNV at 1 year of 4.5% and a cumulative in-
cidence of GA at 1 year of 5.0%, then we can design
a composite clinical trial endpoint in which the goal
of treatment is to prevent normal disease progression.
If normal disease progression occurs, then this would
be considered a failure, and failure would be defined
as the growth of drusen volume beyond test-retest
limits, the appearance of any neovascularization, or
the appearance of GA at 1 year. If we assume an ex-
pected failure rate of 60% in the placebo group, then
Table 4 shows the number of subjects in each group
required to perform a study with 80% or 90% power
to detect a decrease in the defined failure rate.

The current study had an 80% power to detect a
50% decrease in the drusen volume in 65% of sub-
jects receiving drug compared with 5% of subjects re-
ceiving placebo. After 6 months, we not only failed to
detect this predetermined treatment effect, but based
on our outcomes, we are confident that we could
have detected a treatment effect that decreased the
drusen volume in as few as 30% of the subjects re-
ceiving drug. If we now apply this novel composite
clinical trial endpoint that focuses on drusen growth
rather than a decrease in drusen volume to the out-
comes from the current study, then eculizumab once
again failed to show a positive treatment effect. How-
ever, we never would have expected to see a posi-
tive treatment effect using the composite clinical trial
endpoint given the small number of patients and the
short follow-up in this current study. In fact, the cur-
rent study design would have only been suitable if
we had hypothesized a reduction in the composite
failure rate of 90% or more following treatment with
eculizumab, which would have been an overly opti-
mistic prediction. Table 4 shows the actual number
of subjects that would be needed to design a study
with 80% power to detect a 50% decrease in the fail-
ure rate from 60% to 30% at 1 year using this com-
posite endpoint. The study would require 48 subjects
in both the placebo and the eculizumab arms. While
this number is greater than the number of patients en-
rolled in our current study, it still represents fewer
subjects than the number enrolled in previous and
ongoing phase 2 clinical trials designed to test novel
therapies for nonexudative AMD.

The use of composite endpoints has been contro-
versial especially when used to increase the statisti-
cal power of a trial by combining several outcomes
that occur individually at a low incidence.**** This
was not the motivation behind our suggested compos-
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ite endpoint. Rather, the principal outcome of interest
and the one with the highest incidence in historical
controls is the growth of drusen volume. The analyti-
cal issue then becomes how to handle progression
to either neovascularization or GA. One option is to
label them as adverse events and include them in a
safety evaluation. This would involve censoring the
enrolled eyes of patients at the time of progression
in the final analysis of efficacy. Because these are the
worst possible outcomes for patients, we feel their
proper role in the efficacy analysis is to be considered
failures; however, trials employing this composite
outcome should examine the component outcomes
separately as well.

In summary, systemic complement inhibition with
eculizumab was well tolerated through 6 months, and
no drug-related adverse events were identified, but
complement inhibition with eculizumab did not re-
duce the volume of drusen in patients with dry AMD.
While patients in the placebo group did have a higher
incidence of neovascularization, suggesting an effect
of complement inhibition in preventing the conver-
sion of dry to wet AMD, the study was too small to
draw any definitive conclusions about eculizumab
in preventing this conversion. The study showed an
association between the number of at-risk CFH al-
leles and drusen growth, suggesting that complement
activation has a role in the formation of drusen, but
the study was not powered adequately to look for a
decrease in drusen growth. Whether C5 inhibition is
the appropriate target or intravitreal injections might
be a better way to deliver the drug remains to be
determined. Although it failed to meet the primary
outcome measure, the study demonstrated the util-
ity of using SD-OCT to measure drusen volume as a
clinical trial endpoint. The results from this first trial
investigating the effects of C5 inhibition on drusen
volume are sufficiently intriguing to suggest that fu-
ture investigations of complement inhibition for dry
AMD should be pursued using a composite clinical
trial endpoint, which would include the prevention
of drusen growth and the prevention of neovascular-
ization and GA.
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Abstract

Purpose—To evaluate the effect of eculizumab, a systemic inhibitor of complement component
(C5), on the growth of geographic atrophy (GA) in patients with age-related macular degeneration
(AMD).

Design—~Prospective, double-masked, randomized clinical trial.

Participants—Patients with GA measuring from 1.25 to 18 mm? based on spectral-domain
optical coherence tomography imaging.

Methods—~Patients were randomized 2:1 to receive intravenous eculizumab or placebo over 6
months. In the eculizumab treatment arm, the first 10 patients received a low-dose regimen of 600
mg weekly for 4 weeks followed by 900 mg every 2 weeks until week 24, and the next 10 patients
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received a high-dose regimen of 900 mg weekly for 4 weeks followed by 1200 mg every 2 weeks
until week 24. The placebo group was infused with saline. Patients were observed off treatment
for an additional 26 weeks. Both normal-luminance and lowluminance visual acuities were
measured throughout the study, and the low-luminance deficits were calculated as the difference
between the letter scores.

Main Outcome Measures—Change in area of GA at 26 weeks.

Results—Thirty eyes of 30 patients were enrolled. Eighteen fellow eyes also met inclusion
criteria and were analyzed as a secondary endpoint. For the 30 study eyes, mean square root of GA
arca measurements =+ standard deviation at baseline were 2.5540.94 and 2.024+0.74 mm in the
eculizumab and placebo groups,respectively (P = 0.13). At 26 weeks, GA enlarged by a mean of
0.1940.12 and 0.18+0.15 mm in the eculizumab and placebo groups, respectively (P = 0.96). At
52 weeks of follow-up, GA enlarged by a mean of 0.37+0.22 mm in the eculizumab-treated eyes
and by a mean of 0.37+£0.21 mm in the placebo group (P = 0.93, 2 sample ¢ test). None of the eyes
converted to wet AMD. No drug-related adverse events were identified.

Conclusions—Systemic complement inhibition with eculizumab was well tolerated through 6
months but did not decrease the growth rate of GA significantly. However, there was a statistically
significant correlation between the lowluminance deficit at baseline and the progression of GA
over 6 months.Ophthalmology 2014;121:693-701 © 2014 by the American Academy of
Ophthalmology.

The pathogenesis of age-related macular degeneration (AMD) is multifactorial, resulting
from a combination of genetic and environmental risk factors.! Over the past decade, there
has been growing evidence implicating a role for the complement system in AMD.2
Histopathologic studies have identified various complement components in drusen, in
Bruch's membrane, and in the inner choroid.>* Moreover, deposits similar in appearance to
drusen in AMD have been found in eyes of patients with complement-mediated renal
diseases.? Genetic association studies using different populations have shown that genetic
polymorphisms associated with AMD have been localized within or close to genes that
encode complement proteins.® In 2005, 4 groups identified a genetic polymorphism in
complement factor H (CFH), which has been associated strongly with an increased risk of
developing AMD.”-10 In addition, polymorphisms within other complement genes, such as
complement component 3 (C3) genes!! and the complement factor B (CFB)/complement
component 2 (C2) locus,'? have been associated with an increased risk of AMD. The most
common risk-conferring CFH genetic variant for AMD is the Y402H polymorphism,
resulting in a tyrosine-to-histidine substitution at amino acid position 402 within the CFH
protein. Protective alleles associated with the complement pathway also have been reported.
Two of the 5 CFH-related genes (CFI/R-5) that lie within the regulators of complement
activation locus on chromosome 1q32, known as CFHR 1 and CFHR3, are considered to be
protective against AMD. 13

Currently, there is no proven therapy that stops the progression of dry AMD. The cessation
of smoking along with vitamin and nutritional supplements combined with a healthy diet are
considered the only options for slowing disease progression.1:13 Several treatment
strategies that modulate the complement system in AMD are being investigated. These

Ophthalmology. Author manuscript; available in PMC 2015 March 01.
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treatments inhibit complement activation by targeting various effectors molecules, such as
(3, C5, and factor D.13-17 The only inhibitor of terminal complement activation approved
by the US Food and Drug Administration is eculizumab (Soliris; Alexion Pharmaceuticals,
Cheshire, CT), a humanized monoclonal antibody derived from the murine anti-human C5
antibody. Eculizumab is approved for the systemic treatment of paroxysmal nocturnal
hemoglobinuria and atypical hemolytic uremic syndrome. Both paroxysmal nocturnal
hemoglobin-urial® and atypical hemolytic uremic syndrome!® result from complement
dysregulation, and eculizumab successfully controls these diseases by inhibiting C5 and
preventing terminal complement activation and formation of membrane attack complex
(C5b-9).20

To investigate the role of systemic complement activation in AMD, we performed the
Complement Inhibition with Eculizumab for the Treatment of Nonexudative Age-Related
Macular Degeneration (COMPLETE) study, which was designed to evaluate the safety and
efficacy of systemic eculizumab for the treatment of geographic atrophy (GA) in AMD.

Study Design

The COMPLETE study is an investigator-sponsored, randomized, double-masked, single-
center study designed to evaluate the safety and efficacy of intravenous eculizumab for the
treatment of patients with GA secondary to AMD. The study was performed with the
approval of the Food and Drug Administration (investigational new drug application no.
104471). Before the initiation of the study, additional approval was obtained from the
institutional review board at the University of Miami Miller School of Medicine. Informed
consent was obtained from all patients before determination of full eligibility, and the study
was performed in accordance with the Health Insurance Portability and Accountability Act.
The COMPLETE study is registered at s s.zov, and the clinical trial
accession number is NCT00935883 (accessed September 18, 2013).

From November 2009 through March 2011, a total of 30 patients were enrolled. Eligibility
criteria included age 50 years or older, total GA area of 1.25 to 18 mm?, and visual acuity of
20/63 or better (Early Treatment Diabetic Retinopathy Study [ETDRS] letter score of at
least 59). Exclusion criteria were visual acuity worse than 20/63, a total GA area of more
than 18 mm? (7 disc areas), GA contiguous with any peripapillary atrophy, and any history
of choroidal neovascularization in the study eye. If both eyes were eligible for the study,
then 1 eye was chosen as the study eye at the discretion of the investigator. All patients
enrolled in the study received a meningococcal vaccine at least 15 days before the initiation
of treatment.

Treatment Protocol

Patients were randomized 2:1 to receive active treatment with eculizumab or placebo in a
double-masked fashion. Randomization schedules were stratified with the use of a
permuted-block strategy to insure balance. During the treatment period, patients received
eculizumab for a period of 24 weeks with the primary endpoint at 26 weeks. The treatment

Ophthalmology. Author manuscript; available in PMC 2015 March 01.
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period was divided into an induction period and a maintenance period. The first 10 patients
in the eculizumab group received the low dose of eculizumab (600 mg via intravenous
infusion for 4 weeks followed by 900 mg every 2 weeks until week 24), whereas the next 10
patients received the high dose (900 mg eculizumab via intravenous infusion for 4 weeks
followed by 1200 mg every 2 weeks until week 24). After 26 weeks, patients were followed
up without treatment every 3 months for an additional 6 months.

Ophthalmologic Examination and Imaging Procedures

Ophthalmologic examination included best-corrected visual acuity measured using the
ETDRS chart at 4 meters, low-luminance visual acuity testing at 4 meters using a 2.0-log
unit neutral density filter (Wratten filter; Kodak, Rochester, NY),2! slit-lamp bio-
microscopy, intraocular pressure measurement, and fundus examination. All imaging studies
were performed at baseline, 12 weeks, 26 weeks, and 52 weeks of follow-up. These studies
included color and autofluorescence (AF) imaging with a fundus camera-based flash system
(TRC-50DX; Topcon Medical Systems, Oakland, NJ; AF excitation A, 535¢585 nm;
detection A, 605-715 nm), AF and fluorescein angiographic imaging with a confocal
scanning laser ophthalmoscopy system (Spectralis; Heidelberg Engineering, Heidelberg,
Germany; AF excitation A, 488 nm; detection A, >500 nm), and spectral-domain (SD)
optical coherence tomography (OCT) imaging with both the Cirrus (Carl Zeiss Meditec,
Inc., Dublin, CA) and Spectralis (Heidelberg Engineering) instruments.

The Cirrus SD OCT system was used to acquire 200 200 cubes centered at the fovea. From
these datasets, one can generate en face OCT fundus images (OFIs) and en face OCT partial
fundus images derived from a slab beneath the retinal pigment epithelium (sub-RPE slab).22
The OFTIs represent virtual fundus images resulting from the en face summation of the
reflected light from each A-scan.

The arcas of GA observed in the OFI and the sub-RPE slab image were outlined manually
by 2 independent graders (C.A.A.G.F., Z.Y.) at the Bascom Palmer Eye Institute using a
CintiQ WACOM digitizing tablet (WACOM Corp., Vancouver, WA) and image analysis
software (Adobe Photoshop CS2; Adobe Systems, Inc., San Jose, CA) as previously
described.23 A consensus image was used for measurements. In the cases in which the 2
graders could not reach an agreement on the outlines of the GA, a third senior grader
(P.J.R.) outlined the lesion and his measurement was used for the analysis. The Topcon flash
AF images were registered to the OFI using custom-built retinal image registration software
based on the blood vessel ridges.2* These registered flash-AF images, the confocal scanning
laser ophthalmoscopy AF images, and the fluorescein angiography images were outlined
manually by 2 certified graders at the Doheny Eye Institute Reading Center, and one
consensus measurement was used for the analysis. The area measurements of GA underwent
a square root transformation. This approach eliminated the influence of lesion size on test—
retest variability and growth rates.2? The growth of GA was defined as the difference of the
square root of the area measurements at the suitable time points.

