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A B S T R A C T   

Age-related macular degeneration (AMD) remains a major cause of legal blindness, and treatment for the 
geographic atrophy form of AMD is a significant unmet need. Dysregulation of the complement cascade is 
thought to be instrumental for AMD pathophysiology. In particular, C3 and C5 are pivotal components of the 
complement cascade and have become leading therapeutic targets for AMD. In this article, we discuss C3 and C5 
in detail, including their roles in AMD, biochemical and structural aspects, locations of expression, and the 
functions of C3 and C5 fragments. Further, the article critically reviews developing therapeutics aimed at C3 and 
C5, underscoring the potential effects of broad inhibition of complement at the level of C3 versus more specific 
inhibition at C5. The relationships of complement biology to the inflammasome and microglia/macrophage 
activity are highlighted. Concepts of C3 and C5 biology will be emphasized, while we point out questions that 
need to be settled and directions for future investigations.   

1. Introduction 

Age-related macular degeneration (AMD) is the leading cause of 
blindness in the developed world (World Health Organization, 2020). 
AMD affects patients ≥55 years of age, and there are an estimated 200 
million people with AMD in the world; this may increase to 300 million 
worldwide by 2040 (Mitchell et al., 2018). Significant vision loss is 
associated with the two advanced stages of AMD, nonexudative (dry) 
and exudative (wet) AMD. The advanced stage of nonexudative AMD is 
characterized by the presence of geographic atrophy (GA), which are 
lesions with deterioration of the photoreceptors, retinal pigment 
epithelium (RPE), and choriocapillaris. These lesions are typically 
located within the macula (central retina), cause scotomas within the 
central visual field, and relentlessly enlarge in size at an average rate of 
1.2–2.8 mm2 per year (Holz et al., 2014). Exudative AMD is character-
ized by abnormal choroidal neovascularization (CNV) beneath the 
macula. The CNV causes central vision loss from bleeding, edema, and 
scarring of retinal tissue. Wet AMD is typically treated with intravitreal 

injections of medicines (e.g. ranibizumab, aflibercept, bevacizumab) 
that inhibit the vascular endothelial growth factor (VEGF) pathway. 
While exudative AMD would still benefit from more therapeutic options, 
finding a treatment for GA currently is a very high priority as there is no 
treatment available for GA. The blinding lesions of GA are estimated to 
cause 20% of the legal blindness in North America (Holz et al., 2014). 

Complement biology plays a key role in AMD pathophysiology. The 
complement system is a highly interactive protein network that becomes 
activated in a cascade-like fashion, rapidly neutralizing microbial in-
truders or endogenous stress signals through potent opsonophagocytic 
and inflammatory mechanisms (Ricklin et al., 2010). By coordinating 
both innate and adaptive immune signaling, complement contributes to 
tissue homeostasis and host immunosurveillance (Hajishengallis et al., 
2017; Mastellos et al., 2019). As will be discussed in this article, studies 
of genetic variants first thrusted AMD into the field of complement 
biology (see Section 3), and it became clear that AMD can be considered 
an immune-mediated disease. Ensuing investigations have uncovered 
vital links between complement dysregulation and other pillars of AMD 
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pathophysiology, such as oxidative stress (Datta et al., 2017) and 
inflammasome activity (Tarallo et al., 2012). 

Of the many complement components, C3 and C5 have major posi-
tions within the complement cascade and have risen as the leading 
therapeutic targets in many inflammatory diseases, including AMD 
(Mastellos et al., 2019). While C5 inhibition effectively targets the ter-
minal complement pathway and blocks C5a release and MAC assembly, 
C3 inhibition is emerging as a more comprehensive targeting approach, 
whereby both upstream C3-derived fragments and signaling mediators 
and downstream C5-derived proinflammatory effectors can be simulta-
neously inhibited. Eculizumab (Soliris, Alexion) is a monoclonal anti-
body that binds C5 and blocks its proteolytic activation (Rother et al., 
2007; Wang et al., 1995). Eculizumab was approved in 2007 for 
paroxysmal nocturnal hemoglobinuria, becoming the first complement 
inhibitor available to patients. More recently, positive phase III data 
emerged for the first time for a C3 inhibitor, underscoring both its ef-
ficacy and safety in the clinical setting; in these trials, pegcetacoplan, a 
PEGylated version of a second-generation compstatin analog (APL-2, 
Apellis Pharmaceuticals) showed efficacy as a treatment for paroxysmal 
nocturnal hemoglobinuria with signs of broader therapeutic coverage 
and clinical gain over eculizumab (Apellis Pharmaceuticals, 2020; Cas-
tro et al., 2020). Furthermore, while other complement inhibitors have 
failed in clinical trials for GA, there are now ongoing phase III trials that 
will evaluate C3 inhibition (pegcetacoplan, Apellis Pharmaceuticals; 
NCT03525600, NCT03525613) and C5 inhibition (avacincaptad pegol, 
Iveric Bio; NCT04435366) as treatments for GA. 

Other excellent reviews about AMD and GA (Datta et al., 2017) have 
focused on the complement cascade as a whole or more specifically on 
the key involvement of complement factor H in AMD pathophysiology 
(Boyer et al., 2017; Toomey et al., 2018). While the relationships of 
complement proteins and regulatory proteins are clearly important, this 
review will concentrate on the intricacies of C3 and C5 biology as they 
relate to AMD and especially GA. In addition to holding pivotal positions 
in the complement cascade, C3, C5, and their fragments have multiple, 
robust functions that could be important in AMD. Clinical and labora-
tory data have pointed towards these proteins as therapeutic targets, but 
many lingering questions have arisen as well. 

