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Abstract

Within the past several decades, a brigade of dedicated researchers from around the world has
provided essential insights into the critical niche of immune-mediated inflammation in the
pathogenesis of age-related macular degeneration (AMD). Yet, the question has lingered as to
whether disease-initiating events are more or less dependent on isolated immune-related
responses, unimpeded inflammation, endogenous pathways of age-related cell senescence and
oxidative stress, or any of the other numerous molecular derangements that have been identified in
the natural history of AMD. There is now an abundant cache of data signifying immune system
activation as an impetus in the pathogenesis of this devastating condition. Furthermore, recent
rigorous investigations have revealed multiple inciting factors, including several important
complement-activating components, thus creating a new array of disease-modulating targets for
the research and development of molecular therapeutic interventions. While the precise in vivo
effects of complement activation and inhibition in the progression and treatment of AMD remain
to be determined, ongoing clinical trials of the first generation of complement-targeted
therapeutics are hoped to yield critical data on the contribution of this pathway to the disease
process.

History

The dysregulation of immunologic responses in the pathogenesis of retinal diseases, in
particular age-related macular degeneration (AMD), has long been under investigation, but it
is only recently that specific molecular mechanisms have been identified [1]. The phalanx of
mammalian immunity is controlled by two intercalated pathways: the innate and adaptive (or
acquired) systems. Innate immunity is simply defined as the immediate nonspecific host
response upon initial encounter with the pathogen. There is mounting evidence that immune
complement, a major humoral component of the innate immune system, plays a major role
in AMD pathobiology [2]. Immune complements mediate the opsonization and clearance of
pathogens through the classical, alternative and lectin pathways, all of which feed into a
common terminus (fig. 1). The alternative and lectin pathways differ from the classical
pathway in that no specific antibody-antigen interaction is required for complement-
mediated cell lysis.
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Inappropriate activation of complement activation occurs in several immunovascular
diseases, including glomerulonephritis and rheumatoid arthritis. This immune-mediated
inflammation ultimately serves to repair damaged tissue via cellular remodeling,
neovascularization and scar formation. However, when these processes beset the specialized
tissues of the eye, they often result in significant vision loss due to hyperplasia of the retinal
pigment epithelium (RPE), choroidal neovascularization (CNV), and disciform scarring.
Drusen, the hallmark of AMD, actually harbor many of these activated complement factors
and other inflammatory mediators that upregulate cytokines critical for CNV [3]. As
clinicians and scientists have long suspected, there is now convincing evidence that drusen
may not simply precede the pathogenic growth of choroidal blood vessels but actually
promote it through specific complement-related mechanisms that are discussed in further
detail below.

Key Concepts in Complement Biology

Excessive complement activation through the alternative pathway is proposed to
significantly contribute to the progression of AMD [4]. There are several critical
complement-mediated interactions which drive the feed-forward amplification of the
alternative pathway (fig. 2). Firstly, factor C3b binds to a diverse array of proteins and
polysaccharides present on pathogen membranes [5]. C3b is created upon cleavage of C3 in
a reaction carried out by C3 convertase. This enzyme may be formed as a complex of C2a
and C4b in the classical or lectin pathways or in the alternative pathway as a complex of the
factor D cleaved component of factor B (Bb), properdin (factor P) and hydrolyzed C3 [6].
The different forms of C3 convertase channel into a common pathway that supplies the
complement cascade with ample C3b, as well as C3a and C5a, both potent anaphylatoxins
that mediate leukocyte chemotaxis. It is important to note that the C3a/C5a ligand receptors,
C3aR and C5aR, are not only present on circulating proinflammatory leukocytes and mast
cells, but also within the retinal nerve fiber and inner plexiform layers [7]. These findings
suggest that in situ C3a/Cba generation may directly induce cellular alterations in neural
retinal elements independent of leukocyte mediation. In the common terminal pathway, a
secondary product of C5 cleavage, C5b, assembles with complement factors 6-9 to form the
membrane attack complement which destroys cells to which it binds. An endogenous
soluble complement inhibitor, complement factor H (CFH), is also present and capable of
inactivating C3b through factor | binding [8] thus preventing complement-mediated host cell
death in tissues. CFH is expressed in the RPE and choroid [9], and is hypothesized to
damper complement-mediated inflammation.