Choroidal imaging was performed with the Spectralis instrument (Heidelberg Engineering)
and the enhanced depth imaging protocol. Two independent graders (Z.Y. and C.A.A.G.F.)
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manually measured choroidal thickness at the foveal center, and a consensus image was
used for quantitation.

Outcome Measures

The primary outcome of the study was to evaluate the effect of inhibiting C5 on the growth
of GA in patients randomized to receive eculizumab treatment (including low-dose and
high-dose regimens) versus placebo. The primary outcome was to be determined from the
measurements of GA area obtained using SD OCT sub-RPE slab images. Growth rates were
expressed as differences in the square root area measurements (in millimeters). Fellow eyes
that met inclusion criteria were used for secondary outcome analysis. Secondary outcomes
included the change in area of GA in study eyes measured with autofluorescence and
fluorescein angiographic imaging; the change in area of GA in fellow eyes measured with
SD OCT, AF, and fluorescein angiographic imaging; the change from baseline in normal-
luminance and lowluminance ETDRS visual acuity in both study and fellow eyes; and
conversion rate from dry AMD to wet AMD in both study and fellow eyes. Changes in renal
function, C-reactive protein (CRP) levels, and complement protein levels were assessed as
well.

Safety was assessed through the summary of ocular and nonocular adverse events, serious
adverse events, ocular assessments, deaths, laboratory test results, and vital signs. Safety
analyses included subjects who received at least 1 eculizumab infusion. Adverse events
leading to discontinuation from the study were documented. After being enrolled, all
subjects were vaccinated against Neisseria meningitides, and the first infusion was
performed at least 2 weeks after the vaccination.

Statistical Analysis

Previous studies have demonstrated that taking the square root of area measurements before
calculation of enlargement rates of GA removed the dependence of growth on baseline arca
and resulted in a homogencous test-retest variance across the range of lesion sizes.
Enlargement rates were compared between actively treated and placebo groups with the 2-
sample 7 test. An ancillary analysis conducted with analysis of variance compared
enlargement rates between eyes treated with placebo, a low-dose regimen, and a high-dose
regimen. The primary study analysis included only 1 eye per patient; however, a secondary
analysis included fellow eyes that would have been eligible for the study.

Sample Size Determination

The study was designed with 80% power to detect a 75% reduction in mean enlargement
rate at 26 weeks based on previously published natural history data.23

Pharmacokinetic and Complement Factors Analysis

During the study, blood samples for pharmacokinetic and complement factor screening were
drawn and analyzed in a masked fashion at baseline and at every planned visit at weeks 1, 2,
3,4,6,8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 38, and 52. Alexion Pharmaceuticals
laboratory measured soluble C5b-9 and performed a hemolytic assay for C5 activity. Levels
of factor H and C3 also were measured.

Ophthalmology. Author manuscript; available in PMC 2015 March 01.
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Renal Function and C-Reactive Protein Levels

Renal function, as assessed by serum creatinine levels and glomerular filtration rate, and
CRP levels were evaluated at bascline and at weeks 26 and 52. Glomerular filtration rate and
CRP were evaluated at baseline and at weeks 26 and 52.

Genetic Analysis

Results

Genetic testing for 7 single nucleotide polymorphisms was performed in all patients as
previously described,?> and the prevalence of the following [alleles] was assessed: C3,
rs17611 [G]; CFH, rs1061170 [C]; C3, 12230199 [G]; CFH, 152274700 [C]; HTRAI,
1s10490924 [T]; CFB, rs641153-R32Q [G]; and C2, 1$9332739-E318D [G].

Baseline Characteristics

A total of 30 patients were enrolled in the study and were randomized 2:1 to receive
eculizumab or placebo. The first 10 patients who received eculizumab received the low-dose
regimen, and the next 10 patients received the high-dose regimen. Eighteen fellow eyes met
inclusion criteria and were analyzed as a secondary endpoint. The mean age + standard
deviation was 79+7 years in the eculizumab group and 81+6 years in the placebo groups.
The mean age of patients in the low-dose regimen was 79+7 years and 80+7 years for those
receiving the high-dose regimen. For the 30 study eyes, the mean area at baseline in the
eculizumab group was 7.3+4.8 mm? and that in the placebo group was 4.6+3.6 mm?2 (P =
0.12). On the square root scale, which was used to determine the growth of GA, the mean
standard + deviation area measurements were 2.55+0.94 and 2.024+0.74 mm the placebo
groups, in eculizumab and respectively (P = 0.13). Low- and high-dose eculizumab groups
had similar square root area measurements at baseline (P = 0.44). Mean visual acuity at
baseline was 71.3+£7.8 EDTRS letters in the eculizumab group and 78.6+5.2 letters in the
placebo group (P = 0.012). The mean visual acuity in the high-dose group was 67.8+7.4
EDTRS letters, 7 letters fewer than in the low-dose group, which was 74.8+6.7 EDTRS
letters (P 0.040).

Primary Outcome: Enlargement Rate of Geographic Atrophy at 26 Weeks

All the patients completed 26 weeks of follow-up. Table 1 and Figure 1 show the growth at
week 26 for the eculizumab and placebo groups. There was no difference between any of the
groups. At 26 weeks, the mean changes in GA were 0.19+0.12 and 0.18+0.15 mm in the
eculizumab and placebo groups, respectively (P = 0.96). This outcome ruled out a treatment-
related reduction in the enlargement rate of 55% or more based on the 95% confidence
interval of the difference in growth rates between active and placebo groups, which ranged
from —0.10 to +0.10 mm. When we stratified the growth of GA according to the dose of
eculizumab, there was no difference in growth rate, either (Table 1). The mean GA
enlargement rates were not significantly different (P = 0.40), with the low-dose group
having a change of 0.16+0.07 mm and the high-dose group having a change of 0.21+0.15
mm over 26 weeks (Table 1). As expected, there was no correlation between baseline lesion
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size and enlargement rates using the square root area scale, either within treatment groups or
with treatment groups combined (all [1] <0.4; all P>0.29).

Secondary Outcomes

Fellow Eyes at 26 Weeks. Eighteen fellow eyes met inclusion criteria to enter the study and
were analyzed as a secondary end point (Fig 1; Table 1). Evaluation of the enlargement rate
for 48 eyes (30 study eyes plus 18 fellow eyes) showed no difference (P = 0.70) between the
eculizumab-treated group (mean, 0.17; standard deviation, 0.10) and the placebo group
(mean, 0.16; standard deviation, 0.10) or between the low-dose eculizumab group (mean,
0.16; standard deviation, 0.06) and the high-dose eculizumab group (mean, 0.17; standard
deviation, 0.13; P = 0.82).

52-Week Follow-up. Although the primary outcome was considered to be the enlargement
rate at the 26-week visit, the patients were followed up through 52 weeks to determine if
there was any delayed treatment effect. At 52 weeks, there was no difference between the
enlargement rates of the study eyes in the eculizumab and placebo groups (P = 0.93). The
annual enlargement rate was 0.37+0.21 and 0.37+0.22 in the eculizumab and placebo
groups, respectively. Similarly, mmthere was no difference between the low- and high-dose
eculizumab groups (P 0.55). Evaluation of the enlargement rate for all 48 eyes (30 study
eyes and 18 fellow eyes) showed no difference at 52 weeks between the eculizumab and
placebo groups (P = 0.83).

Comparison of enlargement in study eyes during the first 26 weeks with that during the
following 26 weeks (weeks 26 to 52) did not find a change in enlargement rate between
these periods (P = 0.92, repeated measures analysis of variance) nor an interaction between
period and treatment group (P = 0.97, repeated measures analysis of variance). Changes in
the size of GA from weeks 26 to 52 were 0.19£0.11 mm in the eculizumab group and
0.18+0.14 mm in the placebo group. Figure 2 and Figure 3 (available online at

org) show examples of GA lesions that grew over the 52 weeks of follow-
up. None of the eyes demonstrated macular neovascularization during the 52 weeks of
follow-up.

Visual Acuity. Table 2 (available online at www org) displays changes in
ETDRS visual acuity in placebo and control groups at 26 and 52 weeks of follow-up. In the

study eyes, the average change in ETDRS acuity in the placebo group at week 26 was —
2.6+7.2 compared with +2.5+4.1 in the eculizumab group (P = 0.019). The significance of
this difference was largely the result of a single placebo eye that lost 22 letters of visual
acuity when this eye's GA affected the fovea. At 52 weeks, the average change in ETDRS
visual acuity in the placebo group was 2.9+7.0 compared with 0.7+7.2 in the eculizumab
group (P =0.43).

Low-Luminance Acuity Deficit. At 26 and 52 weeks, the enlargement of GA was not
associated with either the baseline normal luminance ETDRS visual acuity letter score or the
baseline low-luminance ETDRS visual acuity letter score (all |r] < 0.18; all P>0.23), as
presented in Figure 4. However, the baseline low-luminance visual acuity deficit, which is
defined as the difference between the normal luminance letter score and the low-luminance
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visual acuity letter score, was shown to correlate with the enlargement rate of GA over 52
weeks. A statistically significant association existed between the lowluminance visual acuity
deficit at baseline and the enlargement rate of GA at 26 and 52 weeks (Pearson correlation
for 26 weeks: r=0.38, P = 0.008; Pearson correlation for 52 weeks: » = 0.4, P = 0.004).

Choroidal Thickness. No correlation was found between choroidal thickness and the
baseline square root area of GA or the growth of GA at 26 and 52 weeks, with or without
including fellow eyes in the analysis (all P>0.25) as presented in Figure 5 (available at

WWW 330} g). After adjustment for age and axial length, there was modest
correlation between choroidal thickness and square root baseline area (study eyes, » = —0.37,
P =0.056; study eyes and fellow eyes, r =—0.34, P = 0.022). After adjusting for age and
axial length, baseline choroidal thickness was not correlated with growth of square root arca
at 26 weeks (P>0.10) or 52 weeks (study eyes, P = 0.12; study eyes and fellow eyes, P =

0.085).

Genetic Analysis

There were no differences in baseline arcas of GA and the number of copies of the at-risk
alleles studied (Table 3, available at wwyw. g). All patients carried at least 1 at-
risk allele. For the CFB rs641153 and C2 rs9332739 single nucleotide polymorphisms, all
but 1 participant had 2 copies of the at-risk alleles. Moreover, there was no evidence of an
effect of the number of at-risk alleles at a particular locus on the enlargement rate of GA and
there was no evidence of an interaction between the total number of alleles on the

enlargement rate of GA.

Pharmacokinetics

During the study, blood samples were collected to assay for eculizumab (enzyme-linked
immunosorbent assay in micrograms per milliliter) and C5 activity. Among patients
receiving eculizumab, all samples collected between onset of treatment and week 26 showed
measurable levels of drug. Eculizumab levels rose rapidly during treatment weeks 1 to 4,
with the low-dose cohort averaging 65 to 189 ug/ml and the high-dose cohort averaging 122
t0 259 ug/ml. Between weeks 6 and 26, eculizumab levels continued to increase minimally
by 2 ng/ml weekly in actively treated patients. On average, C5 activity decreased to less than
9% of normal levels by week 1 after treatment and to less than 1% by week 2. Among the
patients receiving placebo injections, circulating levels of eculizumab were undetectable and
C5 activity was normal.

Renal Function and C-Reactive Protein Levels

Renal function, as assessed by serum creatinine levels and glomerular filtration rate, and
CRP levels were evaluated at baseline and through week 26. When all randomized treatment
groups were compared, there were no differences in renal function and CRP levels at
baseline and at week 26 (all P>0.1). Baseline renal function (Pearson's » = 0.11 [P = 0.58],
Spearman's p = 0.02 [P = 0.90]) and CRP levels (Pearson's » = —0.05 [P = 0.80], Spearman's
p =0.12 [P = 0.54]) did not correlate with disease progression.
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Safety Outcome

Discussion

Systemic complement inhibition with eculizumab was well tolerated through 52 weeks, and
no drug-related adverse events were identified in the patients included in the study.

The COMPLETE study was the first prospective, randomized, placebo-controlled
investigation of complement inhibition for the treatment of AMD. This phase 2 clinical trial
was performed to evaluate the clinical efficacy and safety of C5 inhibition using a
systemically administered Food and Drug Administration—approved drug known as
eculizumab. The study had an 80% power to detect a 75% reduction in the mean growth rate
of GA over 26 weeks, and after 26 weeks we can say definitively that the treatment failed to
meet this endpoint. Based on the 95% confidence interval of the difference in growth rates
between active and placebo groups, we effectively can rule out a treatment effect of 55% or
more for the slowing of the GA enlargement rate. Morcover, there was no apparent
treatment effect when comparing the low-dose eculizumab regimen and high-dose regimen.
However, we did detect a statistically significant correlation between the low-luminance
deficit at baseline and the progression of GA over 6 months. Previously, Sunness et al!
reported that low-luminance visual acuity deficits were correlated with the loss of visual
acuity over 2 years. If we assume that the growth of GA eventually results in the loss of
visual acuity over 2 years, then our results support their findings and demonstrate that this
lowluminance visual acuity deficit correlates with the short-term expansion of GA.
Moreover, our results suggest that the low-luminance deficit, a simple test of visual
function, can detect central photoreceptor dysfunction even before the edge of GA extends
through the foveal center and that this dysfunction correlates with the growth rate of GA. In
clinical trials, this may serve as a useful way of identifying and stratifying eyes into groups
at baseline that are more likely to progress. It is entirely possible that an experimental drug
may have a different onset of action in eyes in which the GA is more likely to progress
rapidly compared with the effect the drug might have in eyes that are progressing more
slowly. Unfortunately, the COMPLETE study was powered inadequately to perform the
type of subgroup analysis to detect such a differential treatment effect if one existed.
However, we suggest that low-luminance deficit testing should be used in all future clinical
trials of dry AMD.