2. Overview of the complement system 

While C1 – C9 may be considered the “backbone” components of the 
complement system, complement actually involves around 50 different 
proteins that interact with each other in a highly ordered fashion, 
engaging in intricate crosstalk with both innate and adaptive immune 
pathways. The complement components are arranged into a cascade that 
is poised to amplify and react quickly to various microenvironmental 
insults or cues (Ricklin et al, 2010, 2016a). Generally, the cascade can 
start from three different pathways: the classical pathway (CP), the 
alternative pathway (AP), and the lectin pathway (LP) (Fig. 1). The 
classical pathway begins with the binding of the C1q fragment of com-
plement factor C1 to antigen-antibody complexes. Lectins are 
carbohydrate-binding proteins, and the lectin pathway starts by 
mannose-binding lectin binding to polysaccharide or glycoprotein mo-
tifs on the cell surface of foreign cells or injured host cells. In contrast, 
the AP is characterized by a constitutive, low-level activation of C3. This 
activation, termed ‘C3 tickover’, is mediated by the spontaneous hy-
drolysis of C3; it leads to the generation of C3H20 and the formation of 
an active C3 convertase, C3H20Bb (Fig. 1). The C3H20Bb convertase can 
initiate the AP. Of note, C3H2O is unable to bind to cell surfaces because 
of its hydrolyzed thioester bond (Pangburn et al., 1981; Winters et al., 
2005). However, recent evidence has suggested that C3H2O may engage 
in many biological functions, serving also as a key initiator of intracel-
lular complement activation via its entry into various target cells 
(Elvington et al., 2017). In addition to the three canonical pathways of 
complement activation (CP, LP, AP), there is also an extrinsic 
protease-mediated pathway, whereby various proteases of the 

coagulation/contact/fibrinolysis pathways can directly cleave C3 and 
C5 independent of the convertases, leading to the release of bioactive C3 
and C5 fragments and anaphylatoxins (Amara et al., 2010; Huber-Lang 
et al., 2006). 

Regardless of the triggering route (CP, LP or AP) all complement 
pathways lead to the formation of C3 convertases, the enzymatic com-
plexes that bind to and cleave C3. The CP and LP both utilize the same 
C3 convertase C4b2b. C3H20Bb serves as the initial convertase of the AP, 
with C3bBb being the actual AP convertase that fuels AP amplification 
on target surfaces opsonized by C3b. In fact, the AP not only serves as a 
stand-alone activation pathway but can also amplify the complement 
response initiated through the classical and lectin pathways. C3 is thus a 
point of convergence of all complement activation pathways and holds a 
pivotal position within the cascade. The cleavage of C3 by convertases 
releases C3a and C3b. Then, factor B (FB) binds to C3b forming the so- 
called C3 proconvertase (C3bB). FB is subsequently cleaved by Factor D 
(FD) to form Bb, which combines with C3b to form the AP C3 convertase 
C3bBb. The C3bBb convertase can cleave more C3 molecules, ampli-
fying the cascade. In this way, the AP functions as a significant ampli-
fication loop for the classical and lectin pathways at the level of C3 
(Lachmann, 2009), contributing about 80% of the downstream terminal 
(lytic) pathway activation (Harboe et al., 2009). This AP amplification 
loop is a powerful driver of multiple complement functions. The C5 
convertase, C3bBbC3b, cleaves C5, releasing C5b and C5a. C5b initiates 
the formation of the C5b-9 membrane-attack-complex (MAC), and C5a 
exerts multiple proinflammatory and immunomodulatory functions. 
The classical and lectin pathways also give rise to a C5 convertase 
(C4bC2bC3b) that can cleave C5. The MAC (C5b-9 complex) is a key 
downstream effector of the complement cascade, as MAC has the ca-
pacity to cause lysis of targeted cells by forming pores in cell membranes 
or it can activate intracellular signaling pathways in sublytic doses (see 
also Section 6.3) (Triantafilou et al., 2013). Being the initial step in the 
process of MAC assembly, C5 activation contributes to many patholog-
ical processes with inflammatory phenotypes. Intensifying the strength 
of this system beyond MAC, many complement proteins and their 
fragments have immunomodulatory and effector functions. A prominent 
example of complement’s effector function is opsonization, which is 
when target cells are tagged for phagocytosis by immune cells bearing 
complement and Fc receptors. Phagocytes initiate the phagocytic pro-
cess by recognizing the so-called opsonins, which are C3 and C4-derived 
fragments deposited on the surface of the target cell as a result of 
complement activation (i.e., C3b, iC3b, C4b, and C3dg). Further, the 
cleavage of C3 and C5 releases the anaphylatoxins C3a and C5a which 
have several inflammatory functions (see Section 6.1), including the 
ability to chemotactically attract phagocytes to the site of infection. 
Additional information on the biology of the complement system and 
how it relates to various diseases can also be found in recent reviews 
(Mastellos et al., 2019; Ricklin et al., 2018). 