Previously, activation of the classical pathway was not purported to be a major contributory
factor in AMD, as little evidence of antibody-mediated complement fixation or localization
of specific classical pathway components existed in vivo [10, 11]. However, there are now
several studies showing genetic association data with classical pathway factors that are
mentioned in the next section. Mediators of the lectin pathway, namely the mannose-binding
lectin-associated proteases (MASP-1 and -2), have also been investigated as potential
disease modulators of AMD progression and pathologic neovascularization. As modern
research strives to unravel the complex interactions of the various complement pathways, the
number of potential therapeutic targets for immune-related diseases in the eye and elsewhere
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will continue to rise. Yet, with only a little more than a decade worth of advanced
biomedical and translational research focused on this problem, there are already a multitude
of major molecular discoveries that have propelled the development of specific complement
factor-targeted interventions currently in clinical trials.

Pathogenic Mechanisms and Metabolism

Our understanding of molecular mechanisms of AMD pathogenesis have undergone a
considerable shift with numerous laboratories and pharmaceutical ventures now studying the
specific mechanisms, genome-wide associations and effects of excessive complement
activation. The pioneering studies linking AMD and complement activation found evidence
of premature drusen deposition in patients with membranoproliferative glomerulonephritis
type Il [12, 13], a disease associated with mutations in the endogenous complement
inhibitor, CFH.

CFH quickly advanced to the frontier of AMD biology after a group of independent studies
simultaneously reported on a panel of single nucleotide polymorphisms (SNPs) within the
human CFH gene that dramatically increase the AMD risk [9, 14-16]. Overall, these studies
suggested that CFH accounts for approximately 50% of all cases of AMD. One of the
identified mutations, the Y402H variant, was shown to increase the AMD risk nearly 3-fold
in patients of European descent. The physiologic effects of the Y402H mutation may be
related to a reduction in the heparin binding affinity of CFH on cell membranes thereby
suppressing C3b inhibition and fueling alternative complement pathway activation [17].
Y402H has also been linked to other downstream molecular events, including decreased
neutralization of the proinflammatory lipid peroxidation product, malondialdehyde, leading
to IL-8 and TNF-a induction [18]. C-reactive protein (CRP), an acute-phase protein and
commonly employed systemic marker of inflammation that assists in complement-mediated
phagocytosis, was elevated in the blood of patients with AMD [19], but further data were
contradictory [20] perhaps due to patient variability. CRP was elevated in the choroids of
patients that are homozygous for the CFH risk allele, 402HH [21], and protein interaction
studies of CFH demonstrate that CRP is a binding partner [22], a function which is
significantly reduced with the 402HH gene product [23, 24]. The wide spectrum of
biochemical interactions with CFH has continued to grow, with recent evidence
demonstrating that a critical short consensus repeat region (SCR7) binds with fibulin-3
(EFEMP-1, 2p16), a protein found in drusen and an established locus for an inherited form
of familial drusen [25]. Further data revealed that exposure of human RPE cells harboring
pathogenic Cfh mutations to bis-retinoids found in the outer segments of diseased
photoreceptors resulted in significantly more complement activation than wild-type Cf cells
[26]. The functional association of CFH with AMD is further complicated by its alternative
splicing to FHL-1 (factor H-like 1) which also encodes SCR7 [27] as well as flanking
related genes, CFHR1 and CFHR3, which are linked to AMD pathogenesis [28]. Many
investigators have utilized mouse models in order to improve our basic understanding of
alternative complement activation in retinal homeostasis and in the progression of atrophy
and CNV formation.
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Interestingly, the first mouse models of CFH deficiency did not reveal a robust phenotype
and showed limited structural abnormalities which occur in the human condition of AMD
[29]. This weak phenotype may be explained by biological differences between total gene
deletion versus expression of the mutant Cff gene as well as divergences in human and
mouse complement function. Aged RPE contained less CFH, a process postulated to be
related to the photooxidation of photoreceptor outer segments and the generation of reactive
oxygen species, both of which are known to occur in AMD [30]. In further studies, aged
Cff-deficient mice (up to 2 years) demonstrated pathologic features such as increased
formation of subretinal and mesangial deposits [31] with retinal vasculature significantly
attenuated at 1 year [32]. Aged Cff+deficient mice fed a high glycemic index diet developed
AMD-like features, including basal laminar deposits, RPE de-pigmentation and vacuolation
[33]. An important observation in another study of aged Cf# null mice showed that
concomitant loss of C3worsened retinal function with enhanced deposition of inflammatory
markers [34]. These data suggest that over time unimpeded alternative pathway activation
may promote RPE degeneration and pathologic angiogenesis, but that blockage via C3
inhibition may not be beneficial in patients with pathogenic Cf mutations.