Although our study may have been too small to detect a treatment effect that reduced the
growth rate of GA to 55% or less of the normal growth rate, it is also possible that the drug
had no effect on the growth rate because complement activation has no role in the growth of
GA. We showed that there was no association between the number of at-risk genetic alleles
and the growth of GA, and this result is consistent with recent publications showing no
association between the progression rates of GA and these same at-risk alleles.26-27
Although the genetics of AMD suggest a role for complement in the pathogenesis of AMD,
it is entirely possible that complement plays a role in the earlier stages of the disease, rather

than in the progression of GA, which is classified as an advanced form of AMD .28

Other possible explanations for the lack of a treatment effect could be that the dose of
eculizumab was too low or the drug should have been delivered as a direct intravitreal

Ophthalmology. Author manuscript; available in PMC 2015 March 01.



Yehoshua et al.

Page 10

injection to achieve an adequate level of drug in the retina or the RPE. If complement
inhibition was needed in the choroid to stop the growth of GA, then the dose of eculizumab
should have been adequate; however, if the complement inhibition was needed in the eye,
then the amount of drug delivered systemically was probably inadequate to penctrate the
RPE. The rationale for using a systemic drug was based on the belief that complement
activation in the choroid played an important role in the progression of dry AMD. Moreover,
eculizumab already has been approved for systemic delivery, so systemic delivery of
eculizumab was possible without additional safety studies. In contrast, the use of intravitreal
eculizumab would have required extensive animal testing and a human, phase 1, dose-
escalation safety study. Moreover, systemic delivery had certain advantages over frequent
monthly injections of a drug into the eye. Because AMD is a bilateral disease, systemic
therapy would be able to deliver the drug to both eyes with a single infusion. Based on
previous studies of patients with paroxysmal nocturnal hemoglobinuria and atypical
hemolytic uremic syndrome, we also knew that these dosing regimens of eculizumab
achieved drug concentrations of more than 35 pg/ml in the peripheral blood, and at this
concentration, systemic complement C5 is completely inhibited. '8:2-30 This was confirmed
by the pharmacokinetic studies of our patients who received the drug. In particular, C5
activity decreased to less than 1% of the pretreatment average by week 2, demonstrating that
therapeutic blood levels were reached and inhibition of C5 activity was achieved. Of note,
the drug has systemic risks, most notably meningococcal meningitis, which can be
prevented with the use of the meningococcal vaccine. However, now that this systemic
approach has failed to show a dramatic treatment effect in our study, it is entirely possible
that an intravitreal dosing strategy with eculizumab might have resulted in a different
outcome.

Another possible explanation for why systemic C5 inhibition failed to show a treatment
effect could be that C5 was the wrong complement target. C5 inhibition prevents only
terminal complement activation, and by preserving more proximal complement function,
such as production of C3a anaphylotoxin and C3b, complement-mediated damage could
have continued. After all, polymorphisms in C3 have been associated with AMD, whereas
there is no clear association between genetic variants in the C5 gene and AMD. 113132

Two additional shortcomings of the study include the small sample size and its short
duration. The sample size shortcoming would be even more of an issue if eculizumab was
effective only in the smaller genetic subgroup of patients, such as the patients carrying the
at-risk alleles in the CFH locus. In addition, it is possible that there may be a lag in the onset
of a treatment effect, so studies would need to be run for at least 2 years to appreciate a
treatment effect. However, this exploratory study was designed as a pilot investigation to
determine if systemic therapy showed any suggestion of a treatment benefit. Based on the
linearity of the growth rates and the lack of any suggestion of a treatment effect, it is
unlikely that further systemic investigations with this drug will be undertaken to determine
whether a smaller treatment effect could be observed because of the cost and the intensity of
the treatment regimen.

It is possible that a different endpoint might have shown a treatment effect. Such an
endpoint could be the ability of a treatment to decrease the conversion rates from dry to wet
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AMD or the effect of the drug on the GA margins. These kinds of endpoint would require
many more patients and a longer study duration. We chose lesion growth rate as the
outcome variable for this trial because our goal was to use a Food and Drug Administration—
approved endpoint to serve as a surrogate for the preservation of visual acuity, and the Food
and Drug Administration agreed with our choice. Lesion area is a straightforward
measurement that can be obtained with commercially available OCT software and can be
performed easily with current imaging techniques. If we had demonstrated an effect of
eculizumab on GA growth, that would have justified a large phase 3 study with acuity
preservation as an outcome variable. In such a study, the imbalance in acuity we saw
between our small randomized groups could have confounded interpretation; however, in
the current study, with lesion growth as the outcome, it is immaterial. In addition to SD OCT
measurements, we also assessed lesion area growth with Heidelberg and Topcon AF
imaging and fluorescein angiography. These other methods did not suggest a different
conclusion; however, presenting these data is outside the scope of this article and is the
subject of one currently in preparation.

In summary, C5 inhibition with systemic eculizumab did not slow the growth rate of GA in
the COMPLETE study. However, we did detect a statistically significant correlation
between the low-luminance visual acuity deficit at baseline and the progression of GA over
6 months. Ongoing clinical trials using other intravitreal drugs that target C5 and factor D
will determine whether complement inhibition for the treatment of GA is a viable treatment
strategy in AMD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Graphs showing the growth of geographic atrophy over 52 weeks in patients receiving the

eculizumab versus placebo. Outcomes (A and C) for the study eyes and (B and D) the
pooled study eyes and fellow eyes, outcomes for (A and B) the placebo and all the active
treatment arms, outcomes for (C and D) the low-dose and high-dose treatment arms, as well
as the placebo arms, for study eyes and fellow eyes that met inclusion criteria.
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Figure 2.
Images from the left eye of a 73-year-old woman included in the low-dose group with

growth in the area of geographic atrophy over 52 weeks. (A,D,G) Color fundus images
obtained at baseline, 26 weeks, and 52 weeks, respectively. (B, E,H) Fundus
autofluorescence images (Heidelberg Spectralis) obtained at baseline, 26 weeks, and 52
weeks, respectively. (C.F.I) Sub-retinal pigment epithelium slab en face image generated
from spectral-domain optical coherence tomography datasets (Zeiss Cirrus) at baseline, 26
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weeks, and 52 weeks, respectively. Area measurements were (C) 8.26 mm? at baseline, (F)
9.47 mm? at 26 weeks, and (I) 10.88 mm? at 52 weeks.

Ophthalmology. Author manuscript; available in PMC 2015 March 01.



Yehoshua et al.

Growth square root of area at 26 weeks (mm)

A

1 @ Study Eye (30 Patients}

{} Fellow Eye (18 Patients)

.54 *
4 ¢ 5
» »
- .
34 . e
* . o e :
.-—"“J‘u”‘
L [
e S » o e it
..—""“m &
- ..-.! 6 00
e Ry
,4,;:\'-""’# % )
.14 e o
} BN >
» s
<) -
[ > «
1 ¥ } " ; Y R
¢ 1¢ 20 30 40 50 50

Low luminance deficit at baseline

Figure 4.

Growth square root of area at 52 weeks {mm

Page 17
B
(¢ Feliow Eye (18 Patients)
10~ ® Study Eye {30 Patients) :
.
8- *
.. -
fﬁ,««f“" :
24
R S,
\. e
> .
a + . b3 3 k) £y b
Q 18] 20 30 4C 50 &0

Low luminance deficit at baseline

Graph showing the relationship between low-luminance visual acuity deficit at baseline and
growth of the square root of the area of geographic atrophy over (A) 26 weeks and (B) 52
weeks. Both study eyes (30 eyes) and fellow eyes (18 eyes) that met inclusion criteria are
shown. For 26 weeks, r 0.38 and P 4 0.008; for 52 weeks, r=0.41 and P = 0.004.
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BN TARGY Geographic atrophy (GA) secondary to age-related macular degenerationisa
leading cause of visual disability in older individuals. A phase 2 trial suggested that
lampalizumab; a selective complement factor D inhibitor, reduced the rate of GA
enlargement, warranting phase 3 trials.

CYIVE To assess the safety and efficacy of lampalizumab: vs sham procedure on
enlargement of GA.
R BE 1% Twoidentically designed phase 3 double-masked;
randomized, sham controlled clinical trials, Chroma and Spectri, enrolled participants from
August 28, 2014, to October 6, 2016, at 275 sites in 23 countries. Participants were aged 50
years or older, with bilateral GA'and no prior or active choroidal neovascularization in either
eye and GA lesions in the study eye measuring 2.54 to 1778 mm? with diffuse or banded
fundus autofluorescence patterns.

sanG Participants were randomized 2:1:2:1 to receive 10 mg of intravitreous
Iampallzumab every 4 weeks, sham procedure every 4 weeks, 10 mg of lampalizumab every
6 weeks, or sham procedure every 6 weeks, through 96 weeks.

AN DOTCHI AND Masnes Safety and efficacy assessed as mean change from baseline
in GA lesion area at week 48 from centrally read fundus autofluorescence images of the
lampalizamab arms vs pooled sham arms, in the intent-to-treat population-and by
complement factor I-profile genetic biomarker.

RUSLHTS Atotal of 906 participants (553 women and 353 men; mean [SD] age, 78.1[8.1]
years) were enrolled in Chromaand 975 participants (578 women and 397 men; mean [SD]
age, 77.9 [81] years) were enrolled in Spectri; 1733 of the 1881 participants (92.1%) completed
the studies through 48 weeks. The adjusted mean increases in GA lesion area from baseline at
week 48 were 193 to 2.09 mm? across all groups in both studies. Differences in adjusted
mean change in GA lesion area (lampalizumab minus sham) were ~0.02 mm? (95% Cl, -0.21
to 0.16 mm?; P = .80) for lampalizumab every 4 weeks in Chroma, 0.16 mm? (95% Cl,
0.00-0.31 mm?; P = .048) for lampalizumab every 4 weeks in Spectri, 0.05 mm?2 (95% Cl,
013t 0.24 mm?; P = .59) for lampalizumab every 6 weeks in Chroma, and 0.09 mm? (95%
Cl, =0.07 to 0.24 mn%; P.= .27) for lampalizumab every 6 weeks in Spactri. No benefit of
lampalizimab was observed across prespecified subgroups; including by complement factor
I-profile biomarker. Endophthalmitis occurred after 5 of 12447 injections (0.04%) or in 5 of
1252 treated participants (0:4%) through week 48.

CONULUSIING SND SELEVANCE In Chroma and Spectri; the largest: studies of GA conducted to
date, lampalizumab did not reduce GA enlargement vs sham during 48 weeks of treatment.
Results highlight the substantial and consistent enlargement of GA, at amean of
approximately 2 mm? per year.

THISL SUOHTRATION ClinicalTrials.gov Identifier: N
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Efficacy and Safety of Lampalizumab for Geographic Atrophy Due to Age-Related Macular Degeneration

“

S\ eographic atrophy (GA), an advanced form of age-

sy related macular degeneration (AMD), is a leadlng
\\\\\t cause of visual disability in elderly individuals,!
with prevalence increasing substantially among those older
than 75 years of age.?3 No approved treatment slows or
halts the progression of GA, or reverses the associated loss
of macular tissue. In contrast, neovascular AMD, the other
form of advanced AMD, is often treated successfully with
intravitreous anti-vascular endothelial growth factor (anti-
VEGF) medications.*-¢ Similarly, the Age-Related Eye Dis-
ease Study”? and the Age-Related Eye Disease Study 28
reported that dietary supplements reduce the risk of devel-
oping advanced neovascular AMD but have no apparent
effect on GA.

Occurrence and enlargement of GA lesions can result in
substantial visual disability.® ! Because lesions typically first
appear outside the fovea,!!!3 testing of best-corrected visual
acuity (BCVA) may inadequately assess functional impair-
ment in individuals with preserved foveal function despite
loss of pericentral macula.!* Other measures, including low-
luminance visual acuity, reading speed, fundus-controlled
microperimetry, and patient-reported outcomes, might
assess impairment of visual function in patients with
GA,'>!® but these measures were not extensively used in
earlier GA trials.

