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A B S T R A C T   

The eye presents a unique opportunity for complement component 3 (C3) therapeutics. Drugs can be delivered 
directly to specific parts of the eye, and growing evidence has established a pivotal role for C3 in age-related 
macular degeneration (AMD). Emerging data show that C3 may be important to the pathophysiology of other 
eye diseases as well. This article will discuss the location of C3 expression in the eye as well as the preclinical and 
clinical data regarding C3’s functions in AMD. We will provide a comprehensive review of developing C3 in
hibitors for the eye, including the Phase 2 and 3 data for the C3 inhibitor pegcetacoplan as a treatment for the 
geographic atrophy of AMD. Developing evidence also points toward C3 as a therapeutic target for stages of AMD 
preceding geographic atrophy. We will also discuss data illuminating C3’s relationship to other eye diseases, such 
as Stargardt disease, diabetic retinopathy, and glaucoma. In addition to being a converging point and centerpiece 
of the complement cascade, C3 has broad effects as a multifaceted controller of opsonophagocytosis, microglia/ 
macrophage recruitment, and downstream terminal pathway activity. C3 is a crucial player in the pathophysi
ology of AMD but also seems to have importance in other diseases that are major causes of blindness. Directions 
for further investigation will be highlighted, as culminating evidence suggests that we may be approaching an era 
of C3 therapeutics for the eye.   

1. Introduction 

Mounting evidence indicates that there are C3 inhibition opportu
nities for the eye, one of the most necessary and precious sensory organs. 
Evidence has rapidly accumulated from a basic science perspective, from 
preclinical proof-of-concept studies and, in more recent years, from a 
number of clinical trials in the complement inhibition arena. These data 
indicate that therapeutic C3 targeting may hold clinical promise for 
several ocular inflammatory diseases. It is not surprising that C3 is at the 

center of these studies, given its pivotal role at the convergence of the 
classical, lectin, and alternative pathways. Detailed discussion of the 
numerous functions of C3 can be found in other reviews [1–3], and here 
we underscore how C3 plays multifaceted roles in the eye, an organ with 
neural tissue and immune privilege [4,5]. 

The eye presents unique opportunities for therapeutic development 
based on complement inhibition because of our ability to directly 
administer drugs to this organ (Fig. 1), from glaucoma drops to intra
vitreal drug injections for retinal diseases and extended-release implants 
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injected in the doctor’s office or surgically placed in the operating room 
[6,7]. More recent work in the ocular therapeutics space has included 
gene therapy vectors administered into the subretinal space either sur
gically or by intravitreal injection, suprachoroidal space delivery 
methods for posterior segment eye diseases, and a surgically implanted 
refillable port delivery system for longer-duration drug delivery [8–12]. 
Del Amo et al. provide more extensive discussion of drug delivery for the 
eye [13]. 

This review will discuss key ophthalmic diseases in which C3 tar
geting may play an important role in therapeutic development. The 
critical role of C3 in nonexudative age-related macular degeneration will 
be a major focus, given its recent Phase 3 clinical trial data, but other 
ophthalmic areas of potential impact will also be highlighted. 

2. Expression and location of C3 in the eye 

The location of pathophysiologic C3 ocular expression in animal 
models and humans is among the most important considerations in 
complement inhibition development. Even though the eye is a small 
organ, eye drops often do not provide adequate drug delivery to the 
posterior segment, and the retinal pigment epithelium (RPE) is a key 
barrier that may differentiate intravitreal vs. systemic or choroidal de
livery methods. Data on ocular complement expression have mostly 
focused on the retina because landmark genetic studies implicated 

complement variants in age-related macular degeneration (AMD) over 
15 years ago (see also Section 3 for additional information about AMD) 
[14–17]. As will be discussed below, while complement proteins are 
mostly synthesized by the liver, multiple groups have shown local 
complement protein expression within the eye; of particular note are the 
contributions by Pauly et al. and Anderson et al. [18,19]. 

To evaluate complement expression, Pauly and colleagues performed 
single-cell RNA sequencing from ~92,000 mouse retinal cells from 
C57BL/6 J mice and then validated the results with quantitative real- 
time PCR of mouse retinal cell types purified by immunomagnetic sep
aration [18]. They found that C3 was predominantly expressed in Müller 
cells and also notably expressed in retinal neurons (about 80% of retinal 
neurons were photoreceptors). Müller cells are glial cells that span the 
cellular layers of the retina, and the normal expression of C3 in these 
cells is likely related to their role in retinal neuron homeostasis. For 
example, C3 is known to be involved in synapse pruning, and the 
complement system may have a role in maintaining homeostasis in the 
aging retina [20,21]. Lesser amounts of C3 expression were found in 
retinal vascular cells, microglia, and the RPE. This C3 expression con
trasted with that of the terminal pathway complement components 
(C5–9), which were predominantly expressed in the RPE. Using a retinal 
ischemia/reperfusion model of retinal degeneration, Pauly et al. found 
that the main increase in C3 expression occurs in the RPE as well as in 
Müller cells and microglia [18]. Thus, there are local changes in the 

Fig. 1. Schematic of eye with potential routes of drug delivery. 
Adapted from Del Amo et al. with permission of the copyright holder [13]. 
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cellular expression of complement components in injured retinas. Of 
note, these studies were retina-focused and did not examine choroidal 
cells or anterior segment cells. In part, these findings point toward po
tential roles for C3 in cell maintenance within normal retinas, raising a 
hint of caution for C3 therapies. In this vein, C3-/- mice have shown 
electroretinogram abnormalities [21–23]. Nevertheless, it would be 
hard to extrapolate these latter findings to the human setting because 
there is likely a vast difference between a C3 deficiency resulting from 
gene knockout and an adult patient’s intermittent pharmacologic C3 
inhibition. Finally, with regards to single-cell expression data, it should 
be noted that animal data are needed but come with inherent limitations 
for complex diseases such as AMD. Therefore, human tissue from normal 
and diseased eyes is highly valuable. Menon and colleagues provided a 
single-cell transcriptomic atlas of the normal human neural retina [24]. 
While they did not focus exclusively on the complement system, their 
data showed C3 expression predominantly in the microglia rather than 
Müller cells and photoreceptors, contrasting some with the mouse data 
of Pauly and colleagues. 

An important contribution was made in 2010 by Anderson et al. 
when they reported complement protein expression in human retinal 
tissue including the neural retina, RPE, and choroid [19]. By quantita
tive real-time PCR they found a higher expression of alternative pathway 
complement components in the choroid than in the RPE or neural retina, 
a finding that is highly relevant to AMD (see Section 3). In their study, 
C3 expression was highest in the RPE-choroid. They found that C3 was 
one of the most highly-expressed complement components in the 
choroid, and C3 was particularly found within the choriocapillaris. 
Similarly, we have found C3 immunolabeling predominantly in the 
choriocapillaris of monkey eyes [25]. Of note, Anderson et al. found that 
C3 expression in the neural retina was about 16-fold lower than that in 
the RPE-choroid [19]. This finding is further supported by more recent 
data showing that mRNA and protein expression of complement com
ponents, including C3, was 15- to 100-fold lower in the neural retina 
than in the RPE-choroid in AMD eyes, regardless of their stage of AMD 
[26]. Anderson et al. reported minimal or no expression of C5 in the 
neural retina and RPE, with some degree of C5 expression detected from 
choroidal tissue. Thus, the report by Anderson et al. gives important data 
from human tissue that includes the choroid [19]. 

The literature related to complement expression in the anterior 
segment is more limited but deserves discussion. One group has shown 
the presence and a mildly higher level of complement mRNA, including 
C3, in primary human corneal epithelial cells from cadaveric donors that 
had been exposed to Pseudomonas aeruginosa strains [27]. Regarding the 
anterior segment, Montalvo et al. have reported complement deposition, 
including C3, on the cornea and lens capsule in a mouse model of 
experimental autoimmune uveitis [28]. Another group has used DNA 
microarrays to evaluate gene expression in various compartments of 
human eyes and found complement expression within the anterior 
segment as well [29]. Proteomic analysis of the corneas from healthy 
human eyes has also revealed the presence of C3 and other complement 
components [30]. Anterior segment complement likely acts as a defense 
mechanism against infections and also seems to play a role in the im
mune privilege of the eye’s anterior chamber [30,31]. 