As of 2015, data on the importance of CFH in AMD pathogenesis have been validated in
numerous cohorts building a significant case for the potential of therapeutic blockade of
complement activation in the treatment of this disease. C3 and CFH SNPs showed
significant environmental interactions with odds ratios for current smokers’ rising to nearly
10 with those homozygous of C3 SNP and even higher for Y402H [35]. Recent data
highlight the importance of cigarette smoke-induced oxidative stress in RPE cells with
accumulation of inflammatory lipid deposits and excessive alternative complement
activation in cell culture and animal models [36, 37]. Subsequent studies confirmed the
increased prevalence of AMD in carriers of the CFH variants [38—40] and also identified
SNPs in the C2, C3, and complement factor B (CFB) and | (CFI) genes that were associated
with AMD [41-43]. Cfbexpression is increased in aged RPE cells with strong basal
localization along with enhanced deposition of C3/C3a [44]. A major question in
complement biology is which specific pathways are required and active during AMD
progression. Data demonstrating the genetic association of an SNP of C1 inhibitor (also
known as SERPING1) with AMD reinvigorated the hypothesis that classical complement
activation is at least partially contributory to AMD progression [45]. In support of this
theory, experiments with an established model of CNV formation with laser injury in mice
revealed that the presence of a functional alternative pathway is essential for promotion of
angiogenesis but is not independently sufficient to induce the phenotype [46, 47].
Conditional reconstitution of functional C7bin a deficient transgenic mouse strain similarly
increased CNV size in the laser model. Collectively, these data are interpreted to hypothesize
that the alternative complement activation is a critical component in this accelerated animal
model of CNV formation [48]. This has led other research groups to rigorously dissect the
components of alternative pathway signaling in AMD to identify other potential targets.
Complement factor D (CFD), a self-inhibited serine protease involved in alternative pathway
activation, was linked to AMD in a single study but has not been independently confirmed
[49]. Less-studied regulators of complement activation are being investigated with some
encouraging results, including CD59, which exhibited altered expression levels in animal
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models and human eyes with AMD but without evidence of any SNP associations [50-52].
Most importantly, the clinical significance of this strong genetic signature of complement
activation in AMD is now being translated in early and advanced human trials targeting
various alternative pathway components with next-generation biologics.

An area of critical scientific work is linking complement activation to specific molecular
events in order to determine the pathologic effects of complement activity in AMD. A
widely reported hypothesis is that the formation of inflammatory complement byproducts,
most notably, C3a and C5a, are responsible of instigating AMD progression. These potent
chemoattractant factors were specifically localized to AMD drusen compared to non-AMD
peripheral drusen from aged human eyes [53]. In the same study, C3a and C5a upregulated
the expression of VEGF-A, a cytokine required for CNV progression. In vitro, primary
human RPE cell isolates treated with C3a or C5a for 8 h secreted significantly more VEGF-
A in both confluent and subconfluent cultures (correlates of healthy and degenerative RPE
states, respectively) [53]. Whereas an immortalized RPE cell line, D407, exhibited similar
responses after C3a/Cbha stimulation, primary human choroidal endothelial cells did not. In
vivo, VEGF-A concentrations in RPE/choroid peaked just 4 h after intravitreous C3a/C5a
administration in a dose-dependent fashion demonstrating the tissue-localized and rapid
response to these anaphylatoxins. The temporal kinetics of this swift inflammatory reaction
suggests that RPE cells, and likely other resident and infiltrating cells, play a major role in
VEGF-A production after complement activation (fig. 3). Further investigations
demonstrated that exposure of human RPE cells to oxidative stress induced complement
activation, subsequent upregulation of matrix metalloproteases (MMP-2/MMP-9) and
VEGF-A secretion [54]. While these effects are observed in both cell culture and animal
models, several lines of evidence have pointed to the significance of infiltrating cell types in
the amplification of cytokine expression with complement activation in vivo. Retinal
microglia expressed increased C3 in both phototoxicity and aging models [55, 56], and
exposure of RPE to supernatant from activated macrophages hugely elevated CFB and C3
levels [57]. In the mouse model of laser-induced CNV, infiltrating VEGF-A-expressing
macrophages were found in areas of pathologic vasculature along with increased deposition
of complement components [58]. C3a/Cba levels are selectively increased in the RPE/
choroid 12 h after photocoagulation and blockade of C3a and C5a, as in transgenic mice
deficient in C3aRand C5aR, VEGF-A production is suppressed both 1 and 3 days after laser
treatment. Given that VEGF-A production peaks at 3 days in this animal model, a time point
which coincides with maximal macrophage infiltration, implementing a strategy to
neutralize C3a/C5a signaling may also significantly inhibit leukocyte trafficking. In
corroboration with this hypothesis, C3aR/C5aR null mice exhibited decreased neutrophils
and macrophages in RPE/choroid tissues after laser injury resulting in decreased CNV
formation. In conclusion, the amplified generation of C3a and C5a fragments during
complement activation and the rapid downstream upregulation of VEGF-A may explain the
abrupt switch-like progression to neovascular AMD in patients with previously dry fundus
examinations. In summary, this expanding cache of data supports the direct response of
complement production on proangiogenic cytokine secretion in the retina and a strong
paracrine effect between microglia and activated macrophages and RPE further promoting a
pharmacologic strategy of complement inhibition in the treatment of AMD.
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Implications for Retinal Pharmacotherapy