Regulatory proteins can dampen or amplify complement activation, 
and key regulators and proteases will be mentioned briefly here. The 
serine proteases FB and FD have important roles in the assembly and 
activity of the C3 convertase of the alternative pathway. As mentioned 
above, FB binds C3b, interacts with FD, and this gives rise to the C3bBb 
convertase. In addition to this, FB binds hydrolyzed C3 (C3H2O) 
following the spontaneous hydrolysis of native C3 (C3 tick-over). 
Cleavage of the bound FB by FD then leads to the C3(H2O)Bb con-
vertase of the AP. With these roles, FD is considered the rate-limiting 
enzyme of the complement AP. AP activity is further controlled by key 
regulatory proteins, including properdin and Factor H (FH). The C3bBb 
convertase activity is stabilized by properdin; C3bBb has a half-life of 
only 90 seconds but is stabilized 5 to 10-fold by properdin (Kouser et al., 
2013). Properdin was previously considered to have pattern-recognition 
ability, enabling it to interact with cell surfaces independent of C3b, but 
this has been called into question (Harboe et al., 2017). In contrast to 
properdin’s stabilization of C3bBb, FH is involved in C3b degradation 
and is one of several endogenous regulatory proteins expressed by host 
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Fig. 1. Overview of the complement system. The complement cascade involves many protein interactions that occur within the plasma, on cell surfaces, and within 
cells. It begins with the classical, lectin, and alternative pathways. The three pathways converge on C3, and C3 mediates multiple functions. Cleavage of C5 brings 
about the terminal lytic pathway with formation of the membrane attack complex. Shown on the right are key components of the C3 breakdown pathway, including 
C3 fragments, the complement receptors, and associated functions. This portion of the schematic intends to illustrate the multiplicity of interactions between C3 
fragments and their receptors on a generic cellular scaffold and does not imply the concomitant presence of all complement receptors on the same cell type. Shown on 
the left are the anaphylatoxins (C3a and C5a), their receptors, and associated functions. Red X’s highlight pathways blocked by C3 inhibition, and black X’s highlight 
pathways blocked by C5 inhibition. Convertases are shown in yellow boxes. Important interactions are discussed in more detail within the text. For simplicity, the 
schematic does not depict intracellular or extrinsic protease-mediated routes of complement activation, but these important aspects of complement biology are 
discussed in the text. Abbreviations: MBL, mannose-binding lectin; MASPs, mannose-binding lectin associated serine proteases; FP, factor properdin; FB, factor B; FD, 
factor D; FI, factor I; CR, complement receptor; C3aR, C3a receptor; C5aR1, C5a receptor 1; C5aR2, C5a receptor 2; MAC, membrane attack complex; RCA, regulator 
of complement activation; MCP, membrane cofactor protein; DAF, decay accelerating factor. 
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cells to modulate complement activation both in the circulation and on 
autologous surfaces. Beyond FH, these other regulators include Com-
plement Receptor 1 (CR1), decay accelerating factor (DAF/CD55), and 
membrane cofactor protein (MCP/CD46), each of which can accelerate 
the dissociation of C3bBb (Hourcade et al., 2002). It is important to note 
that, in addition to its role as a regulator of membrane-bound C3b, FH 
acts as the main fluid phase inhibitor of AP activation. Further, FH has 
single nucleotide polymorphisms (SNPs) that were the first complement 
SNPs found to be associated with AMD (see Section 3). 

The complement cascade was originally considered to be a pathogen- 
killing protein system within the blood that “complements” antibodies, 
but is now known to also have broader functions in immune surveil-
lance, development, and intracellular activities (Freeley et al., 2016; 
Merle et al., 2015; Ricklin et al., 2010, 2016a). Recognizing the multi-
faceted roles of complement is a fundamental concept to consider for 
therapeutic development. 

At its best, the complement cascade is able to be potent and refined, 
adjusting to each microenvironment. However, it is clear that dysregu-
lation of the complement system leads to excessive inflammation and 
disease. Dysfunction of the complement system is implicated in the 
pathophysiology of a variety of diseases including periodontitis, 
paroxysmal nocturnal hemoglobinuria, sepsis, transplant rejection, C3 
glomerulopathy, cancer, and AMD (Mastellos et al., 2019). Mounting 
clinical evidence has also indicated that complement dysregulation 
contributes to COVID-19 pathogenesis, driving key thromboin-
flammatory pathways that culminate in disseminated microvascular 
injury, endothelial dysfunction, and immunothrombosis (Risitano et al., 
2020; Skendros et al., 2020). Of note, a comparative study of the 
C3-targeted drug candidate AMY-101 (Amyndas Pharmaceuticals) and 
the anti-C5 monoclonal antibody eculizumab in severe COVID-19 pa-
tients revealed divergent laboratory profiles and clinical traits that point 
to a broader impact of C3 inhibition on NET (neutrophil extracellular 
traps)-driven thromboinflammation (Mastellos et al., 2020). All of these 
clinical developments have brought complement therapeutics to the 
forefront of biopharmaceutical research, expanding the spectrum of 
indications that may benefit from acute or chronic complement 
intervention. 

3. Evidence for the pathogenic role of C3 and C5 in AMD 

Landmark genetic studies in 2005 first established that complement 
proteins, specifically factor H polymorphisms, are associated with AMD 
(Edwards et al., 2005; Hageman et al., 2005; Haines et al., 2005; Klein 
et al., 2005). Genome-wide association studies have since revealed that 
genetic variations in multiple components of the complement cascade 
are associated with increased risk for AMD (e.g. C3, FB, Factor I, C9), 
pointing predominantly to a key pathogenic role of AP dysregulation 
leading to increased C3 turnover in this disease (Park et al., 2019). In 
this section, we will focus on evidence for C3 and C5’s role in AMD. 

Drusen are the hallmark retina finding of the early and intermediate 
stages of AMD, and it is clear that C3, C5, and other complement pro-
teins are present within drusen deposits (Mullins et al., 2000; Nozaki 
et al., 2006). Furthermore, the anaphylatoxins C3a and C5a, which are 
inflammatory mediators (see also Section 6.1), have been shown to be 
present in human drusen and Bruch’s membrane. In AMD patients, 
higher plasma levels of bioactive fragments, such as C3a, C3d, Bb, and 
C5a, have also been reported, suggesting that complement activation 
plays a role in AMD pathogenesis (Lechner et al., 2016; Reynolds et al., 
2009; Scholl et al., 2008). In the laser-induced mouse model of choroidal 
neovascularization, immunolabeling has shown C3a and C5a in and 
around RPE cells within hours after laser injury. Interestingly, Nozaki 
et al. found that C3a and C5a induced vascular endothelial growth factor 
(VEGF) in retinal pigment epithelium (RPE) cells (Nozaki et al., 2006). 
When the receptors for C3a (C3aR) or C5a (C5aR1) are knocked out, 
there is a reduction in VEGF expression, leukocyte recruitment, and CNV 
formation in the laser-induced model. Bora et al. found C3 and the 

membrane attack complex (MAC) in CNV from the laser-induced model, 
and MAC inhibition with anti-C6 antibodies significantly reduced CNV 
(Bora et al., 2005). This animal model data was produced about 15 years 
ago and strongly suggested that complement inhibition, especially at the 
level of C3 or MAC, could be helpful for neovascular AMD (nvAMD). 
However, clinical trials have yet to show a benefit of complement in-
hibition for nvAMD for unclear reasons. While the laser-induced CNV 
model is an established method of studying CNV development and has 
been valuable for VEGF therapeutic development, this model does not 
fully represent the complex relationship of complement and nvAMD 
development in humans. 