When eye locations are considered, intracellular as opposed to 
extracellular mechanisms of complement activation deserve attention. 
Unlike the canonical roles of complement proteins within plasma, 
intracellular C3 activation has been linked to immunometabolic and cell 
survival pathways in various cell types. For example, intracellularly 
located C3a plays a role in metabolic pathways, including increasing the 
activity of the mammalian target of rapamycin (mTOR) pathway [32]. 
Cells can produce intracellular pools of C3, and internalization of C3 has 
been reported for the RPE [33,34]. This intracellular C3 presents an 
added layer of complexity in therapeutic considerations: Does a drug 
inhibit intracellular C3, and is that relevant for the disease pathophys
iology? Intracellular C3-mediated mechanisms within the eye clearly 
warrant further research. 

While local production of complement components by the eye has 
been established and is likely to be pathogenic, complement proteins are 
largely synthesized by the liver and the relative importance of comple
ment components in plasma for retinal diseases is not entirely clear [26, 
35–37]. Increased plasma concentrations of activated complement 
proteins in AMD patients have been shown [37], but a study of liver 
transplant recipients showed that the recipient CFH genotype, but not 
the donor CFH genotype, was associated with AMD. This suggests that 
local ocular complement activation is more critical in AMD and this may 
partly be driven by local (intraocular) complement protein production 
[35]. The blood-retina barrier is composed of tight junctions between 
several cell types including the retinal vascular endothelium, RPE-
Bruch’s membrane complex, non-pigmented epithelial layer of the 
ciliary body, and the iris vascular endothelium [5]. This barrier limits 
the exposure of the eye to systemic immune factors. For example, some 
complement proteins normally cannot diffuse across Bruch’s membrane, 
including C3/C3b and C3a [38]. As another example, complement factor 
I (CFI) is an important endogenous inhibitor of the complement system 
that inactivates C3b and cannot normally cross the blood-retina barrier. 
Hallam and colleagues found that CFI concentrations are about 286 fold 
higher in the serum compared to aqueous humor in both AMD patients 
and controls, suggesting that serum CFI does not readily enter the eye 
and low intraocular CFI may be relevant to AMD pathophysiology [39]. 
On the other hand, data does show that the blood-retina barrier is 
partially compromised in AMD and some other retinal diseases, and 
leakage of proteins from the plasma into the neurosensory retina of the 
eye has been demonstrated in nonexudative AMD patients [40]. In this 
study, this leakage was demonstrated for complement component 9, 
which is not known to be expressed in the human neurosensory retina 
[19], and it is also plausible that other complement components may 
leak across a damaged blood-retina barrier. Additionally, it should be 
noted that microglia/monocytes derived from the retinal vasculature, 
some of which are likely recruited from bone-marrow, are known to be a 
source of C3 [41]. Overall, these studies suggest that local complement 
activation is important for AMD and possibly other posterior segment 
diseases, but a role for systemic complement activation cannot be 
excluded. 

3. C3 and age-related macular degeneration 

3.1. Background on AMD 

AMD is among the leading causes of blindness in adults aged 50 years 
and older worldwide, especially in developed countries [42]. Approxi
mately 200 million people have AMD around the world, and this number 
is expected to rise in the future. AMD is characterized by the presence of 
drusen at the macula [43]. Drusen are yellow-colored deposits located 
between the RPE and Bruch’s membrane and are composed of a mix of 
proteins. Lipoproteins and some complement components, including 
fragments of C3 and C5, have been identified within drusen [44,45]. 
Macular drusen are the hallmark of early and intermediate stages of 
AMD, and affected eyes may progress to advanced AMD, which can be 
associated with extensive vision loss. 

There are exudative and nonexudative forms of advanced AMD. 
Exudative AMD is defined by the presence of macular neo
vascularization (MNV, also known as choroidal neovascularization 
(CNV)), which are abnormal blood vessels that can cause significant 
vision loss from leakage of fluid into the retina, bleeding, and eventually 
scarring. Advanced nonexudative AMD is defined by the presence of 
geographic atrophy (GA), which is an area of atrophy typically involving 
the photoreceptors, RPE, and choriocapillaris. These GA lesions are 
associated with blind spots, known as scotomas, in the patient’s vision 
and relentlessly expand at a rate of about 0.53 – 2.6 mm2 per year [46]. 
GA lesions can affect reading and face recognition, and one study 
showed that 42% of GA eyes were legally blind [47]. When the GA lesion 
involves the fovea, the visual acuity drops, and GA alone is estimated to 
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be responsible for 20% of the legal blindness in North America [48]. Of 
note, eyes with MNV can develop macular atrophy, and about 3–4% of 
eyes with GA develop MNV each year [49–52]. Exudative AMD is 
typically treated with intravitreal injection of an anti-vascular endo
thelial growth factor (VEGF) therapy such as ranibizumab, aflibercept, 
or bevacizumab [53,54]. Nevertheless, these eyes may still lose vision 
over time; the major causes of sustained visual acuity loss in exudative 
AMD are scarring and macular atrophy [49,55]. Importantly, GA has no 
approved treatment, and the development of GA therapeutics is among 
the highest priorities in ophthalmology. 

3.2. Potential roles of C3 in AMD pathophysiology 

Groundbreaking genetic studies established the role of complement 
factor H (CFH) in AMD and fueled intense complement drug develop
ment pipelines [14–17]. Other reviews cover more broadly the data 
relating various complement components to AMD [3,56,57]. Since CFH 
inhibits the cleavage of C3, these polymorphisms in CFH point to the 
significance of C3 as compared to other cascade components. Here, we 
will focus more exclusively on C3, which has a critical place in AMD 
pathophysiology established by numerous studies. 

Genetic studies have implicated both common and rare C3 variants 
in AMD, while no studies to date have clearly associated C5 variants 
with AMD [58]. Several groups have found that a single nucleotide 
polymorphism (SNP), rs2230199, of the C3F allele is associated with 
AMD [59,60]. The C3F allele frequency varies by race; it is relatively 
common in white populations with a frequency of about 20% but has 
lower frequencies in non-white populations. This SNP leads to an amino 
acid substitution that likely affects the activity of the C3 
thioester-containing domain [60]. Other studies subsequently found 
that a rare C3 variant (p.Lys155Gln; rs147859257) is also associated 
with AMD, and this finding was seen in different populations [61–63]. 
This C3 variant is expected to have a reduced ability to bind complement 
factor H, which would increase the activity of the alternative pathway of 
complement. 

Oxidative stress is considered a major mechanism of AMD [64] and is 
linked to C3. Multiple factors, including aging itself, contribute to 
oxidative stress at the retina [65]. Smoking is a major environmental 
risk factor for AMD that is related to oxidative stress, and smoke expo
sure causes production of C3 and C3a by the RPE [66,67]. Oxidative 
stress from iron overload also may contribute to AMD pathogenesis, and 
iron leads to C3 upregulation by the RPE [68–70]. Intimately related to 
oxidative stress, mitochondrial dysfunction is highly implicated in AMD, 
and this process may involve C3 as well [71–73]. Moreover, recent data 
obtained with RPE cell lines suggest a non-canonical pathway whereby 
FH related-3 (FHR-3) binds to oxidative stress epitopes on the cell sur
face, enters the cell, and then affects complement expression, including 
the increased production of C3 that is both secreted and cleaved to 
produce intracellular C3a. This pathway also leads to inflammasome 
activation and increases in inflammatory cytokines [74]. We have 
already noted (Section 2) that other groups have shown that intracel
lular C3a can activate mTOR pathways, which may be a part of AMD 
pathobiology [32,34]. Although a clinical trial showed no benefit for 
rapamycin in GA, this trial may not have been an adequate test of the 
potential for mTOR inhibition [75]. Finally, whereas animal models 
have definite limitations in terms of representing the complexity of 
AMD, animal models for nonexudative AMD that involve oxidative 
stress have pointed to a role for C3. For example, multiple complement 
proteins, including C3, are upregulated in the retina light damage 
model, as well as the sodium-iodate induced model of retinal degener
ation [76–78]. 