Even though the field of complement biology within the domain of ophthalmic science is
relatively young, a host of new and established pharmaceutical companies are targeting this
pathway with novel molecular therapeutics (fig. 4). Already in the past 5 years, there has
been a massive shift in the complement pharmaceutical space with numerous consolidations,
failed ventures and negative results. Given the provocative genetic association of
hypomorphic CFH SNPs and AMD, many drug development efforts focused on strategies to
restore CFH or suppress alternative pathway activity. Several early stage companies focused
on the synthesis and delivery of recombinant human CFH, yet no clinical trials in AMD have
been initiated to date. One drug design (TT30/ALXN1102) consisted of a complement
receptor (CR2) fused to a CFH fragment and was in a trial for the treatment of another
complement-mediated disease, paroxysmal nocturnal hemoglobinuria, until being recently
terminated [59]. There are currently no other active efforts for CFH replacement therapy.

Given that most complement activity channels through C3 and C5, these factors have
provided two major targets for intervention. In 2007, the first FDA-approved complement
inhibitor reached the market, an anti-C5 humanized monoclonal antibody (eculizumab,
Solaris™) developed by Alexion for the treatment of paroxysmal nocturnal hemoglobinuria.
In 2014, data were presented from a phase |1 trial comparing the efficacy of eculizumab with
placebo in patients with advanced dry AMD or geographic atrophy. Thirty eyes were
enrolled in a 2: 1 randomization to high and low doses of C5 antibody treatment, but there
were no significant changes in expansion of atrophy at the 6-month endpoint [60].
Ophthotech is in phase I trials of its anti-C5 aptamer, ARC1905/Zimura®, to study its safety
profile and efficacy when used in combination with anti-VEGF-A antibodies for the
treatment of idiopathic polypoid choroidal vasculopathy, a variant of neovascular AMD that
is also associated with multiple SNPs in the complement alternative pathway [61, 62]. Most
efforts to translate complement inhibition have strategized in favor of targeting C5, as there
are no known endogenous C5 inhibitors and activation may occur independent of C3. A
single dose-escalation study of a rediscovered small molecule C3 inhibitor, compstatin
(POT-4), was studied in a phase I clinical trial in patients with neo-vascular AMD without
any preliminary signs of efficacy and no evidence of toxicity in the midrange doses [63].
This compound was not studied further although a second generation C3 inhibitor derived
from compstatin (APL-2) may be studied in a follow-up trial.

Other approaches to alternative pathway inhibition have included targeting CFB using a
humanized monoclonal antibody, but there are no clinical trials planned at this stage. CFD
SNPs were identified in patients with AMD, but this association was mostly found in
females and was not observed in additional cohorts [64, 65]. Yet, animal models revealed
that CFD inhibition prevented photoreceptor cell death [66] supporting the rationale for
ongoing clinical studies of an anti-CFD monoclonal antibody fragment (FCFD4514S/
lampalizumab; Genentech). Intra-vitreous injection of lampalizumab showed no retinal
toxicity [67], and in a completed phase 1l study (MAHALO), expansion of RPE atrophy in
advanced dry AMD is slowed by 20% with monthly lampalizumab (10 mg) and by over
40% in patients with an associated SNP in Cf7at 18 months [68]. Phase 11 studies of
lampalizumab are now underway comparing sham versus treatment every 4 or 6 weeks in
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Cfibiomarker-positive and -negative patients with the primary endpoint of aggregate
geographic atrophy size measured at 1 year. While there are likely many more startups and
lead compounds under investigation at larger pharmaceutical companies, determining the
efficacy of complement inhibition in the treatment of neovascular and advanced dry AMD in
large clinical trials will be the next major step in improving the molecular and clinical
implications of this complex biological pathway within the context of this blinding disease.