Genetic association studies focusing on C3 and C5 deserve discus-
sion. There are generally two predominant alleles of the C3 gene. These 
are known as C3S (slow) and C3F (fast) because of their different 
mobility on agarose electrophoresis (Delanghe et al., 2014). The fre-
quency of the C3F allele is about 20% in the Caucasian population. 
Genetic studies by different groups revealed that only the rs2230199 
single nucleotide polymorphism (SNP), which leads to C3F, is associated 
with AMD (Maller et al., 2007; Yates et al., 2007). The consequence of 
this SNP is the substitution of an uncharged glycine residue for the 
positively charged arginine at position 80, potentially affecting activity 
of the C3 thioester-containing domain (Yates et al., 2007). C3F also has 
been suggested to be associated with other diseases including IgA ne-
phropathy, systemic vasculitis, partial lipodystrophy, and mem-
branoproliferative glomerulonephritis type II (MPGNII, also known as 
dense deposit disease) (Delanghe et al., 2014). Additionally, a rare 
variant of C3 (p.Lys155Gln; rs147859257) has been found to be asso-
ciated with AMD, and this has been confirmed in several populations 
(Helgason et al., 2013; Seddon et al., 2013; Zhan et al., 2013). This 
mutation is thought to code for a C3 protein variant that has reduced 
ability to bind FH, thereby attenuating the C3b breakdown cycle and 
increasing AP activity. Among a subset of patients with either GA or 
exudative AMD, Helgason et al. found that the p.Lys155Gln variant had 
significantly higher frequency among the GA cases (Helgason et al., 
2013). In contrast to C3, there presently are no known associations of 
AMD with C5 polymorphisms. Baas and colleagues did not identify any 
significant correlation between C5 SNPs and propensity to develop AMD 
in their study of 2599 AMD cases and 3458 controls (Baas et al., 2010). 
In this study, there were 8 C5 SNPs associated with AMD for the 
Amsterdam/Rotterdam-Netherlands study population, but none of these 
associations were replicated when the analysis was extended to three 
other study populations. Nevertheless, as noted here, there is still sig-
nificant evidence suggesting that C5 has an important role in AMD 
pathophysiology despite the lack of an AMD associated C5 SNP. 

Several laboratory studies have heightened the interest in C3 and C5 
as pathogenic drivers and targets for therapeutic intervention in AMD. 
Oxidative stress related, in part, to bisretinoids and iron overload is 
considered a pathogenic mechanism of AMD that leads to complement 
activation (Dunaief, 2006; Zhou et al., 2006). In vitro studies suggest that 
photooxidation products of the bisretinoid A2E activate the complement 
cascade. A2E is a photoreactive byproduct of the visual cycle that can 
generate reactive oxygen species; it is derived from vitamin A aldehyde 
and is a major component of the lipofuscin within RPE. When comple-
ment containing human serum was placed over ARPE-19 cells (a human 
RPE cell line) that contained photooxidized A2E, there were increased 
levels of iC3b and C3a, suggesting complement activation from frag-
ments of oxidized A2E that either left the cells or were present at the cell 
surface (Zhou et al., 2006). It is also possible that A2E causes cellular 
stress that leads to the development of neoepitopes on RPE that activate 
the complement cascade (Joseph et al., 2013). Li et al. have also shown 
that iron itself contributes to C3 production by the RPE, indicating a 
local source of C3 (Li et al., 2015). Further, collaborative work between 
the Dunaief and Sparrow labs has shown that iron promotes cell death 
caused by bisretinoids, showing a link between these pathways (Ueda 
et al., 2018). Other causes of oxidative stress highly implicated in AMD, 
such as smoking, also cause the RPE to produce C3 and are associated 
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with AP activation (Kunchithapautham et al., 2014). While there is no 
single animal model that recapitulates the complex mechanisms of 
AMD, the light-damage mouse model is useful for understanding the role 
of light-induced oxidative stress within the retina. Several complement 
proteins are upregulated from light-damage, including C3, C5, and the 
anaphylatoxin receptors, C3aR and C5aR1 (Song et al., 2017). All 
together, these data show that multiple research approaches have 
implicated C3 and C5 in AMD pathophysiology. 

Although the data presented in this section strongly implicates C3 
and C5 in AMD pathobiology, the differences between C3 and C5 should 
not be overlooked as they might point to distinct pathogenic pathways 
that are differentially modulated by these two key components. C3 
activation is a converging step in the cascade that could orchestrate 
multiple pathologic processes in AMD. In this regard, C3 activation 
triggers the release of opsonic fragments that drive phagocytic re-
sponses, controls the activation of the proinflammatory C3a-C3aR axis, 
and also drives the generation of downstream effectors of the terminal 
pathway (C5a, MAC) through formation of C3b-containing C5 con-
vertases (see also Section 6). Further investigations that specifically 
evaluate these C3 functions and distinguish them from C5 are indicated 
as we consider C3 and C5 therapeutics. 

4. Molecular structure and biological functions of C3 and C5 

Because of the central location of C3 and the distal location of C5 
within the complement cascade, both C3 and C5 play distinct but 
organized roles in activation and regulation of complement-mediated 
inflammation and immunity. Delving into biochemical features, this 
section focuses on the structure – function relationships of both C3 and 
C5. 