Microglia and macrophages are key mediators of inflammation in 
AMD and other ocular diseases [79,80]. Importantly, C3a recruits 
microglia/macrophages to the subretinal space. The macrophages can 
then produce more C3, amplifying the effects of C3 and its fragments. 
These effects supplement the role that C3a seems to play in drusen and 

extracellular matrix dysfunction, as noted above. It is also possible that 
opsonization by C3 fragments (C3b, iC3b, C3dg/C3d) causes a loss of 
photoreceptors, RPE, and the choriocapillaris. Can C3 lead to primary 
phagocytosis of photoreceptors, just as other stressed but still living 
neurons can be affected by this process (also known as phagoptosis) 
[81]? This causative effect has not been definitively established in AMD, 
but primary phagocytosis of photoreceptors has been demonstrated in a 
mouse model of retinitis pigmentosa [82,83]. Of interest is the fact that 
another group recently reported in the AMD light-damage model that 
macrophage engulfment of both TUNEL-positive and -negative photo
receptors is reduced in C3 knockout mice, suggesting a role for C3 in 
primary phagocytosis of TUNEL-negative photoreceptors [84]. 

Dysfunction of the autophagy-lysosome pathway has been discussed 
in AMD pathophysiology and deserves to be mentioned as well [85]. The 
autophagy-lysosome pathway is paramount for the regular digestion of 
shed photoreceptor outer segments by the RPE, and increased MAC 
deposition at the lysosomes overloads this pathway. Cerniauskas and 
colleagues have found that human RPE cells derived from AMD patients 
homozygous for the risk-conferring CFH Y402H polymorphism show 
increased C3 turnover, increased MAC deposition at lysosomes, and 
swollen lysosomes with abnormal membranes [86]. Using this cell line 
as a model for autophagy-lysosome dysfunction, this group has found 
that the compstatin-based C3 inhibitor Cp40 ameliorates the disease 
phenotype of the RPE lysosomes. 

While the mechanisms discussed above likely are involved at 
different stages of AMD, data specifically about drusen and C3’s role in 
early to intermediate stages of AMD is increasingly important as C3 
therapeutics are considered. As noted above, C3 and C3a have been 
found within drusen [44,45], and the presence of C3a leads to the 
development of deposits between the RPE and Bruch’s membrane [87]. 
The formation of an abnormal extracellular matrix at the RPE – Bruch’s 
membrane interface is likely a pathophysiologic mechanism [88], and 
Fernandez-Godino and colleagues have shown that C3a increases the 
activity of matrix metalloproteinase-2 [89]. Using a mouse model of 
EGF-containing fibulin-like extracellular matrix protein-1 (EFEMP-1) 
macular degeneration, which shares features with AMD, this group has 
recently demonstrated that in contrast to C3, C5 is not essential for the 
formation of sub-RPE deposits [90]. Double-mutant 
EFEMP-1R345W/R345W: C5-/- mice still develop sub-RPE deposits, but 
EFEMP-1R345W/R345W: C3-/- mice do not [91]. Interestingly, RPE cultures 
from the EFEMP-1R345W/R345W: C5-/- mice actually show increased C3 
activation, perhaps resulting from a positive feedback loop, although 
this phenomenon is difficult to interpret in the context of this genetic 
ablation. Consistent with the concept that C3 may be critical for early 
AMD development is the observation that C3 inhibition by compstatin 
leads to decreased drusen in a primate model of early-onset macular 
degeneration [92]. It has also been reported that patients with early 
AMD have drusen volumes (as measured by retinal imaging) that 
correlate with C3b/iC3b and C5 levels in the aqueous humor [93]. More 
data are needed to understand the functions of C3 and other complement 
proteins in early AMD as well as the significance of drusen in AMD 
pathobiology, but it now seems as if C3 is one of the more essential 
complement components in early AMD development. 

Considering these discussed mechanisms, an important insight is that 
C3 and its fragments likely play multifaceted roles in AMD pathophys
iology (Fig. 2). C3 fragments potentially have additive effects in AMD 
that emphasize the value of C3 as a more comprehensive therapeutic 
target than other complement components. At the convergence of the 
classical, lectin, and alternative pathways, C3 is a controller of the 
complement pathway, with C3b formation required for subsequent 
cleavage of C5. Furthermore, the C3bBb complex cleaves additional C3 
as part of the AP amplification loop that is responsible for up to 80% of 
downstream effector responses (i.e., C5a release and MAC formation) 
[94,95]. Although C5 is less broad in its effects, its downstream role in 
MAC formation and C5a-related inflammasome activation in the RPE as 
a component of AMD pathobiology deserves consideration as well [3]. 
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There is perhaps a hierarchical notion whereby C3 is not only a master 
controller of complement functions that start upstream or would prog
ress downstream in the signaling cascade, but C3 may even have para
mount functions for drusen formation in earlier stages of AMD that, thus 
far, are not clearly seen with C5. 

3.3. C3 Inhibition with pegcetacoplan for geographic atrophy 

As will be discussed here, C3 and other complement therapeutics 
have now risen to the forefront in GA clinical trials. C3 first came to 
center stage in AMD therapeutics through the positive results from the 
Phase 2 FILLY trial of the C3 inhibitor pegcetacoplan (Apellis Pharma
ceuticals). The FILLY trial randomized 246 patients with GA to 15-mg 
monthly pegcetacoplan intravitreal injections, every-other-month 15- 
mg pegcetacoplan injections, or sham injections [96]. Pegcetacoplan, 
a PEGylated second-generation compstatin-based C3 therapeutic that 
encompasses two moieties of the APL-1/4(1-methyl-L-tryptophan) 
compstatin analog [97] joined by a 40-kDa polyethylene glycol (PEG) 
linker, binds native C3 and inhibits its convertase-mediated cleavage 
into C3a and C3b. Pegcetacoplan was recently approved by both the 
Food and Drug Administration (FDA) and the European Medicines 
Agency (EMA) as a novel drug for paroxysmal nocturnal hemoglobinuria 
[98,99]. The primary outcome in the FILLY trial was the square 
root-transformed rate of GA growth at 1 year. There was a 
dose-dependent reduction in GA growth for both the monthly pegceta
coplan (29%, p = 0.008) and every-other-month pegcetacoplan (20%, 
p = 0.07) arms, respectively, when compared to those receiving sham 

injections [96]. After the failure of Phase 3 trials for the complement 
factor D inhibitor lampalizumab, the FILLY results re-ignited oph
thalmology’s hope in complement therapies. 