Conclusion

Major scientific breakthroughs within the past decade revealed that complement
dysregulation may provide a critical component to the inflammatory siege in the
pathogenesis of AMD. Many of the specific complement factors responsible for these
deleterious effects were identified through genome-wide association and functional studies
in vivo. CFH, C2, C3 and CFB have all been genetically tied to AMD; however, the
association data for CFH remain the most startling with mutations in this endogenous
complement inhibitor accounting for approximately 50% of this disease. C3a and C5a,
which are generated as byproducts of the common complement pathway and localized to
AMD drusen, induce the expression of VEGF-A which increased the formation of CNV.
Pharmacologic inhibition of the alternative complement pathway either via introduction of
recombinant complement inhibitors or neutralization of specific complement factors is a
valuable strategy to halting this disease. Significant advancements in clinical trials have
translated this approach into a potential therapeutic for the treatment of geographic atrophy.
In the coming years, fundamental knowledge will be acquired about the role of complement
inhibition and the efficacy of the specific inhibitors as more clinical trials are conducted.
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Fig. 1.

There are three pathways to complement activation. To date, complement activation is
known to occur through the classical, alternative and lectin pathways. These inter-related
molecular cascades share their ability to induce the assembly of C3 convertase, an enzyme
that cleaves C3 to its active by products, C3a and C3b. C3 activation channels into a terminal
pathway via C5 that leads to the assembly of the membrane attack complement. Classical
complement activation is initiated by antibody/antigen recognition, C1 binding and
formation of classical C3 convertase, C4bC2a. Conversely, the alternative pathway does not
require immunoglobulin and is perpetuated by the binding of C3b to microorganisms and
cell surfaces in order to join with cleaved factor B, Bb, and form C3bBb. This complex
serves as the alternative form of C3 convertase and regenerates C3b thereby creating a
feedback amplification loop. The lectin pathway is regulated by the proteases MASP-1 and
-2 which interact via mannose-binding lectin-bound microorganisms to aid in the formation
of C3 convertase. All three pathways result in robust host responses to increase
opsonization, leukocyte chemotaxis and cell lysis.
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In the alternative pathway of complement activation, C3 convertase is spontaneously
produced by hydrolysis of C3 to form C3(H»0) in a process referred to as ‘tickover’. If CFH
is not sufficient to inhibit cell surface binding, then C3(H,0) will bind with Bb to form C3
convertase resulting in the activation of the downstream complement cascade. MAC=

Membrane attack complement.
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Drusen promote CNV via C3a/C5a induction of VEGF-A. Complement factors are abundant

in drusen and lead to the activation of numerous inflammatory pathways. C3a and C5a

upregulate RPE production of VEGF-A and MMPs which are able to stimulate choroidal

endothelial cells to proliferate, migrate and form leaky vasculature beneath Bruch’s

membrane, as in occult CNV, or breakthrough to sub-RPE space and neural retina layers, as

in classical CNV. Activated macrophages and microglia also express complement

components and secrete additional proinflammatory cytokines that promote pathologic

angiogenesis.
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Cgmplement factors are targets for pharmacologic inhibition in retinal disease. Numerous
therapeutic targets for complement pathway inhibition are investigated in preclinical and
clinical investigations. Alexion engineered a whole 1gG humanized antibody (eculizumab)
against C5 which was tested in a phase Il trial with negative results. Ophthotech developed a
pegylated RNA aptamer (ARC1905/Zimura®) that also neutralizes C5 and is currently in a
phase I trial for the combination treatment of polypoid choroidal vasculopathy. Potentia
revived a previously described small-molecule inhibitor of C3, compstatin, which completed
phase I trials for the treatment of wet AMD with no preliminary signature of efficacy.
Genentech has advanced the anti-CFD antibody fragment, lampalizumab, to phase 111 trials
for the treatment of geographic atrophy; 1-year results are anticipated in early 2016 for this
important trial.
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