Although the pathophysiology of GA is incompletely un-
derstood, dysregulation of the complement cascade, a com-
ponent of the innate immune system,'”!® has been impli-
cated in AMD'2° and in GA specifically.* Overall, genetic
factors are estimated to account for 71% to 80% of the risk of
advanced AMD,?%23 and common genetic variants near CFH,
CFI, €3, and C2/CFB, which act in the alternative comple-
ment pathway, may account for 57% of known disease risk
variants.?®

Given this genetic link, complement factor D was
selected as a therapeutic target because it is the rate-limiting
enzyme of the alternative complement pathway and is
present in comparatively low abundance.?*?® Lampali-
zumab is an antigen-binding fragment of a humanized
monoclonal antibody that is directed against, and inhibits,
complement factor D.2”28 In a phase 2 trial, monthly intra-
vitreous lampalizumab, 10 mg (n = 42), reduced the mean
enlargement of GA lesion area from baseline to 18 months
by 20% (80% CI, 4%-37%; P = .12) vs sham (n = 40).2° In an
exploratory subgroup analysis of carriers of the comple-
ment factor I (CFI) risk allele, monthly lampalizumab
reduced the enlargement of GA by 44% vs sham.?® No ben-
efit was observed with lampalizumab treatment every 8
weeks.

To test phase 2 observations, we conducted 2 identi-
cally designed phase 3 randomized clinical trials, Chroma
and Spectri, to assess the efficacy and safety of 10 mg of
lampalizumab administered by intravitreal injection every 4
or 6 weeks vs sham treatment. These studies also prospec-
tively investigated the prognostic and predictive diagnostic
hypothesis of the CFI profile genetic biomarker. The
48-week primary outcome of these trials is presented
herein.
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Key Points

N

G 1+ Does lampalizumab, a selective complement factor D
inhibitor, reduce enlargement of lesions from geographic atrophy
secondary to age-related macular degeneration?

wiisey In 2 phase 3randomized clinical trials (906 Chroma
participants and 975 Spectri participants), no meaningful
differences in the primary end point of mean change from baseline
in‘ geographic atrophy lesion area at week 48 were identified
amongeyes receiving 10-mg lampalizumab intravitreal injections
either every 4 weeks or every 6 weeks vs sham.

w These phase 3 trials showed that lampalizumab was
ineffective as a treatment of geographic atrophy secondary to
age-related macular degeneration:

ERAHRERR R RN

Methods

The Chroma (trial protocol and statistical analysis plan are
available in Supypiement §) and Spectri (trlal protocol and
statistical analysis plan are available in Suppiement 2) stud-
ies were identically designed, phase 3 double masked, mul-
ticenter, randomized, sham injection-controlled clinical
trials at 131 (Chroma) and 144 (Spectri) sites in 23 countries.
The studies adhered to the tenets of the Declaration of
Helsinki®° and were conducted in accordance with the
International Conference on Harmonisation E6 Guidelines
for Good Clinical Practice® and with applicable local, state,
and federal laws. All sites received institutional review
board or ethics committee approval before study initiation
(eAppendix 1 in Supplewent 3), Participants provided writ-
ten informed consent An independent data monitoring
committee provided ongoing oversight. Key aspects of the
study de51gn are described herein and in eAppendix 2 in

Ehglble part1c1pants (eTable 1 in Supplement 3) were aged
50 years or older with bilateral GA secondary to AMD and
no evidence of active or prior choroidal neovascularization
(CNV) nor previous treatment for CNV in either eye. Key
study eye inclusion criteria were a total GA lesion size
from 2.54 to 17.78 mm? (1-7 disc areas) measured on blue-
light fundus autofluorescence, as confirmed by the reading
center; perilesional banded or diffuse autofluorescence
patterns; and an Early Treatment Diabetic Retinopathy
Study (ETDRS) BCVA letter score of 49 or more (Snellen
equivalent, 20/100 or better). Geographic atrophy lesions
could be multifocal or unifocal, but at least 1 lesion had
to be 1.27 mm? or larger (=0.5 disc areas). In study eyes
with a BCVA letter score of 79 or more (Snellen equivalent,
20/25 or better), at least 1 lesion was required within
250 pm of the foveal center. One eye was selected as
the study eye. If both eyes were eligible, the eye with the
poorer visual function as determined by the investigator
and the patient was selected, followed by the eye with the
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larger GA lesion. Participants were also evaluated at screen-
mg for CFI-profile genetic biomarker status (eTable 2 in

Participants were randomly assigned 2:1:2:1 to receive 10 mg
of lampalizumab every 4 weeks, sham procedure every 4
weeks, 10 mg of lampalizumab every 6 weeks, and sham pro-
cedure every 6 weeks, via an interactive voice and web re-
sponse system. In the sham groups, the eye was prepped ina
manner similar to lampalizumab groups to preserve mask-
ing, including subconjunctival anesthesia. However, instead
ofanactualintravitreal injection, only the hub of a syringe was
placed against the planned injection site. For randomization,
apermuted block design was used, and participants were strati-
fied by CFI-profile biomarker status, baseline BCVA ETDRS
chart Snellen equivalent (20/50 or better vs worse than 20/
50), sex, and eligibility for microperimetry. Participant num-
bers were capped by CFI-profile biomarker status to achieve
a 3:2 ratio for CFI-positive to CFI-negative participants. Sham
arms were pooled for analysis, resulting in a 1:1:1 ratio for lam-
palizumab every 4 weeks, lampalizumab every 6 weeks, and
sham.

tion (day 1) and every 4 or 6 weeks (+5 days) thereafter through
44 weeks for groups receiving treatment every 4 weeks or 42
weeks for groups receiving treatment every 6 weeks, before
week 48 primary efficacy assessments, continuing through 90
or 92 weeks per study design. Safety and ocular assessments,
including BCVA, were performed at day 8 and at each subse-
quent visit on the same day as treatment. Verbatim descrip-
tions of adverse events (AEs) were coded using Medical Dic-
tionary for Regulatory Activities, version 20.0.32 Fundus images
of both eyes at screening and specified visits were evaluated
at the Doheny Image Reading Center (Los Angeles, Califor-
nia). Autofluorescence pattern eligibility was determined by
the GRADE Reading Center (Bonn, Germany). Additional vi-
sual function assessments were performed as scheduled.

G RERY
The primary efficacy outcome was mean change in GA lesion
area from baseline to week 48 measured by fundus autofluo-
rescence, graded at the reading center. Secondary efficacy out-
comes assessing visual function were exploratory at week 48,
with formal statistical testing planned at week 96. Safety out-
comes were assessed through a summary of ocular and non-
ocular AEs, deaths, results of serial electrocardiograms (se-
lected participants), incidence of antidrug antibodies, and
ocular assessments.

For each study, a sample size of 188 CFI-positive participants
per lampalizumab treatment arm and 94 CFI-positive par-
ticipants per sham arm provided greater than 95% power to
detect a difference in change in GA lesion area assuming a
population difference of 1.45 mm? (approximately 40%

JAMA Ophthalmology June 2018 Volume 136, Number 6
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reduction relative to sham control) and an SD of 2.51 in the
CFI-positive population. A sample size of 124 CFI-negative
participants per lampalizumab treatment arm and 62 CFI-
negative participants per sham arm provided 80% power to
detect a difference assuming a population difference of 0.66
mm? (approximately 40% reduction relative to control) and
an SD ofl 68 in the CFI-negative population (eTable 3 in

:ment 3). Calculations were based on 2-sided ¢ tests at
the a= 0495 level with the assumption of a 15% dropout
rate by week 48.

The primary efficacy analysis for comparison between each
lampalizumab arm and the pooled sham arms was performed
on the intent-to-treat population (all randomized partici-
pants) using a mixed effects model repeated-measures model
based on available data to week 48, with no imputation for
missing data. Change-from-baseline analysis excluded par-
ticipants without a baseline measurement or at least 1 post-
baseline measurement. The primary analysis adjusted for base-
line GA lesion area, subfoveal vs nonsubfoveal location, and
multifocal vs nonmultifocal configuration; CFI-profile bio-
marker status; BCVA (better than vs worse than 20/50 Snel-
len equivalent); and sex. Preplanned subgroup analyses by CFI-
profile biomarker were performed similarly, except with the
model fit separately for each biomarker group and without bio-
marker status as a covariate. Hypothesis testing was per-
formed at a 2-sided a = .0496 level to account for a 0.0001
nominal penalty for each of 4 planned independent data moni-
toring committee unmasked data reviews occurring before the
primary analysis.

To assess robustness of the primary efficacy results, ad-
ditional analyses included the growth slope of the GA lesion
area over 48 weeks, the change from baseline in the square root
of the GA lesion area at week 48, and the percentage change
from baseline in the GA lesion area at week 48. Exploratory
analyses by prespecified clinical subgroup were performed
using mixed effects model repeated-measures analysis simi-
lar to the primary efficacy analysis, excluding baseline covar-
iates not relevant for the particular subgroup. Safety analyses
were performed on the population that received 1 or more doses
of lampalizumab or sham, grouped according to actual treat-
ment received regardless of assignment. Analyses were per-
formed using SAS, version 9.4 (SAS Institute), separately by
study and based on pooled data from Chroma and Spectri,
which included an additional covariate adjustment for study,
as appropriate.

33 eH

IR R R R
Results

Between August 28, 2014, and October 6, 2016, 906 Chroma
participants and 975 Spectri participants were randomized to
receive sham every 4 weeks (153 Chroma participants; 161 Spec-
tri participants), lampalizumab every 4 weeks (298 Chroma par-
ticipants; 330 Spectri participants), sham every 6 weeks (152
Chroma participants; 160 Spectri participants), or lampali-
zumab every 6 weeks (303 Chroma participants; 324 Spectri
participants) (Figure 1). The baseline demographic character-
istics of the participants (Table 1 and eTables 4 and 5 in
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Figure 1. CONSORT Flow Diagram for Chroma and Spectri Randomized Clinical Trials
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1t X) were well balanced across treatment groups

(mean [SD] age of 78.0 [8.1] years, 1131 [60.1%] female, and 1827

H b s inai o
amaanbit i
MBI

[97.1%] white). The mean baseline GA lesion area was be-
tween 7.55 and 8.50 mm? across treatment groups. The mean
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Efficacy and Safety of Lampalizumab for Geographic Atrophy Due to Age-Related Macular Degeneration

Table 1. Pooled Demographic and Baseline Characteristics of Chroma and Spectri Participants

Sham

Lampalizumab,; 10‘mg

Characteristic qdw (n'=314) qéw (n=312)

Pooled (n=626) q4w (h =628) q6w (n =627) All(N'=1881)

Demographics

Whiterace; No:(%)?
Tobacco use; No. (%)

Current

Study eye baseline characteristics

GAarea,” mm?
Mear (SD)

6.460 7.020

611 (97.4) 1827 (97.1)

8.314 (4.249) 8.061 (4.044)

6.695 7.325 7.485

(2.29-22.19)

7.205
(1.58-30.56)

No. (%)

BCVA: ‘mean (SD) letterscoreS 66.4:(10:0) 65:6(9:6)

<64 (worse'than 20/50) 115 (37:0) 118(38:2)

=64 (20/50orbetter) 196 (63.0) 191(618)
LEVA; mean (SDY letter score? 366 (16.0) 36.2(16:3)
Low-luminance deficit (BCVA - LLVA),  298(16.1) 393(159)

mean (SD) letter score®

66.0 (9.8) 66.1(9.8) 66.0 (9.9) 66.0 (9.9)
233(37.6) 253 (40.5) 247 (39.7) 733(39.3)
o 387(624) 372(595) 375(60.3) 1134 (60.7)
36.4 (16.1) 36.5 (17.6) 36.0 (16.7) 36.3 (16.8)
 296(160) 296(163) . 301(157) 297 (16.0)

Abbreviations: BCVA, best-corrected visual acuity; GA, geographic atrophy;

LLVA, low-luminance visual acuity; g4w, every 4 weeks; géw, every 6 weeks.

2 Of the total study population, race/ethnicity was identified as 0.5% (n = 9)
American Indian or Alaskan Native, 0.3% Asian (n = 5), 0.05% (n = 1) black or
African American, 0.1% (n = 2) Native Hawaiian or other Pacific Islander, 0.2%
(n = 4) multiple, and 1.8% unknown (n = 33).

P For GA area, GA contiguity, and GA lesion location, there were 626
participants for the lampalizumab 6w arm.

©For BCVA, there were 311 participants for the sham g4w arm, 309 for the sham

q6w arm, 625 for the lampalizumab g4w arm, and 622 for the lampalizumab
qéw arm.

9 For LLVA, there were 304 participants for the sham g4w arm, 305 for the
sham géw arm, 609 for the lampalizumab g4w arm, and 603 for the
lampalizumab géw arm.

¢ Low-luminance deficit = BCVA - LLVA; there were 303 participants for the

sham g4w arm, 304 for the sham géw arm, 609 for the lampalizumab g4w
arm, and 603 for the lampalizumab géw arm.

baseline BCVA letter score was between 65 and 66 (approxi-
mate Snellen equivalent, 20/50) in each group.