4.1. Molecular size and gene of C3 and C5 

The human C3 gene is on the short (p) arm of chromosome 19 at 
position 13.3 (chr.19p13.3), localized to base pairs 6,677,704 - 
6,720,650 (NCBI Homo sapiens Updated Annotation Release 
109.20200815, GRCh38.p13). The primary amino acid sequence and 
derived cDNA coding sequence have been elucidated. The encoded 
precursor molecule contains a peptide of 22 amino acid residues, the 
β-chain (645 residues), and the α-chain (992 residues). Cloning and 
sequencing studies have revealed several functionally important sites (e. 
g. thioester site) in the C3 protein (de Bruijn and Fey, 1985). Phyloge-
netic analyses showed that human C3 has 79% identity to mouse C3 at 
the nucleotide level and 77% identity at the amino acid level (de Bruijn 
and Fey, 1985). The molecular weight of the mature human C3 protein is 
187 kDa (Sahu and Lambris, 2001). 

The location of the human C5 gene is on the long (q) arm of chro-
mosome 9 at position 33.2 (chr.9q33.2; base pairs 
120,952,335–121,074,865 (NCBI Homo sapiens Updated Annotation 
Release 109.20200815, GRCh38.p13). The mature C5 molecule is 
comprised of an α- and a β-chain, which are covalently linked by a di-
sulfide bridge (Hughes, 1994). It is proteolytically processed into the 
small anaphylatoxin polypeptide C5a and a larger fragment termed C5b 
(Fredslund et al., 2008). The molecular weight of mature C5 protein is 
196 kDa (Jore et al., 2016). Phylogenetic analyses showed that the 
human C5 gene is approximately 89% synonymous to mouse C5 at the 
nucleotide level (Hughes, 1994). 

4.2. C3 and C5 structure in the context of their physiologic function 

4.2.1. C3 structure 
A discussion of the complement system’s evolution is relevant to the 

structural understanding of C3 and C5. Complement is an ancient de-
fense system that likely emerged at least 600–700 million years ago; 
several of its core components and activities have been described in 
invertebrates and almost all animal phyla (Oriol Sunyer et al., 1998; 

Ricklin et al., 2016b). The complement system evolved with a set of 
primitive C3, FB and MASP-like (mannose-binding lectin associated 
serine proteases) molecules likely appearing in early metazoans before 
the divergence of the deuterostome lineage that led to the emergence of 
all vertebrate phyla. This ‘primordial’ complement system initially 
served as a potent phagocytic machinery that mediated effective tissue 
immunosurveillance while acting as a first line of defense against 
pathogens. Through millions of years of evolutionary pressure and 
intense phylogenesis, the complement system was further diversified 
through gene duplications and domain rearrangements of the C3, FB, 
and MASP genes, that gradually led to the formation of discrete path-
ways in more evolved vertebrates (i.e., mammals). Protein domain 
shuffling, gene duplication events, and copy number variations pro-
pelled the sequential emergence of the AP and the subsequent appear-
ance of the CP and the terminal lytic pathway. It is therefore thought 
that C5 emerged from a common, ancestral, thioester domain (TED)--
containing molecule that initially evolved as C3, likely through gene 
duplication, and then led to the appearance of C5 through additional 
domain reshuffling. The emergence of the terminal pathway is tightly 
associated with the divergence of the jawed fishes (gnathostomes/cy-
clostomes) from a common ancestor of jawed vertebrates. Of note, the 
presence of multiple isoforms of C3 and C5 proteins within the same 
teleost fish has been attributed to copy number variations and gene 
duplication events rather than alternative splicing of a single precursor 
gene (Ricklin et al., 2016b). Additionally, C3, along with C5 are closely 
related to the α2-macroglobulin (α2M) family (Duval et al., 2020; Law 
and Dodds, 1997). Thioester motifs are well conserved, biochemically 
reactive structures, and the α2M family has a TED (Levashina et al., 
2001). 

C3 is derived from a single-chain precursor protein (Pro-C3) of 
approximately 200 kDa (Okura et al., 2016). Pro-C3 is proteolytically 
processed into two polypeptides, the α (115 kDa) and β (70 kDa) sub-
units, forming the mature C3 protein (Misumi et al., 1984; Morris et al., 
1982). Crystallographic structural determination of C3 protein purified 
from human plasma revealed 13 protein domains: 8 macroglobulin 
domains (MG 1–8); anaphylatoxin; linker; CUB (complement C1r/C1s, 
Uegf, Bmp1); TED; and C345C domains (Fig. 2A) (Janssen et al., 2005). 
Among these domains, TED has a crucial role in C3 activation and 
regulation. It harbors a highly reactive thioester group that remains 
protected within the conformation of native C3 but becomes exposed 
upon spontaneous hydrolysis or proteolytic cleavage of C3 to enable the 
rapid covalent attachment of C3 to target surfaces (Chen et al., 2016; 
Janssen et al., 2005). Upon proteolytic conversion to C3b, C3 undergoes 
drastic conformational changes that expose surfaces for multi-tiered 
interactions with other complement components and regulators (Jans-
sen et al., 2006). C3b molecules close to cell surfaces can attach via their 
activated TED and tag them for opsonization. Since nascently activated 
C3b can bind to hydroxyl and amine groups, C3b can bind to most 
biological surfaces (Law and Dodds, 1997). C3b activity may be 
controlled through a rapid cleavage by Factor I (FI), yielding iC3b. 
Further cleavage of iC3b by FI, in the presence of co-factors such as FH or 
CR1, leads to the release of C3c and C3dg (see also Section 6.2.1) (Xue 
et al., 2017). Although iC3b can no longer participate in C3 or C5 con-
vertase assembly, it serves as a crucial effector molecule for downstream 
host defense processes as it binds to complement receptors on a variety 
of immune cells. The function of iC3b in contrast to C3b was further 
understood after a structural analysis using hydrogen–deuterium ex-
change mass spectrometry, a technique that characterizes a protein’s 
deuterium uptake at peptide resolution, thereby providing insight into 
the conformational basis of the protein’s activity and selectivity 
(Papanastasiou et al., 2017). This study elucidated the structural dy-
namics of C3b and iC3b based on the observation that peptides with 
distinct deuterium contents were found in C3b and iC3b. For instance, 
an increase in deuterium uptake was observed for CUB domain peptides 
in iC3b when compared with C3b, indicating that a more structurally 
disordered CUB domain emerges in the context of iC3b formation. The 
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disordered CUB in iC3b likely impacts the orientation and accessibility 
of this opsonin via MG-CUB-TED domain arrangement; this explains the 
differences between C3b and iC3b with regards to convertase formation 
and the exposure of various surfaces that allow binding to distinct reg-
ulators and receptors (Papanastasiou et al., 2017). 