In the FILLY study, a surprising side-effect was a dose-dependent 
onset of exudation in study participants’ eyes. This was the main 
safety event arising from the study. At month 18 (with no drug treatment 
after month 12), this exudation was seen in 20.9%, 8.9% and 1.2% of 
patients receiving the monthly pegcetacoplan, every-other-month peg
cetacoplan, and sham injections, respectively [100]. As practitioners in 
the field try to understand these exudative conversions, which were also 
seen in a C5 inhibitor Phase 2/3 trial [101], a few important insights 
have emerged from further analysis of the patients [100]. First, there 
was no temporal clustering, and new-onset exudative AMD developed at 
a mean of 256 days (range, 31–555 days) after starting study treatment. 
Second, 69% of patients with new-onset exudation in the study eye had a 
history of exudative AMD in the fellow eye, while 35% of those patients 
without new-onset MNV had exudative AMD in the fellow eye. Third, it 
is known that some patients with nonexudative AMD can actually have a 
dormant (nonexudative) MNV lesion that is not bleeding or leaking fluid 
[102,103]. A “double layer sign” is an irregular elevation of the RPE 
from Bruch’s membrane that often represents a site of nonexudative 
macular neovascularization. This double-layer sign was seen at baseline 
in the study eye of 73.1% of those patients with new-onset exudation, 
whereas only 32.5% of patients without exudation development had the 
double-layer sign. Fourth, 10 of 17 patients that had fluorescein angi
ography at the time of new-onset exudation had detectable MNV. Since 
this was a single-masked trial, the question arises whether all cases 

Fig. 2. Possible mechanisms of C3 pathophysiology in age-related macular degeneration. A. Complement cascade signaling passes through C3 before C5a formation 
and membrane attack complex activation. B. The anaphylatoxin C3a recruits microglia/macrophages to the subretinal space, where these cells are involved in 
inflammation and phagocytosis. C. Through intracellular pathways in the retinal pigment epithelium, intracellular C3 activation affects metabolic pathways such as 
the mammalian target of rapamycin (mTOR) pathway. D. The Y402H variant of complement factor H can competitively inhibit clearance of phagocytes via TSP-1 
activation of CD47. This effect may lead to accumulation of phagocytes in the setting of poorly controlled opsonization by C3 fragments, increased inflammation, and 
phagocytosis of photoreceptors, RPE, and choroidal endothelium [185]. E. Increased C3 activity causes an overload of lysosomes, aberrant lysosomal turnover, and 
subsequent RPE dysfunction and sub-RPE deposits. Abbreviations: BM: Bruch’s membrane; C3aR: C3a receptor; CR3: complement receptor 3; FH: complement factor 
H; IAP: integrin associated protein; MAC: membrane attack complex; Mφ: macrophage; RPE: retinal pigment epithelium; TSP-1: thrombospondin – 1. 
Adapted from Kim, BJ et al. with permission of the copyright holder [3]. 
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labeled as new-onset exudation truly represented cases of active MNV. 
For example, it is known that eyes with geographic atrophy can develop 
degenerative cysts that do not represent exudation [104], and some have 
suggested that subretinal fluid can develop without neovascularization 
in eyes with GA because of an incompetent RPE pump [105]. Finally, it 
is quite important to note that the new-onset exudation, most of which 
was treated with anti-VEGF therapy, did not clearly cause a significant 
difference in visual acuity outcomes in these patients [100]. It is not 
known why the dose-dependent new-onset exudation developed. The 
data presented above suggest that there were some baseline differences 
between those with vs. without new-onset exudation, and that perhaps 
not all cases represented active exudation. Still, intriguing questions 
abound; for example, one may wonder whether C3 inhibition shifted 
local macrophage activity toward an angiogenic state and whether the 
active macular neovascularization could have a nourishing effect for the 
retina. Some data has suggested that type 1 MNV may protect against GA 
development [106–108]. However, a sensitivity analysis in the FILLY 
study showed no difference in GA growth rates with or without the 
subset of patients with new-onset exudative AMD [100]. 

Recently, the Phase 3 twin trial results for pegcetacoplan were 
released and met with some controversy. The trial data has been pre
sented, although we await the published version of the data from the 
investigators. These two trials had about 600 patients each with a total 
of 1258 patients enrolled between them. The primary endpoint was the 
change in total area of GA lesion(s) at 12 months as measured by fundus 
autofluorescence. One Phase 3 trial (OAKS) met the primary endpoint, 
showing a significant decrease in GA growth for pegcetacoplan as 
compared to sham injections of 22% (p = 0.0003) for the monthly 
treatment and 16% (p = 0.005) for the every-other-month treatment 
arm [109]. However, the other Phase 3 trial (DERBY) did not meet the 
primary endpoint, with reductions in GA growth of only 12% 
(p = 0.053) and 11% (p = 0.08) for the monthly and every other-month 
treatment arms as compared to sham injection. A pre-specified analysis 
of pooled data from both trials showed reductions in GA growth, as 
compared to sham injections: 17% (p < 0.0001) and 14% (p = 0.001) 
for the monthly and every-other-month arms, respectively [109]. The 
results taken together indicate that pegcetacoplan does seem to have 
benefit, although the precise extent of the clinical response to C3 inhi
bition in this patient population remains to be fully elucidated. It is 
probable that some imbalance between the patient populations in the 
two trials led to the disparate results. Extrafoveal lesions are of partic
ular interest, as these lesions are known to grow faster [110,111], and 
patients with extrafoveal GA are also the population with the most 
vision to preserve. Interestingly, in a pre-specified analysis of patients 
with extrafoveal lesions combined from both trials, pegcetacoplan 
reduced GA growth as compared to sham injections by 26% (monthly 
treatment, p < 0.0001) and 23% (every-other-month treatment, 
p = 0.0002. As a caveat, it is noteworthy that the discussion about 
pegcetacoplan’s efficacy has centered on GA growth rates, as secondary 
endpoints for functional outcomes including best-corrected visual acu
ity, low-luminance visual acuity, reading speed, and other outcomes are 
to be analyzed once there is 24-month data [109]. If positive, such data 
would be helpful when discussing drug benefits with patients, as patient 
compliance does remain a concern with a frequently injected thera
peutic that preserves rather than improves vision. 

Fortunately, the rates of exudative AMD conversions were consid
erably lower than those in the FILLY trial, with pooled data showing 
6.0%, 4.1%, and 2.4% of patients with investigator-determined new- 
onset MNV at 1 year for the monthly, every-other-month, and sham- 
treated groups, respectively. These rates were similar when MNV 
detected by the reading center but not reported by investigators was 
included, with MNV rates of 6.4%, 5.0%, and 3.8% for the monthly, 
every-other-month, and sham-treated groups, respectively [112]. These 
MNV lesions were mostly classified as occult (type 1) lesions [112]. As 
stated above, the Phase 2 trial was single-masked, with 
investigator-determined new-onset MNV lesions, whereas the Phase 3 

trials were double-masked and required new-onset MNV to be verified 
by the reading center. Investigators in the Phase 3 trial were more 
prepared to accurately diagnose new-onset MNV than in the Phase 2 
trial, for which this was an unexpected adverse event. Of note, patients 
with a history of exudative AMD in the fellow eye or possible subclinical 
macular neovascularization in the study eye were not excluded from the 
OAKS or DERBY trials. 

Endophthalmitis and intraocular inflammation were other key safety 
outcomes in these two trials. Endophthalmitis developed in only 3 pa
tients (including 2 culture-positive cases), and cases of intraocular 
inflammation were reported in 13 patients, most of which were mild 
[112]. Some of these intraocular inflammation events occurred early in 
the trial and were related to an impurity in the drug formulation that 
was subsequently removed. In reviews of the trial data, these endoph
thalmitis and intraocular inflammation rates have not been a major 
concern. The possible risk of infection related to C3 or C5 inhibition and 
relevant risk mitigation measures particularly applicable to systemic 
and prolonged complement inhibition have been extensively discussed 
in other reviews [2,3,113]. While patients receiving systemic comple
ment inhibition should get meningococcal vaccines, data from patients 
with paroxysmal nocturnal hemoglobinuria have shown that pegceta
coplan and eculizumab have been well-tolerated from this standpoint 
[114]. It is encouraging that Phase 3 data has now shown that the risk of 
endophthalmitis from complement therapeutics administered to the eye 
has not been problematic. 