A total of 1733 0f 1881 participants (92.1%) in Chroma and
Spectri completed the first 48 weeks of the study, during which
across treatment arms more than 76% of participants receiv-
ing treatment every 4 weeks received at least 12 injections (13
possible) and more than 85% of participants receiving treat-
ment every 6 weeks received at least 8 injections (9 possible)
(eAppendix 3 in Supplement 3),

After the Spectri primary analysis in September 2017, lam-
palizumab treatment was suspended for both studies at the
sponsor’s recommendation with the agreement of the chair of

JAMA Ophthalmology June 2018 Volume 136, Number 6

the independent data monitoring committee because the ap-
parent lack of efficacy did not warrant continued intravitreal
injections.

b B

GAEnlargemen
Atweek 48, the adjusted mean increase in GA lesion area from
baseline was 1.93 to 2.09 mm? across all groups in both stud-
ies (Table 2, Figure 2A, and eFigure 1A-Bin Suppievaent 3), The
differences in the adjusted mean change of the GA lesion area
(lampalizumab minus sham) were —-0.02 mm? (95% CI, -0.21

to 0.16 mm?; P = .80) for lampalizumab every 4 weeks in
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Downloaded From: https://jamanetwork.com/ on 10/25/2021



Efficacy and Safety of Lampalizumab for Geographic Atrophy Due to Age-Related Macular Degeneration §

ation Research

Table 2. Change in GA Area From Baseline at Week 48 in Chroma and Spectri Pooled Intent-to-Treat Population®

Sham

Lampalizumab; 10°'mg

Pooled

Measure (n'=598)

qaw
(n=596)

qb6w
(n = 603)

Change from baseline in GA area at 48 wk; mm?

Rate of change in GA area (growth slope) from baseline
to 48 wk, mm>/365.25d"

Adjusted mean slope (SE)

Difference in slopes (vs sham pooled)

Pyalue

Change from baseline in square root of GA area
at 48 wk;:mm

Adjusted mean (SE)

Pvalue

0.078 0.086
-0.048100.204 -0.039t00.212
39 43

""" ppl

Abbreviations: GA, geographic
atrophy; g4w, every 4 weeks; qéw,
every 6 weeks.

@ Sample sizes shown in headers are
the number of patients included in
the mixed effects model
repeated-measures analysis. All P
values are 2-sided and calculated for
the difference between means
(lampalizumab minus sham).

-0.013t00.026

-0.009 t0:0.029

P For growth slope mixed effects
model repeated-measures analysis,
there were 626 participants for the
sham pooled arm, 628 for the
lampalizumab g4w arm, and 626 for
the lampalizumab géw arm.

Chroma, 0.16 mm? (95% CI, 0.00-0.31 mm?; P = .048 favoring
sham) for lampalizumab every 4 weeks in Spectri, 0.05 mm?
(95% CI, -0.13 t0 0.24 mm?; P = .59) for lampalizumab every 6
weeks in Chroma, and 0.09 mm? (95% CI, -0.07 to 0.24 mm?;
P = .27) for lampalizumab every 6 weeks in Spectri. Similarly,
no benefit of lampalizumab over sham was observed in robust-
ness assessments for the primary efficacy result (Table 2 and
eTables 6 and 7 in Supyplement 3). Furthermore, no benefit of
lampalizumab over sham was observed for either CFI-profile bio-
marker subgroup (Figure 2 and eFigure 1 and eTable 8 in
Hement 3). Because baseline characteristics, follow-up,
treatment adherence, and primary outcomes were similar in
Chroma and Spectri, subsequent results report pooled data, with
unpooled results in Supplement 3,

GA Enlargement by Clinical Subgroup
No consistent benefit of lampalizumab over sham was ob-
served for any subgroup (eFigures 2-4 in Supy

Y Y
wnent 3).

Best-Corrected Visual Acuity

Best-corrected visual acuity declined from baseline to week

48 in all arms of both studies (eTable 9 and eFigure 5 in

ent ), with an adjusted mean BCVA letter score change
of -4.9 (95% CI, -5.8 to —4.0) for sham treatment, —4.1 (95%

CI, -5.0 to -3.2) for lampalizumab every 4 weeks, and -4.9

(95% CI, -5.8 to —3.9) for lampalizumab every 6 weeks.

Y.
LTI gy
Suppiem

farinnlin
aman
faman

No new ocular or nonocular safety 51gnals beyond what would
be anticipated with intravitreal injections were observed with
lampalizumab through week 48 (eTables 10-19in Suppiement
3). The percentage of participants with ocular AEs and seri-
ous AEs (SAEs) were higher with lampalizumab compared with
sham treatment, in alignment with expectations for intravit-
real injections. Overall, 2.7% (17 of 619) of participants receiv-
ing the sham treatment, 6.2% (39 of 626) of participants re-
ceiving lampalizumab every 4 weeks, and 6.1% (38 of 626) of
participants receiving lampalizumab every 6 weeks experi-
enced 1 or more ocular SAEs.

Increases in intraocular pressure (IOP) were of interest
because lampalizumab was injected as 0.1 mL, twice the vol-
ume of most intravitreal injections of anti-VEGF. Incidences
of any IOP of 30 mm Hg or higher after injection, regardless of
whether the events were considered SAEs, were reported in
0.3% (2 of 618) of participants receiving the sham treatment,
8.3% (52 of 625) of participants receiving lampalizumab ev-
ery 4 weeks, and 5.6% (35 of 626) of participants receiving lam-
palizumab every 6 weeks. Increases in IOP considered to be
SAEs were reported in 0.2% (1 of 619) of participants receiv-
ing the sham treatment, 3.2% (20 of 626) of the participants
receiving lampalizumab every 4 weeks, and 2.6% (16 of 626)
of participants receiving lampalizumab every 6 weeks. The
mean preinjection IOP remained constant from baseline to
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Figure 2. Adjusted Mean Change From Baseline in Geographic Atrophy
(GA) Area Over Time From Baseline to 48 Weeks in Chroma and Spectri
Pooled as Measured on Fundus Autofluorescence Imaging
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repeated-measures analysis was adjusted for baseline GA area, baseline GA
lesion location, baseline GA lesion contiguity, baseline best-corrected visual
acuity category, sex, biomarker status (overall population only), and study. Error
bars indicate 95% Cls. g4w Indicates every 4 weeks; géw, every 6 weeks.

week 48 acrossallarms (eTable 18 and eFigure 6 in Sy it

3). Per investigator discretion, 3.1% (39 of 1252) of part1c1—
pants receiving lampalizumab also received paracentesis in the
study eye owing to AEs of increased IOP or transient vision loss
(5.6 procedures per 1000 injections).
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Endophthalmitis occurred after 5 of 12 447 injections (0.4
events per 1000 injections [0.04%]) or in 5 0f 1252 treated par-
ticipants (0.4%) through week 48. Neovascular AMD was ob-
served after randomization in 1.1% (7 of 619) of study eyes in
the group receiving the sham treatment, 1.9% (12 of 626) of
study eyesin the group receiving lampalizumab every 4 weeks,
1.9% (12 of 626) of study eyes in the group receiving lampali-
zumab every 6 weeks, 1.3% (8 of 619) of fellow eyes in the group
receiving the sham treatment, 1.6% (10 of 626) of fellow eyes
in the group receiving lampalizumab every 4 weeks, and 1.8%
(11 of 626) of fellow eyes in the group receiving lampali-
zumab every 6 weeks, with no events of bilateral neovascular
AMD (eTable 19 in Supplement 3).

Nonocular SAEs were reported in 16.6% (103 of 619) of par-
ticipants in the group receiving the sham treatment, includ-
ing 7 deaths; 19.2% (120 of 626) of participants in the group
receiving lampalizumab every 4 weeks, including 7 deaths; and
13.9% (87 of 626) of participants in the group receiving lam-
palizumab every 6 weeks, including 5 deaths.

e,
Discussion

To our knowledge, Chroma and Spectri were the largest, most
comprehensive studies of GA conducted to date. In the pri-
mary analysis, lampalizumab did not reduce the enlarge-
ment of GA lesions from baseline at week 48 vs sham. Fur-
thermore, no benefit of lampalizumab was suggested by the
results of robustness assessments or subgroup analyses, in-
cluding by CFI-profile biomarker. No new safety signals were
observed with lampalizumab treatment, and incidences of en-
dophthalmitis, increase in IOP, or other injection-related SAEs
were low and consistent with those observed in studies of
anti-VEGF.>%33

The Chroma and Spectri trials provide the largest cohorts
to date of patients with bilateral GA and no CNV in either eye,
with detailed documentation of anatomical and functional out-
comes. The rates of progression of GA in Chroma and Spectri
(approximately 2 mm? per year on average) were within the
range of previous studies (approximately 0.53-2.6 mm? per
year),'® with differences across studies likely attributable to in-
clusion criteria reflected in the characteristics of each study co-
hort. In Chroma and Spectri, eligibility criteria included fac-
tors associated with faster GA progression, such as bilateral GA
and banded or diffuse perilesional fundus autofluorescence
patterns.'® Consistent with prior studies,'> Chroma and Spec-
tri subgroup analyses demonstrated that larger baseline GA le-
sion area, multifocal configurations, and nonfoveal GA lesions
are associated with faster rates of progression. This large data
set, from 2 multicenter global trials conducted in 23 countries,
is likely generalizable to the broader population of patients with
GA who would meet the eligibility criteria of these trials and
could serve as an important normative database for future stud-
ies and provide further insights into the natural history of GA.

The Chroma and Spectri cohorts experienced a notable de-
cline in visual function, with a mean BCVA letter score loss of
approximately 5 letters in 48 weeks. This finding under-
scores the potential burden of vision loss from GA.
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The safety outcomes presented here can inform future trials
through atleast1year. Intravitreal injection volumes of 0.1 mL
were associated with low rates of increased posttreatment IOP
SAEs and no change in mean pretreatment IOP during 48 weeks,
suggesting that this volume may be given safely within a trial
setting. Also, Chroma and Spectri documented that new CNV
in patients with bilateral GA occurred in less than 2% of study
or fellow eyes. This finding is consistent with observational stud-
ies, which reported conversion rates of 2% at 2 years and 11%
at 4 years in patients with bilateral GA and no baseline CNV,34
and a conversion rate of 1.5% by 1 to 2 years in studies in which
most patients had bilateral GA.3* In contrast, for patients with
CNVin1eye and GA in the other, much higher rates of CNV in
the eye with GA have been reported (18% at 2 years®* and 34%-
49% at 4-5 years®+36), similar to conversion rates for eyes with
large drusen or focal hyperpigmentations.®-3” Thus, future GA
trials must consider the effect of including participants with any
history of CNV in either eye because its presence may confound
the accurate measurement of the enlargement of GA lesionsand
affect visual function assessments.

The primary rationales for exploring complement inhibi-
tion in GA were the strong genetic linkage and the feasibility of
clinical trials evaluating the enlargement of GA lesions. To date,
6 molecules that act as complement pathway inhibitors have
entered clinical trials for GA, including APL-2 (target, C3), which
met its primary end point in a phase 2 trial*®; CLG-561 (target,
properdin), currently in a phase 2 trial®®; and avacincaptad pegol
(target, C5),%° currently in a phase 2b trial. Two other C5 inhibi-
tors, one given systemically*' and the other intravitreally,*? were
not effective in phase 2 trials. Taken together with the Chroma
and Spectri results, it remains unclear whether the comple-
ment cascade is an appropriate intraocular therapeutic target
for GA, at least through the alternative pathway via comple-
ment factor D or downstream in the cascade via C5. Geo-
graphic atrophy therapeutics investigating targets outside the
complement cascade are also in development.

Although the CFI-profile biomarker was thought to be as-
sociated with faster progression of GA based on the Mahalo phase
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2 trial of lampalizumab,?® the much larger prospective analysis
of Chroma and of Spectri does not support CFI-profile status as
a genetic biomarker for progression of GA. This finding is con-
sistent with other studies performed after the initiation of
Chroma and Spectri, which also reported no association between
CFIrisk alleles and the rate of GA progression.*3-° Although it
is still not clear why such results were observed in Mahalo, in
light of the results from Chroma and Spectri, one may hypoth-
esize that they may have been related to a small sample size and
may have occurred by chance.

A it st
3 LHTHESTIONS

Sirenet H

There are several strengths and limitations of these studies that
could affect the interpretation of the results. The randomiza-
tion of a large cohort; duplication of results across 2 identi-
cally designed, multicenter, double-masked, randomized clini-
cal trials; and good follow-up and adherence to the protocol
make it less likely that confounding or bias affected these
topline results. However, the results apply only to 48 weeks
of treatment and may not apply to all cases of GA. Based on
the inclusion and exclusion criteria of these trials, they may
not apply to patients with smaller or larger lesions, unilateral
GA, autofluorescence patterns other than banded or diffuse,
eyes with current or prior CNV, GA from causes other than AMD,
or earlier disease stages.

AAEEEEEEE R R R RN
Conclusions

In 2 identically designed phase 3 trials, lampalizumab, a
selective complement factor D inhibitor, did not reduce the en-
largement of GA lesions vs sham. The results highlight both
the potential burden of vision loss facing patients with bilat-
eral GA and the substantial retinal tissue loss that occurs
during 48 weeks. Further analysis of Chroma and Spectri, in-
cluding genotype-phenotype correlations enabled by whole-
genome sequencing, may yield additional insights into AMD
pathophysiology and support future clinical trials.

Ferrara, Tong, Ehrlich, Bressler.

Accepted for Publication: March 25, 2018.

Published Online: May 2, 2018.
doi: i8O8 g

113

Open Access: This article is published under the
JN-0A license and is free to read on the day of
publication.