A few other domains deserve a brief highlight. The α-chain starts 
with the anaphylatoxin domain (residues 650–726). When this domain 
is cleaved off, the C3a anaphylatoxin, forms (Huber et al., 1980). Finally, 
residues 1496–1641 form a C-terminal C345C domain. This domain is 
covalently linked to the MG domains, promoting stabilization of the 
C3bBb convertase by interaction with properdin (Alcorlo et al., 2013). 

4.2.2. Molecular structural basis of alternative pathway (AP) activation 
and regulation 

Although there is evidence showing that the two other complement 
pathways contribute to the etiology of AMD (Rohrer et al., 2011), dys-
regulation of the AP, which predisposes individuals to developing dis-
ease, is considered most important (Karki et al., 2019). Thus, the 
structural basis for AP activation and regulation deserves discussion. 
Under physiological conditions, the AP vigilantly keeps a low level of 
constitutive activation by the “tick-over” mechanism, whereby there is 
spontaneous hydrolysis of a labile thioester bond, forming C3(H2O) and 
eventually the initial AP convertase C3(H2O)Bb (Pangburn et al., 1981). 
The initial AP convertase cleaves C3 into C3a and C3b, and there is 
ensuing deposition of C3b onto cell surfaces. As C3b binds covalently to 
a surface via the activated TED, the half-life of the thioester in C3b is less 
than 1 second with subsequent poor attachment efficiency to surfaces 
(Law and Dodds, 1997). This very short half-life is mediated by hydro-
lysis of the thioester and places a time restriction on C3b, limiting the 
activity to close proximity of the location of activation. Furthermore, 
bound C3b molecules can also be rapidly inactivated by complement 
regulators. 

Upon activation of the AP, FD binds to and cleaves C3-bound FB, 
releasing the N-terminal fragment Ba and resulting in the formation of 
the AP C3 convertase (C3bBb) (Milder et al., 2007). The half-life of 
C3bBb is short (~90s) (Pangburn and Müller-Eberhard, 1986). There-
fore, a stabilization of C3bBb is required to enable adequate host de-
fense. Properdin, a protein secreted by monocytes/macrophages and T 
lymphocytes (Schwaeble et al., 1993), stabilizes the AP C3 convertase, 
as mentioned earlier. Properdin also facilitates the assembly of the AP 
C3 convertase, as properdin can bind FB, Bb, and C3b (Hourcade, 2006). 
Electron microscopy studies demonstrated that properdin binding in-
duces a large displacement of the TED and CUB domains of C3b (Alcorlo 
et al., 2013). These structural changes twist the binding site for factor H 
(Kajander et al., 2011). It makes the AP C3 convertase more resistant to 
decay by factor H. Of note, factor H, along with decay-accelerating 

factor (DAF) and complement receptor 1 (CR1), can bind to C3b and 
accelerate the decay of the AP C3 convertase; this is accomplished by 
dissociation of Bb from C3b and proteolytic inactivation of C3b (Alcorlo 
et al., 2015; Hourcade et al., 2002). 

4.2.3. C5 structure 
In the terminal pathway distal to C3, C5 is the critical component. C5 

has some structural similarities to C3 as noted in Section 4.2.1: C5 
contains macroglobulin domains (MG1–MG8), the CUB domain, the C5d 
domain (structurally homologous to the TED of C3), the C5a domain 
(also called anaphylatoxin) and an extended linker region located be-
tween MG1–MG2 and MG4–MG6 (Fig. 2B). The C5d domain is struc-
turally homologous to the TED in C3, but it does not contain a thioester 
bond. The linker and C5a domains insert into the MG6 domain, whereas 
C5d is inserted into the CUB domain (Fredslund et al., 2008). 

Structural understanding of C5 and its derivatives has propelled 
development of therapeutics targeting discrete components of the ter-
minal complement pathway. The inhibitory mechanisms may include 
blocking of key proteins in the effector cascade (e.g., C5), neutralization 
of complement-derived anaphylatoxins (e.g., C5a), and blockade of 
complement anaphylatoxin receptors (e.g., C5aR1/CD88) (Emlen et al., 
2010). In a crystallographic study of the C5-eculizumab complex, the C5 
residues recognized by the antibody are all part of the antiparallel 
four-stranded β-sheet in the MG7 domain (Schatz-Jakobsen et al., 2016). 
Eculizumab and other pharmaceutical candidates were designed based 
on the understanding of the C5 molecule’s MG7 structure (Jore et al., 
2016). Binding to the MG7 domain of C5, eculizumab prevents cleavage 
of C5 by the complement C5 convertases and effectively inhibits the 
effectors of the terminal complement pathway (Jore et al., 2016; 
Schatz-Jakobsen et al., 2016). 

5. C3 and C5 expression and activity: It’s all about location 

One of the most important topics in need of additional research is the 
location and timing of C3 and C5 expression in the context of AMD. 
Complement proteins, including C3 and C5, are typically produced in 
the liver, then enter the circulation and can deposit within various tis-
sues. Of note, extrahepatic C3 or C5 expression by both myeloid and 
non-myeloid cell types has also been described in many tissues, disease 
models and pathophysiological contexts (Reis et al., 2006). Under 
physiological conditions, the plasma complement components circulate 
as inactive zymogens, and activation of complement is effectively 
controlled by soluble inhibitors such as factor H, C4-binding protein 
(C4bp), and membrane-associated regulatory proteins such as CD46, 
CD55, and CD59 (Ferreira et al., 2010; Geller and Yan, 2019). 