In total, the data suggest that pegcetacoplan does slow GA growth 
with an acceptable safety profile, and these encouraging results are in 
contrast to many other drugs that clearly failed in clinical trials. Another 
intriguing possibility is the use of C3 inhibition to treat earlier stages of 
AMD, such as the intermediate stage. Advanced AMD is likely related, in 
part, to cumulative effects of years of inflammation at the RPE and outer 
retina [115]. Incomplete RPE and outer retina atrophy (iRORA) is an 
anatomic change that precedes GA and is identified on spectral-domain 
optical coherence tomography. Recently, a post hoc analysis of the 
FILLY study demonstrated that pegcetacoplan reduced the rate of pro
gression of iRORA to GA [116]. This was seen in 9 of 18 eyes (50%) in 
the monthly group (p = 0.02 vs. sham), 20 of 33 eyes (60.6%) in the 
every-other-month group (p = 0.06 vs. sham), and 27 of 33 eyes 
(81.8%) in the sham group. Continued work is needed to define trial 
endpoints for the intermediate stage of AMD [117], but these data point 
to the potential of C3 inhibition in earlier stages of AMD, in which it may 
have a larger impact [118]. The data up to now also align with the hi
erarchical concept that C3 activation controls a broader spectrum of 
downstream effectors and proinflammatory processes and may thus play 
a pivotal role in disease pathogenesis before GA develops. Overall, the 
trial results confirm that C3 is a key player in GA pathophysiology. Given 
the large unmet need for a GA treatment, Apellis Pharmaceuticals plans 
to apply for FDA approval of pegcetacoplan for GA. If approved, this 
treatment would be especially valuable to patients who have already lost 
foveal vision in one eye and are dependent upon vision in the fellow eye 
with extrafoveal GA. 

3.4. Other C3 inhibitors in development for geographic atrophy 

With the recent Phase 3 pegcetacoplan results showing some efficacy 
for C3 inhibition in AMD, further expansion of C3-related research for 
AMD is clearly expected. Other C3 inhibitors are in development and 
will likely have different tissue penetration and pharmacokinetic pro
files. Thus, other C3 inhibitors (Table 1) could have significantly 
different efficacy and safety results, and pegcetacoplan should be 
viewed as the start, rather than the conclusion, of C3 inhibition for the 
eye. Pegcetacoplan is actually a PEGylated version of a drug that belongs 
to a group of C3 inhibitors known as compstatins, which are cyclic 
peptides (13–14 amino acids) that inhibit primate and human C3 and 
C3b by binding to the C3c portion of the molecule [119]. Compstatins 
act as protein-protein interaction inhibitors sterically preventing the 
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binding of C3 convertases to native C3. In this way, compstatins can 
have a comprehensive impact by preventing the formation of C3 con
vertases, decreasing the generation of C3 fragments (e.g. C3a, C3b) and 
their related functions, and also reducing AP amplification and the 
terminal complement pathway, which includes C5a and MAC [120]. 
There have been several generations of compstatins that have been 
modified over the years to improve potency, target residence, and 
pharmacokinetic properties [99,121]. 

Cp40-KKK (AMY-106) (Amyndas Pharmaceuticals) is a fourth- 
generation compstatin in development that could have a substantial 
impact on AMD. Cp40-KKK is a modified compstatin peptide that has a 
hydrophilic tandem lysine repeat with 3 lysine residues attached to the 
C-terminus. This modification was found to increase the binding affinity 
for C3b (by 2.5 fold compared to Cp40/AMY-101) and also greatly 
enhance the solubility of this compstatin derivative at physiological pH 
[122]. Intravitreal injection of 500 µg of Cp40-KKK into cynomolgus 
monkey eyes revealed that Cp40-KKK can reside in the vitreous cavity 
for more than 3 months (Fig. 3) [25]. After 3 months, the vitreous 

concentration of Cp40-KKK was 100 – 120 nM. This concentration was 
about 100 times higher than the vitreous concentration of C3 (0.1 – 
2.0 nM) detected in these eyes, in contrast to the reported normal 
human concentration of C3 in the vitreous of about 70 nM [123]. 
Interestingly, immunohistochemistry studies revealed that Cp40-KKK 
had excellent penetration of the retina and RPE, localizing to Bruch’s 
membrane and the choriocapillaris (Fig. 4). Comparison to C3 staining 
showed that C3 was primarily present at the same locations, demon
strating that Cp40-KKK had target-driven localization [25]. As indicated 
in Section 2 of this review, human tissue studies show C3 predominantly 
in the RPE/choroid and especially the choriocapillaris. C3 may be pro
duced and deposited by the RPE and choroidal endothelial cells, and it is 
also possible that some C3 at this location is derived from the systemic 
circulation. The ability of Cp40-KKK to be administered by intravitreal 
injection, a common and safe procedure, and then reach the chorioca
pillaris is of profound importance and may significantly distinguish 
Cp40-KKK from other C3 inhibitors. In addition, it may be possible to 
dose Cp40-KKK with intravitreal injection every 5–6 months, which is 
significantly more palatable than monthly or bimonthly treatments. 
Further, it is noteworthy that Cp40-KKK is not PEGylated and, this dif
ference may convey additional safety advantages, since the accumula
tion of PEG in tissues may not be completely benign [124–126]. A Phase 
1 trial of Cp40-KKK is in development. 

NGM621 (NGM Bio) is a humanized IgG1 monoclonal antibody 
designed to inhibit C3. It also is non-PEGylated and reportedly has the 
potential for dosing every-8 weeks by 15-mg intravitreal injection. A 15- 
patient Phase 1 study demonstrated a good safety profile, with no vision- 
related safety concerns. Although patients were followed in the study for 
only 12 weeks, and most received only one intravitreal injection, it is 
noteworthy that no new-onset MNV was detected [127]. Vision and GA 
lesion sizes both remained stable, and the trial was too small to detect an 
efficacy signal. There is an ongoing Phase 2 trial (CATALINA; 
NCT04465955) that is intended to enroll 320 patients with GA ran
domized to receive 15 mg of NGM621 given monthly or every other 
month, as compared to sham injection. It should be noted that PEGy
lation is able to increase the half-life of a drug, but there are some data 
suggesting that PEG can also induce MNV [125]. Pegcetacoplan and 
avacincaptad pegol (see Section 3.6 below) are both PEGylated and 
associated with new-onset MNV, whereas NGM621 as well as Cp40-KKK 
discussed above are non-PEGylated. Thus, the ongoing Phase 2 trial for 

Table 1 
C3 Relevant Therapeutics for Age-Related Macular Degeneration.  

Scientific Name 
(Sponsor) 

Mechanism of Action Method of 
Administration 

Current Phase in 
Clinical Trial 
(Clinicaltrials.gov 
ID) 

Pegcetacoplan / 
APL-2 
(Apellis) 

PEGylated peptide 
(compstatin), 
inhibits cleavage of 
C3 

Intravitreal 
injection 

Phase III 
completed 
(NCT03525600, 
NCT03525613) 

APL-2006 
(Apellis) 

Bispecific inhibitor 
of C3 and vascular 
endothelial growth 
factor 

Data not 
available 

Preclinical 

Cp40-KKK / 
AMY-106 
(Amyndas) 

4th generation 
compstatin, inhibits 
cleavage of C3 

Intravitreal 
injection 

Phase I trial in 
development. 