Author Affiliations: Department of
Ophthalmology, University of Bonn, Bonn,
Germany (Holz); Doheny Eye Institute, Los Angeles,
California (Sadda); Department of Ophthalmology,
University of California at Los Angeles (Sadda);
Tennessee Retina, Nashville (Busbee); Division of
Epidemiology and Clinical Applications, National
Eye Institute, National Institutes of Health,
Bethesda, Maryland (Chew); Department of
Ophthalmology and Westmead Institute for Medical
Research, University of Sydney, Sydney, Australia
(Mitchell); Moorfields Eye Hospital, London, United
Kingdom (Tufail); Genentech Inc, a Member of the
Roche Group, South San Francisco, California
(Brittain, Ferrara, Gray, Honigberg, Martin, Tong,

H b
amacy
famas

Medicine, Baltimore, Maryland (Bressler); Editor,
JAMA Ophthalmology (Bressler).

Author Contributions: Drs Gray and Bressler had
full access to all the data in the study and take
responsibility for the integrity of the data and the
accuracy of the data analysis.

Study concept and design: Busbee, Chew, Mitchell,
Brittain, Ferrara, Ehrlich, Bressler.

Acquisition, analysis, or interpretation of data: Holz,

Sadda, Busbee, Chew, Tufail, Brittain, Ferrara, Gray,
Honigberg, Martin, Tong, Ehrlich, Bressler.
Drafting of the manuscript: Busbee, Tufail, Brittain,
Ferrara, Gray, Honigberg, Bressler.

Critical revision of the manuscript for important
inteflectual content: Holz, Sadda, Busbee, Chew,
Mitchell, Brittain, Ferrara, Gray, Martin, Tong,
Ehrlich, Bressler.

Statistical analysis: Gray, Martin, Tong.

Obtained funding: Ehrlich.

Administrative, technical, or material support:
Brittain, Tong, Ehrlich.

Study supervision: Holz, Busbee, Mitchell, Brittain,

Conflict of Interest Disclosures: All authors have
completed and submitted the ICMJE Form for
Disclosure of Potential Conflicts of Interest. Dr Holz
reported receiving consulting fees from Acucela,
Allergan, Bayer, Genentech/Roche, GSK, Heidelberg
Engineering, Merck, Novartis, and Thrombogenics.
Dr Sadda reported serving as a consultant for
Allergan, Carl Zeiss Meditec Inc, Centervue, F.
Hoffmann-La Roche Ltd, Genentech Inc,
Heidelberg Engineering, Iconic, Novartis, Optos
PLC, and Thrombogenics; and receiving research
support from Allergan, Carl Zeiss Meditec Inc,
Genentech Inc, and Optos PLC. Dr Busbee reported
serving as a consultant for Aerpio, Genentech Inc,
and Valeant; and receiving royalties from Akorn. Dr
Mitchell reported serving as a consultant for
Abbott, Allergan, Bayer, Novartis, and Roche. Dr
Tufail reported serving as a consultant for Allergan,
Bayer, Genentech Inc, Genentech/Roche, GSK,
Heidelberg Engineering, Novartis, and
Thrombogenics; and receiving research support
from Bayer and Novartis. Drs Brittain, Ferrara, Gray,

JAMA Ophthalmology June2018 Volume 136, Number 6

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 10/25/2021

673



674

Efficacy and Safety of Lampalizumab for Geographic Atrophy Due to Age-Related Macular Degeneration

Research

Honigberg, Martin, and Ehrlich are employees of
Genentech Inc. Dr Tong reported being a former
employee of Genentech Inc, and was an employee
of Genentech Inc at the time of manuscript
development. Dr Bressler reported serving as
principal investigator of grants at Johns Hopkins
University sponsored by the following entities (not
including the National Institutes of Health): Bayer,
Genentech Inc, Novartis, and Samsung. The
Department of Ophthalmology, University of Bonn,
has received nonfinancial support for supply of
technical equipment by several imaging device
manufacturers, including Centervue, Heidelberg
Engineering, Optos, and Zeiss Meditec and has
received research grants from Acucela, Alcon,
Allergan, Bayer, Formycon, Genentech/Roche,
Heidelberg Engineering, and Novartis. No other
conflicts were reported.

Funding/Support: Funding was provided by F.
Hoffmann-La Roche Ltd for third-party writing
assistance, which was provided by Kathryn H.
Condon, PhD, CMPP, Envision Pharma Group.

Role of the Funder/Sponsor: The funding source
was involved in design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Group Information: The Chroma Study
Investigators include Federico Furno Sola, Grupo
Laser Vision, Rosario, Argentina; Patricio
Schlottmann, Organizacion Medica De
Investigacion, Capital Federal, Argentina; Alberto
Zambrano, Fundacion Zambrano, Caba, Argentina;
Carlos Zeolite, Oftar, Mendoza, Argentina; Jennifer
Arnold, Marsden Eye Research Centre, Parramatta,
Australia; Mark Gillies, Save Sight Institute, Sydney,
Australia; Alan Luckie, Eyeclinic Albury Wodonga,
Albury, Australia; Paul Mitchell, Sydney West Retina,
Westmead, Australia; Nicole Schneltzer, Kepler
Universitatskliniken Gmbh-Med Campus lii; Abt Fiir
Augenheilkunde, Linz, Austria; Julie De Zaeytijd, Uz
Gent, Gent, Belgium; Shelley Boyd, St Michael's
Hospital, Toronto, Canada; Alan Cruess, Qeii-Hsc
Department of Ophthalmology, Halifax, Canada;
Peter Kertes, Sunnybrook Health Sciences Centre,
Toronto, Canada; Laurent Lalonde, Institut De L'oeil
Des Laurentides, Boisbriand, Canada; David
Maberley, University of British Columbia,
Vancouver, Canada; Caroline Laugesen, Sjellands
Universitetshospital, Roskilde; @jenafdelingen,
Roskilde, Denmark; Bahram Bodaghi, Ch Pitie
Salpetriere; Ophtalmologie, Paris, France; Salomon
Yves Cohen, Centre Ophtalmologique; Imagerie et
Laser, Paris, France; Catherine Francais, Centre
Odeon; Exploration Ophtalmologique, Paris,
France; Eric Souied, Chi De Creteil; Ophtalmologie,
Creteil, France; Ramin Tadayoni, Hopital
Lariboisiere; Ophtalmologie, Paris, France; Lebriz
Altay, Universitatsklinikum Kéln; Augenklinik, K&ln,
Germany; Nicole Eter, Universitatsklinikum
Miinster; Augenheilkunde, Miinster, Germany;
Nicolas Feltgen, Universitdtsmedizin Gottingen
Georg-August-Universitat; Klinik Fiir
Augenheilkunde, Gottingen, Germany; Carsten
Framme, Medizinische Hochschule Hannover, Klinik
Fiir Augenheilkunde, Hannover, Germany; Salvatore
Grisanti, Universitatskliniikum Schleswig-Holstein,
Campus Libeck, Klinik Fiir Augenheilkunde,
Liibeck, Germany; Frank Holz,
Universitats-Augenklinik Bonn, Bonn, Germany;
Daniel Pauleikhoff, Augenabteilung Am St

Franziskus-Hospital, Munster, Germany; Andras
Seres, Budapest Retina Associates Kft., Budapest,
Hungary; Attila Vajas, Debreceni Egyetem Klinikai
Kozpont; Szemeszeti Klinika, Debrecem, Hungary;
Balazs Varsanyi, Ganglion Medical Center, Pecs,
Hungary; Francesco Boscia, Azienda Ospedaliero
Universitaria Di Sassari; U. O. Oculistica, Sassari,
Italy; Maria Cristina Parravano, Fondazione G. B.
Bietti Per Lo Studio E. La RicercaIn
Oftalmologia-Presidio Ospedaliero Britannico,
Roma, Italy; Federico Ricci, Fondazione Ptv
Policlinico Tor Vergata Di Roma; UOSD Patologie
Renitiche, Roma, Italy; Francesco Viola, Fondazione
IRCCS Ca’ Granda Ospedale Maggiore
Policlinico-Clinica Regina Elena; U. O. C. Oculistica,
Milano, Italy; David Lozano Rechy, Macula Retina
Consultores, Mexico, DF, Mexico; Virgilio Morales
Canton, Hospital De La Ceguera Apec, Mexico, DF,
Mexico; G. Dijkman, Leids Universitair Medisch
Centrum, Leiden, Netherlands; Reinier
Schlingemann, Academisch Medisch Centrum
Universiteit Amsterdam, Amsterdam, Netherlands;
Guillermo Reategui, Clinica Anglo Americana, Lima,
Peru; Dorota Raczyriska, Optimum Profesorskie
Centrum Okulistyki, Gdarisk, Poland; Bozena
Romanowska-Dixon, Sp Zoz Szpital Uniwersytecki
W Krakowie Oddziat Kliniczny Okulistyki | Onkologii
Okulistycznej, Krakow, Poland; Slawomir Teper,
Gabinet Okulistyczny Prof Edward Wylegala,
Katowice, Poland; Marek Kacerik, Fakultna
Nemocnica Trencin Ocna Klinika, Trencin, Slovakia;
Blandina Lipkova, Fakultna Nemocnica S
Poliklinikou Zilina; Ocne Oddelenie, Zilina, Slovakia;
Hedviga Mikova, Nemocnica Sv. Michala, AS,
Bratislava, Slovakia; Javier Araiz, Instituto Clinico
Quirurgico De Oftalmologia-lcqo, Bilbao, Spain;
Luis Arias, Hospital Universitari De Bellvitge;
Servicio De Oftalmologia, Hospitalet De Llobregat,
Spain; Jorge Mataix, Fisabio. Fundacion
Oftalmologica Del Mediterraneo, Valencia, Spain;
Jordi Mones, Institut De La Macula | La Retina,
Barcelona, Spain; Javier Montero, Hospital
Universitario Rio Hortega; Servicio De Oftalmologia,
Valladolid, Spain; Laura Sararols, Hospital General
De Catalunya, Sant Cugat Del Vallés, Spain; Stephan
Michels, Stadtspital Triemli; Augenklinik, Zirich,
Switzerland; Christopher Brand, Royal Hallamshire
Hospital, Sheffield, UK; Baljean Dhillon, The
Princess Alexandra Eye Pavilion, Edinburgh, UK;
Anita Agarwal, Vanderbilt University, Nashville,
Tennessee; Virgil Alfaro, Charleston Neuroscience
Institute, Ladson, South Carolina; Brad Baker,
Vitreo-Retinal Associates, PC, Worcester,
Massachusetts; Brian Berger, Retina Research
Center, Austin, Texas; Robert Bhisitkul,
Ophthalmology, University of California San
Francisco; Barbara Blodi, University of Wisconsin,
Madison; David Boyer, Retina-Vitreous Associates
Medical Group, Beverly Hills, California; H. Logan
Brooks Jr, Southern Vitreoretinal Associates,
Tallahassee, Florida; Stuart Burgess, Fort
Lauderdale Eye Institute, Plantation, Florida;
Brandon Busbee, Tennessee Retina PC, Nashville;
Miguel Busquets, Associates in Ophthalmology,
West Mifflin, Pennsylvania; David Callanan, Texas
Retina Associates, Arlington; Clement Chan,
Southern California Desert Retina Consultants,
Palm Desert; Jeffrey Chang, Lahey Clinic Medical
Center, Peabody, Massachusetts; Sanford Chen,
Orange County Retina Medical Group, Santa Ana,
California; James Combs, Eye Surgeons of
Richmond Inc, Dba Virginia Eye Institute,
Richmond; Dilsher Dhoot, California Retina