Patients with AMD-associated complement SNPs may have a genetic 

Fig. 2. Crystal structures of C3 and C5. The domains of C3 (A) and C5 (B) are labeled. Figure and caption adapted from Janssen et al., 2005 (C3) and Fredslund et al., 
2008 (C5) with permission of the copyright holder. Abbreviations: MG, macroglobulin; TED, thioester domain; ANA, anaphylatoxin; LNK, linker; CUB (complement 
C1r/C1s, Uegf, Bmp1). 
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background that predisposes them to systemic complement over- 
activity. Scholl et al. suggested that, compared to controls, patients 
with AMD do have higher levels of plasma markers of complement 
activation, especially factor Ba and C3d (Scholl et al., 2008). Data sup-
porting systemic complement activation in AMD patients with 
risk-associated gene polymorphisms has also been reported by other 
groups (Heesterbeek et al., 2020; Lorés-Motta et al., 2018). Using the 
C3d/C3 ratio as a measure of systemic C3 activation (see also Section 
6.2.1), Heesterbeek et al. recently reported data suggesting that systemic 
C3 activity is increased in patients with more advanced stages of AMD, 
particularly in patients with risk-associated polymorphisms (Hees-
terbeek et al., 2020). In some patients, the deposition of complement 
into the eye from systemic complement over-activity may play a role in 
AMD progression. These observations link dysregulated C3 activation 
with disease severity and suggest that targeting C3 convertase activity 
and/or AP amplification may provide an effective means of containing 
the inflammatory sequelae that deteriorate the clinical status of AMD 
patients. 

If plasma-derived complement deposits into ocular tissues, then the 
choroid has potential as a key site of deposition for the eye. With 
immunohistochemistry of non-human primate retinas, we have seen C3 
present primarily in the choriocapillaris and Bruch’s membrane (Hughes 
et al., 2020). Others have shown evidence of MAC deposition within the 
photoreceptor outer segments of an eye with geographic atrophy 
(Fig. 4E of (Mullins et al., 2014). It is not clear what proportion of these 
critical complement proteins are deposited in these locations from the 
systemic circulation or after ocular infiltration by peripheral blood 
mononuclear cells, as opposed to being locally produced. The 
blood-retina barrier would normally prevent many serum proteins, 
including complement components, from entering the subretinal space 
or the neurosensory retina (Clark et al., 2017). However, recent work 
from the Dunaief lab at UPenn has shown that there is some passage of 
plasma proteins into these areas in patients with the intermediate stage 
of AMD, providing evidence for break-down of the blood-retina barrier 
in AMD patients (Schultz et al., 2019). Using two different cohorts and 
controls matched for age and post-mortem interval, Western blots were 
performed on human post-mortem neurosensory retinas. Significantly 
more albumin and complement component C9, two proteins that do not 
typically cross the blood-retina barrier and are not known to be 
expressed in the neurosensory retina at the age of AMD susceptibility, 
were found in the intermediate stage AMD eyes compared to controls 

(Fig. 3). These data provide important evidence that the blood-retina 
barrier is moderately compromised in nonexudative (“dry”) AMD and 
plasma components can subclinically “leak” across into the neurosen-
sory retina. Thus, complement in the systemic circulation could directly 
affect the retina in diseased states, and one would expect that C3, being 
the most abundant protein in plasma, could leak progressively into the 
retinal tissue to a greater extent compared to other complement 
proteins. 

As AMD develops, the putative local expression of complement 
components by retinal cells arises as an important question with many 
implications for the optimal delivery of therapeutics. An intriguing 
clinical study by Khandhadia et al. evaluated AMD status in 223 patients 
≥ age 55 that had a liver transplant for at least 5 years. In these liver 
transplant patients, they found that AMD was associated with recipient 
CFH Y402H genotype rather than donor CFH Y402H genotype (Khand-
hadia et al., 2013). Additionally, the concentration of plasma comple-
ment components was similar for those with and without AMD. The 
authors of this study argued that local intraocular complement, rather 
than systemically produced complement, is more important in AMD 
pathophysiology. Regarding this local expression, the paper by Ander-
son et al. provides a wealth of data about complement expression in 
human retinal and choroidal tissue, and some of this data will be 
highlighted here (Anderson et al., 2010). They found that the choroid is 
the primary source of local gene expression of AP components and 
regulators. C3 expression was found primarily in the choroid; C5 
expression in the choroid was detected as well, but to a lesser extent. 
Using immunohistochemistry of human tissue they found C3 predomi-
nantly in the choriocapillaris. In eyes with drusen, the locations around 
drusen had C3 within the cytoplasm of RPE and between the RPE and 
Bruch’s membrane. Adding to this data, Katchke et al. have reported 
finding C3 in the choriocapillaris as well as some photoreceptor outer 
segments outside GA lesions of AMD donor eyes (Katschke et al., 2018). 
Pauly et al. explored this topic further and recently used single-cell RNA 
sequencing of mouse retinal cells to demonstrate that different retinal 
cell types have different complement expression profiles (Pauly et al., 
2019). This study evaluated cells of the neurosensory retina and RPE, 
but did not specifically look at choroidal cells. Müller and RPE cells were 
the predominant sources of complement proteins, and the expression 
profile changed depending on the age of the mice. In particular, C3 was 
mostly expressed by Müller cells with lesser amounts of expression by 
neurons and RPE cells. Expression of C3 and other complement 