NGM621 
(NGM Bio) 

Humanized 
nonPEGylated 
monoclonal 
antibody, inhibits C3 

Intravitreal 
injection 

Phase II trial 
ongoing 
(NCT04465955) 

CB2782 – PEG 
(Catalyst 
Biosciences) 

PEGylated C3 
protease, degrades 
C3 

Intravitreal 
injection 

Preclinical 

KNP-301 
(Kanaph 
Therapeutics/ 
Samsung 
Biologics) 

Bispecific Fc fusion 
protein, inhibits C3b 
and VEGF 

Intravitreal 
injection 

Preclinical 

Ionis-FB-LRX 

(Ionis/Roche) 
Antisense 
oligonucleotide, 
inhibits Factor B, 
reducing AP C3 
convertase 
formation 

Subcutaneous 
injection 
(systemic) 

Phase II 
(NCT03815825) 

GT005 
(Gyroscope 
Therapeutics) 

Adeno-associated 
virus, produces 
Factor I locally and 
reduces AP C3 
convertase activity 

Subretinal 
injection 

Phase II 
(NCT04437368) 

CLG561 
(Novartis) 

Monoclonal 
antibody, inhibits 
properdin and 
reduces AP C3 
convertase activity 

Intravitreal 
injection 

Negative Phase II 
results 
(NCT02515942) 

Lampalizumab 
(Genentech/ 
Roche) 

Fragment of 
humanized 
monoclonal 
antibody, inhibits 
Factor D and thereby 
blocks AP C3 
convertase 
formation 

Intravitreal 
injection 

Negative Phase III 
results 
(NCT02247531, 
NCT02247479) 

AP = alternative pathway 

Fig. 3. Intraocular pharmacokinetic profile of a fourth-generation compstatin. 
The addition of two or three lysine repeats to the C-terminus of the compstatin 
analog Cp40 increases its binding affinity and solubility. Intravitreal injection 
of 500 µg of Cp40-KKK (AMY-106) or Cp40-KK into cynomolgus monkey eyes 
has demonstrated a prolonged intraocular residence of more than 3 months in 
the vitreous cavity. After 3 months, the vitreous concentration was 100 – 
120 nM, about 100-fold higher than the vitreous concentration of C3 (0.1 – 
2.0 nM) detected in these eyes. 
Adapted from Hughes et al. with permission of the copyright holder [25]. 
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NGM621 should help determine whether new-onset MNV is truly a 
consequence of complement inhibition. 

CB 2782-PEG (Catalyst Biosciences) is a PEGylated anti-C3 protease 
that degrades C3, resulting in the generation of C3a and C3b fragments. 
This drug has been shown to degrade C3 in a non-human primate model, 
and data suggest that CB 2782-PEG may have the potential to keep C3 at 
reduced levels for several months, with dosing three or four times a year 
[128]. C3 proteases have the potential to generate C3 fragments that can 
still lead to inflammation [129]; thus, the safety and efficacy of this drug 
remain to be determined in humans. It is not clear when a Phase 1 trial 
for CB 2782-PEG will begin. 

Bispecific technologies targeting two pathways at once are now 
emerging. Clinical data have shown that macular atrophy with loss of 
photoreceptors is a major reason that exudative AMD patients ultimately 
lose vision [49]. Recognizing this problem, Kanaph Ther
apeutics/Samsung Biologics has developed KNP-301, a bispecific Fc 
fusion protein that inhibits both C3b and VEGF. Preclinical data in mice 
suggest that intravitreal injection of KNP-301 reduces leakage from 
MNV and also degeneration of photoreceptors [130]. Clinical develop
ment of KNP-301 is expected. Similarly, Apellis Pharmaceuticals has a 
bispecific inhibitor (APL-2006) that acts against C3 and VEGF; there are 
plans to submit an Investigational New Drug application in 2023 for this 

drug [131]. 
Ongoing efforts also have been directed toward C3 convertases and 

will be briefly discussed here. These efforts have had some prior failures, 
but there are other drugs providing new hope. Lampalizumab (Gen
entech/Roche) is a monoclonal antibody fragment that inhibits Factor D, 
thereby reducing C3 convertase formation. Although it reached Phase 3 
trials, the trials ultimately showed no benefit for lampalizumab, and 
potential reasons for the negative data have been discussed in other 
reviews [3,132]. CLG561 (Novartis) is a monoclonal antibody that in
hibits properdin, decreasing C3 convertase activity. Development of this 
drug ceased after Phase 2 trials (NCT02515942). IONIS-FB-LRx (Ion
is/Roche) is an antisense inhibitor of Factor B that would lead to reduced 
AP C3 convertase formation. This drug is systemically administered by 
subcutaneous injection every 4 weeks, but the antisense oligonucleotide 
is ligand-conjugated to achieve cell-specific targeting. A Phase 2 trial 
(NCT03815825) is ongoing, with plans to recruit 330 patients with GA. 
GT005 (Gyroscope/Novartis) is a gene therapy utilizing an 
adeno-associated virus to produce CFI locally to decrease alternative 
pathway C3 convertase activity. While CFI-targeted approaches in the 
retina may control the C3b breakdown cycle and attenuate C3 activa
tion, they may yet allow the initial generation of C3-derived split 
products that can propagate inflammatory and opsonophagocytic 

Fig. 4. Location of Cp40-KKK after a 500-µg intravitreal injection into nonhuman primate eyes in comparison to C3 location. Cp40-KKK penetrates the neurosensory 
retina and retinal pigment epithelium and is localized to Bruch’s membrane and the choriocapillaris. C3 immunolabeling demonstrates that C3 is present at the same 
locations, indicating a target-driven distribution profile for Cp40-KKK. Red color represents C3 staining; green color represents Cp40-KKK staining; blue color 
represents DAPI staining of nuclei; yellow color represents the co-localization of C3 and Cp40-KKK. The retinal tissue consists of 11 layers: 1. internal limiting 
membrane; 2. retinal nerve fiber layer; 3. ganglion cell layer; 4. inner plexiform layer; 5. inner nuclear layer; 6. outer plexiform layer; 7. outer nuclear layer 
(photoreceptor nuclei); 8. layer of rods and cones; 9. retinal pigment epithelium; 10. Bruch’s membrane and choriocapillaris; 11. choroid. 
Figure and caption adapted from Kim, BJ et al. with permission of the copyright holder [3,25]. 
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responses detrimental to the inflamed RPE and choroid (i.e. C3a, C3b). 
This situation should be taken into consideration because it may inter
fere with the anticipated therapeutic benefit of such drugs, and further 
investigation is warranted to explore such possibilities. This therapeutic 
is administered into the subretinal space via a proprietary subretinal 
injection device and is intended to provide a durable treatment effect. A 
phase 2 program evaluating this technology in GA patients is ongoing 
(NCT03846193; NCT04566445; NCT04437368). 

3.5. Exudative AMD and C3 inhibition 

Although previously there was significant interest in C3 inhibitors 
and other complement-based therapeutics for exudative AMD, this 
momentum has fluctuated. Some preclinical data have suggested bene
fits of C3 inhibition in exudative AMD. For example, murine laser- 
induced models of MNV have demonstrated that C3 is deposited in 
MNV complexes, and C3-knockout mice have decreased MNV develop
ment [133]. C3a and C5a are found at the RPE and can increase its VEGF 
expression [45]. Furthermore, knocking out the receptors for the ana
phylatoxins (C3aR and C5aR1) or blocking them pharmacologically 
decreases MNV formation [45]. However, there has been a dearth of 
published positive clinical data for C3 therapeutics as an inhibitor of 
MNV. The C3 inhibitor POT-4 (Potentia Pharmaceuticals) is a 
second-generation compstatin that was evaluated for exudative AMD in 
a Phase 2 trial (NCT01157065). A positive effect was not seen, although 
this failure may have been due to inadequate dosing. The lack of positive 
clinical data regarding C3 inhibition for exudative AMD has been further 
complicated by the findings of new-onset MNV in the C3 and C5 in
hibitor trials for geographic atrophy. This complexity of the complement 
system’s relationship to angiogenesis is highlighted further by the work 
of Langer and colleagues who found that C3a and C5a actually can 
inhibit angiogenesis through a macrophage dependent pathway in a 
mouse model of retinopathy of prematurity [134,135]. Additional work 
is needed to understand the role of C3 in exudative AMD. Poor and 
colleagues have suggested that several factors, such as the exact way the 
laser is applied and the genetic background of the mice, can affect the 
reproducibility of results from laser-induced MNV, which itself does not 
represent the complex pathways involved in exudative AMD [136]. 
Nevertheless, there may be renewed interest in C3 inhibition for 
exudative AMD, not to treat the MNV but as a method of preventing or 
slowing the macular atrophy of exudative AMD [49]. As discussed 
above, KNP-301 (Kanaph Therapeutics/Samsung Biologics) and 
APL-2006 (Apellis Pharmaceuticals) are bispecific technologies that act 
in this way, and human data for these agents is eagerly awaited. 