JAMA Ophthalmology June 2018 Volume 136, Number 6

Consultants, Bakersfield; Pravin Dugel, Retinal
Research Institute LLC, Phoenix, Arizona; David
Eichenbaum, Retina Vitreous Associates of Florida,
Saint Petersburg; Richard Feist, University of
Alabama at Birmingham Clinical Research Unit;
Philip Ferrone, Long Island Vitreoretinal Consult,
Great Neck, New York; Howard Fine, New Jersey
Retina Research Foundation, Toms River; Jorge
Fortun, Bascom Palmer Eye Institute, Palm Beach
Gardens, Florida; Gregory A. Fox, Retina Associates,
Shawnee Mission, Kansas; Arthur Fu, West Coast
Retina Medical Group Inc, San Francisco, California;
Ronald Gentile, New York Eye & Ear Infirmary, New
York, New York; Ghassan Ghorayeb, West Virginia
University Eye Institute, Morgantown; Manjot Gill,
Northwestern Medical Group/Northwestern
University, Chicago, lllinois; Victor Gonzalez, Valley
Retina Institute PA, McAllen, Texas; Carmelina
Gordon, Specialty Eye Institute, Jackson,
Mississippi; Sunil Gupta, Retina Specialty Institute,
Pensacola, Florida; Robert Hampton, Retina
Vitreous Surgeons of Central New York, Syracuse;
Jeffrey Heier, Ophthalmic Consultants of Boston,
Boston, Massachusetts; Vrinda Hershberger, Florida
Eye Associates, Melbourne; Patrick Higgins, Retina
Center of New Jersey, Bloomfield; Darmalle,
Delaware Valley Retina Associates, Lawrenceville,
New Jersey; Ricky Isernhagen, Retina Associates of
Kentucky, Lexington; Randy Katz, Florida Eye
Microsurgical Institute, Boynton Beach; Gregg
Kokame, Retina Consultants of Hawaii, Aiea; Robert
Kwun, Retina Associates of Utah, Salt Lake City;
Paul Lee, Retina Consultants of Western New York,
Orchard Park; Seong Lee, Strategic Clinical
Research Group LLC, Willow Park, Texas; Sam
Mansour, Virginia Retina Center, Warrenton; Dennis
Marcus, Southeast Retina Center, Augusta, Georgia;
Raj Maturi, Midwest Eye Institute Northside,
Indianapolis, Indiana; Mark Michels, Retina Care
Specialists, Palm Beach Gardens, Florida; Jeffrey
Moore, Maine Eye Center, Portland; Jared Nielsen,
Wolfe Eye Clinic, West Des Moines, lowa; George
Novalis, Retina Centers PC, Tucson, Arizona;
Michael Ober, Retina Consultants of Michigan,
Southfield; Karl Olsen, Retina Vitreous Consultants,
Monroeville, Pennsylvania; Sunil Patel, Retina
Research Institute of Texas, Abilene; Dante
Pieramici, California Retina Consultants, Santa
Barbara; Paul Raskauskas, National Ophthalmic
Research Institute, Fort Myers, Florida; Soraya
Rofagha, East Bay Retina Consultants, Oakland,
California; Alan Ruby, Associated Retinal
Consultants PC, Royal Oak, Michigan; Todd
Schneiderman, Retina Center Northwest,
Silverdale, Washington; Steven Schwartz, Jules
Stein Eye Institute/University of California Los
Angeles; Rajiv Shah, Wake Forest Baptist Health Eye
Centre, Winston-Salem, North Carolina; Veeral
Sheth, University Retina and Macula Associates PC,
Oak Forest, lllinois; Lawrence Singerman, Retina
Associates of Cleveland Inc, Beachwood, Ohio; Rishi
Singh, Cleveland Clinic Foundation and Cole Eye
Institute, Cleveland, Ohio; Raymond Sjaarda, Retina
Specialists, Towson, Maryland; Glenn Stoller,
Ophthalmic Consultants of Long Island, Lynbrook,
New York; Robert Stoltz, Georgia Retina PC,
Marietta; Ivan Suner, Retina Associates of Florida
LLC, Tampa; Ali Tabassian, Retina Institute of
Virginia, Richmond; Ryan Tarantola, Retina
Specialty Institute, Pensacola, Florida; Allen Thach,
Retina Consultants of Nevada, Henderson; Rafael
Ufret-Vincenty, University of Texas Southwestern
Medical Center at Dallas; Robert Wirthlin, Spokane

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 10/25/2021



Efficacy and Safety of Lampalizumab for Geographic Atrophy Due to Age-Related Macular Degeneration

Eye Clinical Research, Spokane, Washington; Andre
Witkin, Tufts Medical Center Research, Boston,
Massachusetts; Robert Wong, Austin Retina
Associates, Austin, Texas; Matthew Wood, Eye
Surgical Associates, Lincoln, Nebraska; and Jeffrey
Zheutlin, Vitreo-Retinal Associates, Grand Rapids,
Michigan.

The Spectri Study Investigators include Arturo
Alezzandrini, Oftalmos, Capital Federal, Argentina;
Mauricio Martinez Cartier, Instituto De La Vision,
Capital Federal, Argentina; Devinder Chauhan,
Vision Eye Institute Eastern, Box Hill, Australia; Fred
Chen, The Lions Eye Institute, Nedlands, Australia;
Jagjit Gilhotra, Adelaide Eye and Retina Centre,
Adelaide, Australia; Robyn Guymer, Royal Victorian
Eye and Ear Hospital, East Melbourne, Australia;
Anthony Kwan, Queensland Eye Institute, Brisbane,
Australia; Ursula Schmidt-Erfurth, Medizinische
Universitat Wien; Universitatsklinik for
Augenheilkunde und Optometrie, Vienna, Austria;
Julie Jacob, Uz Leuven Sint Rafael, Leuven,
Belgium; Laurence Postelmans, Chu Brugmann
(Victor Horta), Brussels, Belgium; Michael Larsen,
Glostrup Hospital, @jenafdelingen, Forskningsafsnit
@37, Glostrup, Denmark; Catherine Creuzot
Garcher, Chu Bocage; Ophtalmologie, Dijon, France;
Francois Devin, Centre Paradis Monticelli;
Ophtalmologie, Marseille, France; Laurent
Kodjikian, Hopital De La Croix Rousse;
Ophtalmologie, Lyon Cedex, France; Jean Francois
Korobelnik, Hopital Pellegrin; Ophtalmologie,
Bordeaux, France; Saddek Mohand Said, CHNO des
Quinze Vingts; Ophtalmologie, Paris, France; Michel
Weber, Hopital Hotel Dieu Et Hme; Clinique
Ophtalmologique, Nantes, France; Hansjurgen
Agostini, Universitatsklinikum Freiburg, Klinik Fiir
Augenheilkunde, Freiburg, Germany; Gerd Auffarth,
Universitatsklinik Heidelberg; Augenklinik,
Heidelberg, Germany; Ulrich Bartz-Schmidt,
Universitatsklinikum Tbingen, Tiibingen, Germany;
Katharina Bell, Universitatsmedizin Der Johannes
Gutenberg-Universitdt Mainz, Augenklinik Und
Poliklinik, Mainz, Germany; Andreea Gamulescu,
Universitatsklinikum Regensburg, Klinik & Poliklinik
Fiir Augenheilkunde, Regensburg, Germany;
Lars-Olof Hattenbach, Klinikum Der Stadt
Ludwigshafen Am Rhein Ggmbh; Augenklinik,
Ludwigshafen, Germany; Chris P. Lohmann,
Klinikum Rechts der Isar der Tu Miinchen;
Augenklinik, Miinchen, Germany; Armin Wolf, Lmu
Klinikum der Universitat, Augenklinik, Minchen,
Germany; Janos Nemeth, Semmelweis Egyetem
Aok, Szemeszeti Klinika, Budapest, Hungary; Péter
Vamosi, Peterfy Sandor Utcai
Korhaz-Rendelointezet Es Baleseti Kozpont,
Szemeszet Kr, Budapest, Hungary; Balazs Varsanyi,
Ganglion Medical Center, Pecs, Hungary; Francesco
Bandello, IRCCS Ospedale San Raffaele; U. O.
Oculistica, Milano, Italy; Chiara Eandi, ASL Tol
Presidio Ospedaliero Sperino Oftalmico, Torino,
Italy; Paolo Lanzetta, AO Universitaria S. Maria Della
Misericordia Di Udine; Clinica Oculistica, Udine,
Italy; Massimo Nicolo, Universita’ Degli Studi Di
Genova-DiNOG; Clinica Oculistica, Genova, Italy;
Giovanni Staurenghi, Asst Fatebenefratelli Sacco;
Oculistica (Sacco), Milano, Italy; Gianni Virgili,
Azienda Ospedaliero-Universitaria Careggi; SOD
Oculistica, Firenze, Italy; Renata Garcia Franco,
Instituto Mexicano De Oftalmologia I.A.P.,
Querétaro, Mexico; Juan Ramirez Estudillo, Hospital
Nuestra Sefiora De La Luz, Mexico City, Mexico;
Carel Hoyng, Radboud University Nijmegen Medical
Centre; Ophthalmology, Nijmegen, Netherlands;

Carlos Fernandez, Centro De Investigacion
Oftalmolaser, Lima, Peru; Miguel Guzman, Tg Laser
Oftalmica, Lima, Peru; Silvio Lujan, Macula D&T,
Lima, Peru; Ewa Herba, Szpital Specjalistyczny Nr 1;
Oddzial Okulistyki, Bytom, Poland; Jozef Kaluzny,
Oftalmika Sp Z. O. O., Bydgoszcz, Poland; Marta
Misiuk-Hojto, Uniwersytecki Szpital Kliniczny;
Klinika Okulistyki, Wroctaw, Poland; Jerzy
Nawrocki, Klinika Okulistyczna Jasne Btonia, £6dz,
Poland; Angela Carneiro, Hospital De Sao Joao;
Servico De Oftalmologia, Porto, Portugal; Joao
Figueira, Espaco Medico Coimbra, Coimbra,
Portugal; Rufino Silva, Aibili-Association for
Innovation and Biomedical Research On Light,
Coimbra, Portugal; Sara Vaz-Pereira, Hospital De
Santa Maria; Servico De Oftalmologia, Lisboa,
Portugal; Elmira Abdulaeva, Sahi “Republic Clinical
Ophthalmological Hospial of Ministry of Heal of
Tatarstan Republic”, Kazan, Russian Federation;
Valery Erichev, Fsbi “Scientific Research Institute of
Eye Diseases" of Russian Academy of Medical
Sciences, Moscow, Russian Federation; Andrey
Zolotarev, St Educ Inst of High Prof Education
“Samara State Medical University”; Chair of
Ophathalmology, Samara, Russian Federation;
Andrej Cernak, Univerzitna Nemocnica Bratislava,
Nemocnica Sv Cyrila A. Metoda Ocna Klinika Szu a
Unb, Bratislava, Slovakia; Marta Figueroa, Vissum
Madrid Santa Hortensia, Madrid, Spain; Roberto
Gallego-Pinazo, Hospital Universitario La Fe:
Servicio De Oftalmologia, Valencia, Spain; Alfredo
Garcia-Layana, Clinica Universitaria De Navarra;
Servicio De Oftalmologia, Pamplona, Spain;
Francisco Gomez Ulla, Instituto Oftalmologico
Gomez Ulla, Santiago De Compostela, Spain; Rafael
Navarro, Instituto De Microcirugia Ocular,
Barcelona, Spain; Jose Manuel Ortiz, Hospital
Perpetuo Socorro; Servicio De Oftalmologia,
Albacete, Spain; Ramon Torres Imaz, Hospital
Universitario Clinico San Carlos; Servicio De
Oftalmologia, Madrid, Spain; Anders Kvanta, 5t
Eriks Eye Hospital, Stockholm, Sweden; Katja Hatz,
Vista Klinik Binningen, Binningen, Switzerland;
Sebastian Wolf, Inselspital Bern, Universitatsklinik
Fiir Augenheilkunde, Bern, Switzerland; Bora
Eldem, Hacettepe University Medical Faculty;
Department of Ophthalmology, Ankara, Turkey; Nur
Kir, Istanbul University Istanbul Medical Faculty;
Department of Ophthalmology, Istanbul, Turkey;
Jale Mentes, Ege University Medical Faculty;
Department of Ophthalmology, 1zmir, Turkey;
Osman Saatci, Dokuz Eylul University Medical
Faculty; Department of Ophthalmology, I1zmir,
Turkey; Gursel Yilmaz, Ankara Baskent University
Medical Faculty; Department of Ophthalmology,
Ankara, Turkey; Clare Bailey, Bristol Eye Hospital,
Bristol, UK; Sanjiv Banerjee, University Hospital of
Wales, Cardiff, UK; Andrew Browning, Royal
Victoria Infirmary, Newcastle Upon Tyne, UK;
Simona Esposti, Moorfields Eye Hospital NHS
Foundation Trust, London, UK; Richard Gale, The
York Hospital, York, UK; Faruque Ghanchi, Bradford
Royal Infirmary, Bradford, UK; Tim Jackson, Kings
College Hospital, London, UK; Andrew Lotery,
Southampton General Hospital, Southampton, UK;
Sajjad Mahmood, Macular Treatment Centre; Royal
Eye Hospital, Manchester, UK; Quresh Mohamed,
Gloucestershire Hospitals NHS Foundation Trust,
Gloucester, UK; Niro Narendran, The Royal
Wolverhampton Hospitals NHS Trust,
Wolverhampton, UK; lan Pearce, Royal Liverpool
University Hospital; St Paul's Clinical Eye Research
Centre, Liverpool, UK; Michael Williams, Royal