3.6. Other major complement trials for AMD 

Currently, only one other complement inhibitor actively remains in a 
Phase 3 trial. Avacincaptad pegol (Ophthotech) is a PEGylated aptamer 
that inhibits C5 cleavage into C5a and C5b. This C5 inhibitor has been 
studied in early phase trials for exudative AMD and more extensively for 
GA. A Phase 2a trial evaluating various dosing regimens of avacincaptad 
pegol in combination with ranibizumab in 64 exudative AMD patients 
was completed (NCT03362190). No safety concerns were seen, and 
while the patients overall had improved visual acuity at 6 months, there 
was no control arm of ranibizumab monotherapy for comparison. Rather 
than pursue this drug as an inhibitor of MNV, it was further developed 
for GA. After the FILLY trial (see Section 3.2) results were released, a 
Phase 2/3 trial of avacincaptad pegol as a GA treatment was completed, 
and its results were surprisingly similar results to those of the FILLY trial 
[101]. The trial met its 12-month primary outcome, with GA growth rate 
reductions of 27.4% (p = 0.007) for the 2-mg dose and 27.8% 
(p = 0.005) for the 4-mg dose, as compared to the sham-treated group. 
Interestingly, exudative AMD conversions were also seen, at rates of 
9.0%, 9.6%, and 2.7% for the 2-mg dose, 4-mg dose, and sham injection 
arms, respectively [101]. Some had argued that the exudative 

conversion rate was lower than for the FILLY trial’s pegcetacoplan, but it 
should be noted that the FILLY trial allowed enrollment of unilateral GA 
eyes with exudative AMD in the fellow eye, which increases the baseline 
risk of an exudative AMD conversion. The subsequent Phase 3 pegce
tacoplan trials have also made it less likely that avacincaptad pegol has 
lower exudative AMD conversion rates, although we await the final 
results of the ongoing Phase 3 trial for avacincaptad pegol. Regarding C3 
vs. C5 inhibition for GA, both have shown positive clinical data thus far. 
Still, there may be additional insights from eculizumab treated patients 
with paroxysmal nocturnal hemoglobinuria. It has been demonstrated 
that these patients develop increasing amounts of red blood cells with C3 
bound on their surface over time, and this can be a mechanism of 
extravascular hemolysis [137,138]. As more data for C3 and C5 inhi
bition emerges, it is conceivable that longer term data may show added 
benefits of C3 inhibition, as C5 inhibition could lead to gradually 
increased C3 opsonization and loss of photoreceptors [139]. 

4. Other ophthalmic diseases with evidence of C3 
pathophysiology 

There is evidence suggesting that the complement system plays a role 
in other ocular disorders, including Stargardt disease, diabetic retinop
athy, glaucoma, and retinal vein occlusion. Unlike AMD, research on the 
role of complement in these other disorders is still in the early stages, 
and complement therapeutic clinical trials are underway for only one of 
these disorders, Stargardt disease. The following sections summarize 
evidence to date on the role of the complement system in each of these 
disorders, with a focus on C3, highlighting potential targets for thera
peutic development. 

4.1. Stargardt disease 

Stargardt disease (STGD1) is one of the most common inherited 
retinal dystrophies, with an estimated prevalence of 1 in 8000–10,000 
people. It accounts for 12% of all blindness from inherited retinal dis
eases [140–143]. STGD1 is caused by an autosomal recessive mutation 
in the ABCA4 gene, which encodes an ATP binding cassette transporter 
that helps clear retinaldehyde from photoreceptor outer segments [140, 
143]. Defects in ABCA4 lead to buildup of bisretinoids, including 
N-retinylidene-N-retinylethanolamine (A2E), as lipofuscin deposits in 
RPE cells [144,145]. Bisretinoids are thought to exert cytotoxic effects 
through a variety of mechanisms, including activation of the comple
ment cascade in RPE cells [146]. There are currently no FDA-approved 
treatments for Stargardt disease, although ALK-001, a selectively 
deuterated vitamin A compound, is currently in Phase 2 trials 
(NCT02402660) and has recently received an FDA Breakthrough Ther
apy Designation [147,148]. 

Evidence for the role of complement dysregulation in Stargardt dis
ease comes from the ABCA4-/- knockout mouse, a Stargardt model that 
exhibits increased levels of A2E by 4 weeks of postnatal age [149]. This 
change is followed by an increase in C3 mRNA in RPE cells as well as an 
increase in C3 breakdown products in serum, retinal cells, RPE, and 
choroid, which occur at about the same time as the detection of early 
retinal damage in the ganglion cell and outer nuclear layers.[149,150] 
ABCA4-/- mice concurrently demonstrate a paradoxical downregulation 
of complement regulatory pathways, suggesting a broader environment 
of complement dysregulation [149,150]. Rescue of the ABCA4-/- mice 
with a retinol-binding protein 4 antagonist or inhibition of vitamin A 
dimerization has been shown to normalize this complement dysregula
tion [151,152]. More directly, use of an adenovirus vector to over
express the complement regulatory protein Crry in the RPE of ABCA4-/- 

mice leads to decreased activation of C3, decreased autofluorescence, 
decreased levels of bisretinoids, and preservation of photoreceptor 
nuclei [145]. 

Recently, evidence of complement dysregulation has been found in 
donor eyes of patients with Stargardt disease. Hu et al. examined 
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postmortem donor eyes of three patients with clinically diagnosed 
Stargardt disease and found increased patchy accumulation of C3b/iC3b 
fragments within the RPE cell cytoplasm, as well as increased MAC 
deposition along the RPE basal membrane and Bruch’s membrane in 
these eyes when compared to controls [144]. 

Currently there is one complement inhibitor in clinical trials for 
Stargardt disease. Avacincaptad pegol, the C5 inhibitor that showed 
positive results in reducing GA growth in AMD, is being studied in a 
Phase 2b trial for STGD1, with anticipated trial completion in 2023 
(NCT03364153) [153]. 

4.2. Diabetic retinopathy 

Diabetic retinopathy (DR) is the most common cause of preventable 
blindness among working-aged adults worldwide. DR comprises a 
spectrum of clinical presentations, including nonproliferative diabetic 
retinopathy (NPDR), proliferative diabetic retinopathy (PDR), and dia
betic macular edema (DME). The worldwide prevalence of DR among 
patients with diabetes is estimated to be 34.6% for any DR, 6.96% for 
PDR, 6.81% for DME, and 10.2% for vision-threatening DR [154]. The 
annual direct cost for DR in the U.S. is estimated to be USD$493 million, 
with greater indirect costs related to reduced work capacity and well
being [155]. Current treatment options target the vascular complica
tions of PDR and DME [156,157]. However, increasing evidence 
suggests that diabetes affects the entire retinal neurovascular unit, 
causing neurodegeneration that precedes the development of clinical 
vascular changes [156,158,159]. The innate immune system, including 
C3 dysregulation, is thought to play a key role in this process. 

Elevated serum levels of C3 have been found in patients with dia
betes [160,161], and elevated levels of C3 and C3 breakdown products 
have been found in the vitreous of patients with PDR [162–165]. 
Microglia are among the most prevalent central nervous system cells 
known to express the C3a receptor, and retinal tissue from patients with 
DR exhibits concurrent upregulation of C3 and microglial activation 
markers, suggesting that microglia and the C3 signaling axis (C3a-C3aR) 
play a role in complement-mediated retinal damage [165]. Donor eyes 
with DR have been found to contain extensive deposits of C5b-9 (MAC) 
complexes in the retinal vessels, choriocapillaris, and choroidal vessels, 
without significant staining for mannose-binding lectin, C1q, or C4, 
suggesting local complement activation by the alternative pathway 
[166,167]. Non-enzymatic glycation has been shown to inactivate 
complement regulatory factors such as CD59 [168], and levels of CD55 
and CD59 are decreased in the retinal vessels of eyes with DR [167], 
potentially enabling further complement activation. At present there are 
no human studies on the use of complement therapeutics specifically for 
DR. 