1t Research

Victoria Hospital, Belfast, UK; Prema Abraham,
Black Hills Regional Eye Institute, Rapid City, South
Dakota; Gary Abrams, Kresge Eye Institute, Detroit,
Michigan; Sean Adrean, Retina Consultants of
Orange County, Fullerton, California; Virgil Alfaro,
Charleston Neuroscience Institute, Ladson, South
Carolina; Andrew Antoszyk, Charlotte Eye Ear Nose
& Throat Associates, Charlotte, North Carolina; Carl
Baker, Paducah Retinal Center, Paducah, Kentucky;
Richard Breazeale, Southeastern Retina Associates
Chattanooga, Chattanooga, Tennessee; William Z.
Bridges Jr, West Carolina Retinal Associates PA,
Asheville, North Carolina; H. Logan Brooks Jr,
Southern Vitreoretinal Associates, Tallahassee,
Florida; David M. Brown, Retina Consultants of
Houston, Houston, Texas; Jorge Calzada, Charles
Retina Institute, Germantown, Tennessee; Peter
Campochiaro, Wilmer Eye Institute, Baltimore,
Maryland; Nauman Chaudhry, Retina Group of New
England, New London, Connecticut; Lloyd Clark,
Palmetto Retina Center, West Columbia, South
Carolina; Brian Connolly, Retina Assoc of Western
New York, Rochester; Karl Csaky, Texas Retina
Associates, Dallas; Diana Do, University of Nebraska
Medical Center Truhlsen Eye Institute, Omaha;
Richard Dreyer, Retina Northwest, Portland,
Oregon; William Durant, Sierra Eye Associates,
Reno, Nevada; Alexander Eaton, Retina Health
Center, Ft Myers, Florida; David Eichenbaum,
Retina Vitreous Associates of Florida, St Petersburg;
Leonard Feiner, Retina Associates of New Jersey,
Teaneck; Henry Ferreyra, University of California
San Diego Shiley Eye Center, La Jolla; Christina
Flaxel, Oregon Health and Science University and
Casey Eye Institute, Portland; Scott Foxman, Retinal
& Ophthalmic Consultants PC, Northfield, New
Jersey; K. Bailey Freund, Vitreous-Retina-Macula,
New York, New York; Christine R. Gonzales, Retina
& Vitreous Center of Southern Oregon, Ashland;
Alan Gordon, Associated Retina Consultants,
Phoenix, Arizona; Larry Halperin, Retina Group of
Florida, Ft Lauderdale; Allen Ho, Mid-Atlantic
Retina, Huntingdon Valley, Pennsylvania; Nancy
Holekamp, Pepose Vision Institute, Chesterfield,
Missouri; Deeba Husain, Massachusetts Eye and Ear
Infirmary, Boston; Nieraj Jain, Emory University,
Atlanta, Georgia; Cameron Javid, Retina Associates
Southwest PC, Tucson, Arizona; Mark Johnson,
University of Michigan, Kellogg Eye Center, Ann
Arbor; Mark Johnson, Retina Group of Washington,
Chevy Chase, Maryland; Szilard Kiss, New York Weil
Cornell Medical Center, New York, New York;
Eleonora Lad, Duke University Eye Center,
Vitreoretinal, Durham, North Carolina; Theodore
Leng, Byers Eye Institute at Stanford, Palo Alto,
California; Mimi Liu, Colorado Retina Associates PC,
Golden; Nikolas London, Retina Consultants, San
Diego, California; Brian Madow, University of South
Florida, Tampa; Daniel Miller, Cincinnati Eye
Institute, Cincinnati, Ohio; Lawrence Morse,
University of California, Davis, Eye Center,
Sacramento; Jared Nielsen, Wolfe Eye Clinic, West
Des Moines, lowa; Matthew Ohr, Ohio State
University Eye Physicians & Surgeons, Columbus;
Scott Oliver, University of Colorado, Aurora; Sunil
Patel, Retina Research Institute of Texas, Abilene;
Joel Pearlman, Retinal Consultants Medical Group,
Sacramento, California; Dante Pieramici, California
Retina Consultants, Santa Barbara; Subhransu K.
Ray, Bay Area Retina Associates, Walnut Creek,
California; Carl Regillo, Mid Atlantic Retina,
Philadelphia, Pennsylvania; Robert Rosa, Scott and
White Hospital, Temple, Texas; Philip Rosenfeld,

JAMA Ophthalmology June2018 Volume 136, Number 6

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 10/25/2021

675



676

Research <

Bascom Palmer Eye Institute, Miami, Florida; David
Saperstein, Vitreoretinal Associates of Washington,
Bellevue; David Sarraf, Jules Stein Eye Institute/
University of California Los Angeles; Yevgeniy
Shildkrot, University of Virginia Ophthalmology,
Charlottesville; Raymond Sjaarda, Retina
Specialists, Towson, Maryland; Eric Suan, The
Retina Care Center, Baltimore, Maryland; Paul
Weishaar, Vitreo Retinal Consultants, Wichita,
Kansas; Mark Wieland, Northern California Retina
Vitreous Associates, Mountain View; David
Williams, Vitreoretinal Surgery, Edina, Minnesota;
Jonathan Williams, Retina Consultants of Southern
Colorado, Colorado Springs; and Charles C. Wykoff,
Retina Consultants of Houston, The Woodlands,
Texas.

Disclaimer: Dr Bressler is the editor of JAMA
Ophthalmology but was not involved in the editorial
review or the decision to accept the manuscript for
publication.

Previous Presentation: This study was presented
at the 2018 Association for Research in Vision and
Ophthalmology Annual Meeting; May 2, 2018;
Honolulu, Hawaii.

1. Flaxman SR, Bourne RRA, Resnikoff S, et al;
Vision Loss Expert Group of the Global Burden of
Disease Study. Global causes of blindness and
distance vision impairment 1990-2020:

a systematlc review and meta anaIyS|s i

2. Rudnicka AR, Kapetanakis VV, Jarrar Z, et al.
Incidence of late-stage age-related macular
degeneration in American whites: systematic
review and meta-analysis.

3. Wong WL, SuX, Li X, et al. Global prevalence of
age-related macular degeneration and disease
burden projection for 2020 and 2040: a systematic
review and meta-analysis. L&

4. Brown DM, Kaiser PK, Michels M, et al; ANCHOR
Study Group. Ranibizumab versus verteporfin for
neovascular age-related macular degeneratlon

5. Heier JS, Brown DM, Chong V, et al; VIEW 1and
VIEW 2 Study Groups. Intravitreal aflibercept (VEGF
trap eye) in wet age- reIated macular degeneratlon

6. Rosenfeld PJ, Brown DM, Heier JS, et al;
MARINA Study Group. Ranibizumab for neovascuIar
age- related macuIardegeneratlon N

A1G 1431,

7. Age-Related Eye Disease Study Research Group.
A randomized, placebo-controlled, clinical trial of
high-dose supplementation with vitamins Cand E,
beta carotene, and zinc for age-related macular
degeneratlon and vision loss: AREDS report no. 8.

OIS0

8. Age-Related Eye Disease Study 2 Research
Group. Lutein + zeaxanthin and omega-3 fatty acids
for age-related macular degeneration: the
Age-Related Eye Disease Study 2 (AREDS2)
randomlzed clinical trial. i

o

9. Brown JC, Goldstein JE, Chan TL, Massof R,
Ramulu P; Low Vision Research Network Study
Group. Characterizing functional complaints in

Efficacy and Safety of Lampalizumab for Geographic Atrophy Due to Age-Related Macular Degeneration

patients seeking outpatient low-vision services in
the Un|ted States. { 8

el

10. Sunness JS, Rubin GS, Applegate CA, et al.
Visual function abnormalities and prognosis in eyes
with age-related geographlc atrophy of the macuIa
and good V|suaI acuity. O e 18

(0
1. Sunness JS, Rubin GS, Zuckerbrod A, Applegate

CA. Foveal-sparing scotomas in advanced dry
age-related macular degeneratlon

12. Klein R, Meuer SM, Knudtson MD, Klein BE. The
epidemiology of progression of pure geographic
atrophy the Beaver Dam Eye Study Am i

13. Lindblad AS, Lloyd PC, Clemons TE, et al;
Age-Related Eye Disease Study Research Group.
Change in area of geographic atrophy in the
Age-Related Eye D|sease Study AREDS report
number 26. 4

14. Sunness JS. Reading newsprint but not
headlines: pitfalls in measuring visual acuity and
color vision in patients with buIIseye macqupathy
and other macular scotomas. &
2008201 8384

15. Fleckenstein M, Mitchell P, Freund KB, et al. The
progression of geographic atrophy secondary to
age- related macular degeneration. &

16. Sadda SR, Chakravarthy U, Birch DG, Staurenghi
G, Henry EC, Brittain C. Clinical endpoints for the
study of geographic atrophy secondary to
age-related macular degeneration. Kai

17. Ricklin D, Hajishengallis G, Yang K, Lambris JD.

Complement: a key system for immune surve|||ance
and homeostasis.

O

18. WaIport MJ Complement second of two parts.

19. Ambati J, Atkinson JP, Gelfand BD. Immunology
of age- reIated macuIar degeneratlon Mot Mewv

20. Fritsche LG, Fariss RN, Stambolian D, Abecasis
GR, Curcio CA, Swaroop A. Age-related macular
degeneration: genetlcs and biology comlng

together o 2

21. Boyer DS, Schmidt-Erfurth U, van Lookeren
Campagne M, Henry EC, Brittain C. The
pathophysiology of geographic atrophy secondary
to age-related macular degeneration and the
complement pathway as a therapeutic target. &

22. Seddon JM, Cote J, Page WF, Aggen SH, Neale
MC. The US twin study of age-related macular
degeneratlon reIat|ve roles ofgenetlc and

23. Seddon JM, Silver RE, Kwong M, Rosner B. Risk
prediction for progression of macular degeneration:
10 common and rare genetic variants,
demographic, environmental, and macular
covar|ates

24. Lesavre PH, Miller-Eberhard HJ. Mechanism of
action of factor D of the alternative complement
pathway. .} £ :

JAMA Ophthalmology June 2018 Volume 136, Number 6

25. Volanakis JE, Narayana SV. Complement factor
D a noveI serine protease. !

26. Volanakis JE, Barnum SR, Giddens M, Galla JH.

Renal filtration and catabolism of complement
\',\Hh\v ':\"\\.\'\'\‘\

27. Katschke KJ Jr, Wu P, GanesanR, et al.
Inhibiting alternative pathway complement
activation by targeting the factor D exosite. f §

Iy ot
Choam
Lnem. A0

28. Loyet KM, Good J, Davancaze T, et al.
Complement inhibition in cynomolgus monkeys by
anti-factor D antigen-binding fragment for the
treatment of an advanced form of dry age-related
macular degeneratlon i

29. Yaspan BL, Williams DF, Holz FG, et al;
MAHALO Study Investigators. Targeting factor D of
the alternative complement pathway reduces
geographic atrophy progression secondary to
age-related macular degeneration. Sci Transl Med
2017-9(395) eaafl443. doi:i¢ S

30. World Medical Association. WMA Declaration
of Helsinki—ethical principles for medical research
|nvoIV|ng human subjects.

{

. Accessed October 25 2017

31. International Conference on Harmonisation of
Technical Requirements for Registration of
Pharmaceuticals for Human Use. ICH harmonised
tripartite guideline: guideline for good clinical

Published June 10, 1996

Accessed April 12,2018.
32. Medical Dictionary for Regulatory Activities,

version 20.0. bty .ovg. Published
March 2017. Accessed Apr|| 12 2018.

33. Busbee BG, Ho AC, Brown DM, et al; HARBOR
Study Group. Twelve-month efficacy and safety of
0.5 mg or 2.0 mg ranibizumab in patients with
subfoveal neovascular age-related macuIar
degeneration. &

HEE R

34. Sunness JS, Gonzalez-Baron J, Bressler NM,
Hawkins B, Applegate CA. The development of
choroidal neovascularization in eyes with the
geographic atrophy form of age related macular
degeneration. Ophih 1%

35. Holz FG, Bindewald-Wittich A, Fleckenstein M,
Dreyhaupt J, Scholl HP, Schmitz-Valckenberg S;
FAM-Study Group. Progression of geographic
atrophy and impact of fundus autofluorescence
patterns in age-related macular degeneratlon

36. Macular Photocoagulation Study Group. Risk
factors for choroidal neovascularization in the
second eye of patients with juxtafoveal or
subfoveal choroidal neovascularization secondary
to age-related macular degeneratlon f

37. Solomon SD, Jefferys JL, Hawkins BS, Bressler
NM, Bressler SB; Submacular Surgery Trials
Research Group. Risk factors for second eye
progression to advanced age-related macular

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 10/25/2021



Efficacy and Safety of Lampalizumab for Geographic Atrophy Due to Age-Related Macular Degeneration

degeneration: SST report No. 21 Submacular
Surgery Trlals Research Group. Ret

38. ApeIIis Pharmaceuticals. Apellis
Pharmaceuticals announces that APL-2 met its
primary endpoint in a phase 2 study in patients with
geographic atrophy, an advanced form of
age-related macular degeneration.

Published
August 24, 2017. Accessed February16 2018.

39. ClinicalTrials.gov. CLG561 proof-of-concept
study as a monotherapy and in combination with
LFG316 in subJects with geographic atrophy (GA).

Accessed December 6,2017.

ama
famar

40. Ophthotech. Ophthotech provides update on
Zimura complement programs for treatment of eye
dlseases i

T t. Published September19 2017 )
Accessed February 16, 2018.

41. Yehoshua Z, de Amorim Garcia Filho CA, Nunes
RP, et al. Systemic complement inhibition with
eculizumab for geographic atrophy in age-related
macular degeneratlon the COMPLETE study

42. ZamiriP. Complement C5 inhibition for AMD.
Paper presented at: Angiogenesis; February 6,
2016; Miami, FL.

JAMA Ophthalmology June2018 Volume 136, Number 6

Research

43. Wurzelmann JI, Lopez FJ, Fries M, et al. SNPs
associated with complement factor | do not predict
4-month lesion growth rate in geographic atrophy
[ARVO abstract]. invest Ophthalmol Vis Sci. 2015;56
(7):2850.

44. Yehoshua Z, de Amorim Garcia Filho CA, Nunes
RP, et al. Association between growth of
geographic atrophy and the complement factor |
locus. ¢ 5

45. Grassmann F, Fleckenstein M, Chew EY, et al.
Clinical and genetic factors associated with
progression of geographic atrophy lesions in
age related maculardegeneratlon Pl

© 2018 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 10/25/2021

677