4.3. Glaucoma 

Glaucoma is a chronic progressive optic neuropathy involving 
damage to the optic nerve and retinal ganglion cells (RGCs). It is the 
most common cause of irreversible blindness in the world [169]. Current 
management of glaucoma aims to slow disease progression by 
decreasing intraocular pressure, the only known modifiable risk factor 
[169]. 

Evidence for the role of complement dysregulation in glaucoma 
comes in part from our understanding of the role of complement in 
postnatal RGC synaptic pruning, a normal developmental process by 
which visual pathway synapses present at birth are selectively reduced. 
The classical complement pathway has been shown to play a key role in 
postnatal synaptic pruning in mice. Astrocytes upregulate C1q expres
sion in postnatal RGCs, and C1q and C3 localize to developing synapses 
[20]. Microglia, which contain C3 receptors (i.e., CR3), have been 
shown to engulf RGC axons during active synaptic pruning [170]. 
Together, these data suggest a role for complement-mediated reduction 
of RGCs in normal development and raise the possibility that 

overactivation of the complement system can lead to neural damage in 
pathologic processes such as glaucoma. 

In a mouse model of glaucoma, complement cascade genes, including 
C1q, are upregulated during the early stages of the disease [171]. C1q is 
localized to the inner plexiform layer even before detectable RGC loss, 
and the degree of C1q expression and deposition is greater in eyes with 
moderate glaucoma than in eyes with no or early glaucoma. Induction of 
ocular hypertension in a rat model was found to lead to significant 
activation of C3 and MAC deposition in the retina, with resultant 
complement-mediated apoptosis of RGCs [172,173]. Inhibition of the 
classical complement pathway using C1qa-knockout mice or intravitreal 
injection of a C1 esterase inhibitor was protective against glaucomatous 
optic nerve and retinal damage, including early RGC dendritic loss [171, 
174]. Intravitreal injection of an adeno-associated virus vector con
taining the targeted C3 inhibitor CR2-Crry led to a reduction in C3d 
deposition in mice retinas and protection of RGCs despite continued 
intraocular pressure elevation [175]. More recently, astrocytes have 
been found to be a major source of C3 expression in the retina and optic 
nerve, and depletion of C3 from astrocytes was protective against RGC 
loss in a mouse model of optic neuritis, although such findings have not 
yet been replicated in glaucoma models [176]. Overall, these studies 
suggest that complement overactivation may be harmful to RGCs, 
although some data also suggests that C3 upregulation may play a 
protective role in early glaucoma [177]. 

In humans, aqueous complement activation protein levels are 
differentially regulated in patients with progressive glaucoma when 
compared to patients with stable or no glaucoma [178]. In one study 
comparing 10 patients with progressive primary open-angle glaucoma 
(POAG, as defined by visual field analysis) to 10 patients with stable 
POAG and 10 age-matched controls, the C3a/C3 ratio was higher in both 
the aqueous humor and serum of patients with progressive glaucoma, 
and this ratio was significantly correlated with glaucoma severity, 
implying that deregulated C3 activation may contribute to disease 
exacerbation/progression [179]. At present there are no clinical trials of 
complement inhibitors underway for the treatment or prevention of 
glaucoma. 

4.4. Retinal vein occlusion 

Retinal vein occlusions (RVO), disorders of impaired blood flow in 
the retinal veins, are second only to diabetic retinopathy as a leading 
cause of retinal vascular blindness [180]. Current treatment for RVO is 
targeted toward ameliorating disease complications, including macular 
edema and neovascularization. 

Mice with a mutation in the CFH gene (FHR/R mice) are a model for 
familial atypical hemolytic uremic syndrome, a complement-mediated 
thrombotic microangiopathy. Patients with this disease develop 
thrombosis in multiple organs, including the retinal vasculature, with 
resulting delayed retinal perfusion, edema, and detachment. Knocking 
out the C6 gene or administering systemic anti-C5 antibody rescues 
these mice from developing retinal vascular thrombosis, suggesting that 
MAC formation plays a role in RVO pathogenesis. Furthermore, C3 
deposition has been noted in the neurosensory retina, within retinal 
vessels, and below the RPE in FHR/R mice but not in wild-type mice, 
consistent with an impaired regulation of the AP C3 convertase and 
enhanced deposition of activated C3 fragments in the presence of a 
mutated FH protein (W1206R, FHR/R) [181]. Regarding human data, 
studies have found that levels of C3 are elevated in aqueous and vitreous 
humor samples of eyes with RVO when compared to controls [182,183]. 

Currently there are no trials investigating complement-related ther
apies for RVO, although one case report makes a suggestive association. 
A patient with longstanding RVO, with macular edema for more than 2 
years, experienced a decrease in macular edema, near-complete reso
lution of macular exudates, and improvement in visual acuity from 6/60 
to 6/18 8 days after initiating systemic eculizumab, an antibody against 
C5, in a clinical trial for multifocal motor neuropathy. Whether the 
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patient had undergone prior anti-VEGF or steroid treatment was not 
reported [184]. 

5. Conclusions and future directions 

C3 inhibitors are emerging for the eye, and there is an opportunity 
for broader therapeutic modulation in several ocular disorders. Given 
the recent Phase 3 data for pegcetacoplan that suggest an overall posi
tive benefit, this compstatin-based C3-targeted inhibitor, which is 
already approved for the treatment of paroxysmal nocturnal hemoglo
binuria, is now the focus of discussion for the GA of AMD. However, its 
clinical effects should be interpreted as only the beginning of thera
peutic C3 modulation for the eye. Other C3 inhibitors of the compstatin 
family, such as Cp40-KKK, are in development and may distinguish 
themselves with their different tissue localization and a likely enhanced 
ocular bioavailability when compared to larger biologics, as well as their 
improved pharmacokinetic properties (i.e., greater intraocular resi
dence). For example, Cp40-KKK can reach the choriocapillaris after 
intravitreal injection. With multiple potential roles in AMD pathophys
iology that could be additive, the potential benefits of optimally deliv
ered C3 inhibition should not be underestimated. Furthermore, early 
data suggest that other ocular diseases, most notably Stargardt disease, 
may benefit from C3 inhibition. Still, there are many remaining ques
tions to answer: In the ocular space, what is the optimal location of drug 
delivery for AMD and other diseases, given the location of pathologic 
complement deposition and expression? What is the potential role of 
intracellular vs. extracellular C3 activation for the eye? Is it possible to 
evaluate a group of complement polymorphisms to identity patients that 
would most benefit from C3 inhibition? For AMD, why was new-onset 
MNV seen in the pegcetacoplan trials as well as a C5 inhibitor trial? 
Could this be attributed to PEGylation, which was a common modifi
cation applied to both anti-complement agents? Understanding ques
tions such as these could provide more effective C3 therapeutics for 
AMD and open new avenues for treating other ocular diseases. Yet 
another concept is to consider the best disease stage for C3 inhibition, 
with developing data suggesting a key role for C3 in the drusen forma
tion of AMD and the progression of iRORA to GA [90–92,116]. Although 
trials are currently focused on slowing GA growth, treating non
exudative AMD prior to GA formation would have greater impact. Thus, 
C3 is a multifaceted master controller of the complement cascade that 
has generated numerous avenues of data pointing toward its broader 
pathogenic involvement, and it may have roles in earlier stages of dis
eases such as AMD. With C3 arguably holding the highest position in the 
hierarchy of complement components involved in pathological ocular 
inflammation, C3 inhibitors will likely be major players in an upcoming 
renaissance of complement therapeutics for the ophthalmic space. 
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