Fig. 3. Passage of complement component 9 (C9) 
across the blood retina barrier of nonexudative 
AMD (age-related macular degeneration) patients. 
Western analysis of post mortem neurosensory 
retina protein from macula (A) with corresponding 
pixel density graphs and from nasal periphery (B) 
with corresponding pixel density graphs. Tissue 
was obtained from the Minnesota Lions Eye Bank. 
Immunoblots were done with anti-C9 (R & D Sys-
tems, Minneapolis, MN) and α-tubulin (Sigma- 
Aldrich, Inc., St. Louis, MO). Loading control 
α-tubulin (50 kDa) bands are shown below each set 
of lanes. Graphs show band densitometry normal-
ized to loading control calculated using Image J 
software. Numbers represent mean values (±SEM). 
Grading of eyes was done using the Minnesota 
Grading System (Decanini et al., 2007; Olsen and 
Feng, 2004). There were 5 normal eyes, and 5 
intermediate-stage AMD eyes. Statistical analysis 
was performed using student’s two-tailed unpaired 
t-test. *p < 0.05, **p < 0.01. Normal and AMD 
eyes were matched for age and post-mortem in-
terval. These findings were replicated with a sec-
ond cohort of eyes from the Alabama Eye Bank. 
Figure and caption adapted from Schultz et al., 
2019 with permission of the copyright holder.   
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activators increased in the context of an ischemia – re-perfusion injury 
model of the mouse retina. C5 and other MAC components were mostly 
expressed by the RPE rather than the neurosensory retinal cells. All 
together, these data show that complement activation within the retina 
can be sustained without significant contribution of the plasma-derived 
complement stores. Thus, there is an ongoing debate about whether 
pathologic levels of complement proteins come from locally produced 
complement, the plasma, or both (Schnabolk et al., 2015). Further, the 
data by Pauly et al. suggest that complement proteins have cell-type 
specific expression and activities likely related to homeostasis within 
the normal retina (Pauly et al., 2019). This raises a note of caution as to 
how complement therapeutics should be optimally delivered to the 
diseased retinal tissue (both in terms of delivery route and optimal 
timing/duration of treatment). 

Age is also a factor in complement expression as complement plays a 
role in homeostasis of the aging retina, including removal of apoptotic 
cells and selective elimination of undesirable synapses (Mukai et al., 
2018; Stevens et al., 2007). It’s highly likely that complement expression 
patterns found in non-diseased eyes is evidence of local complement 
activity related to retina homeostasis. When comparing younger mice to 
older mice that are C3aR− /− and/or C5aR− /− , there is progressive 
retinal degeneration with electroretinogram abnormalities, as well as 
loss of different retinal cell types over time in C3aR− /− and 
C3aR− /− C5aR− /− but not C5aR− /− mice (Yu et al., 2012). Older mice 
that are C3− /− or C5− /− also show electroretinogram abnormalities 
compared to younger mice (Hoh Kam et al., 2013; Mukai et al., 2018; Yu 
et al., 2012). These data suggest important roles of C3 and C5 as the 
retina ages, although it should be noted that reduction of electroreti-
nogram amplitudes has also been seen in aged mice deficient in other AP 
components such as CFH (Coffey et al., 2007). While these studies from 
knockout mice raise caution regarding C3 or C5 inhibition, one must 
keep in mind that genetic loss of C3 or C5 throughout life is quite 
different than conditional pharmacologic inhibition only later in life. 
Additional work characterizing complement protein locations with 
immunohistochemistry of normal eyes and AMD eyes of different stages 
and age from deeply phenotyped humans would shed further light on 
this important topic. 

Yet another consideration is the intracellular vs. extracellular roles of 
complement. The complement system is traditionally considered to be 
made up of proteins present within plasma after synthesis in the liver. In 
this section, we have also discussed the synthesis of complement pro-
teins by retinal cells. In contrast to the typical roles of complement 
secreted into the plasma, it has been found that intracellular comple-
ment proteins can have several, important functions such as an impact 
on intracellular metabolic pathways. Complement proteins likely 
emerged around a billion years ago, and Liszewski et al. suggest that C3 
actually began as an intracellular protein that protected cells from 
pathogens entering cells before it evolved into a secreted protein with 
functions within the plasma (Liszewski et al., 2017). Intracellular C3a 
has been found in a range of cell types, indicating an important role for 
C3a in cellular physiology (Liszewski et al., 2013). In fact, cells can 
contain intracellular pools of C3 so they are primed for a quick com-
plement response. This intracellular C3 can be produced within cells and 
stored, or it can enter the cell from the plasma in its hydrolyzed form, 
C3H20 (Elvington et al., 2016). Intracellular C3 activation and C3a 
generation can regulate T cell activity and significantly affect metabolic 
pathways by increasing mTOR (mammalian target of rapamycin) ac-
tivity (Liszewski et al., 2017). Kaur et al. have shown that the RPE can 
internalize extracellular C3 via endosomes, and then the RPE cells cleave 
the C3 to generate fragments that possibly include intracellular C3a 
(Kaur et al., 2018). There is potential for the C3a to then bind to C3a 
receptors on lysosomes, thereby increasing mTOR activity (Liszewski 
et al., 2013). Overactivation of the mTOR pathway has also been sug-
gested as a pathologic mechanism affecting the RPE in AMD (Zhao et al., 
2011). Nevertheless, a clinical trial evaluating intravitreal sirolimus, an 
inhibitor of the mTOR pathway, did not suggest efficacy for GA (Gensler 

et al., 2018). Interestingly, other complement components such as C5 
also have intracellular functions, and intracellular C5 has a role in 
NLRP3 inflammasome assembly in CD4+ T cells (Arbore et al., 2016). 
These intracellular pathways add substantial complexity to the com-
plement system; more work is needed to elucidate the roles of intra-
cellular C3 and C5, especially within retinal cell types. When 
considering complement therapies, consideration of whether a C3 or C5 
inhibitor can access and affect these intracellular complement pathways 
is warranted. 

6. Diving deeper into C3 and C5 fragments 

The multiple functions of the fragments of C3 and C5 deserve 
attention as one considers therapeutic inhibition at these locations of the 
complement cascade. In particular, the numerous fragments of C3 un-
derscore the intricacy and breadth of C3 functions as compared to C5. 
This section seeks to be comprehensive in covering the fragments and 
their receptors for the benefit of those less familiar with this topic. 
Concurrently, it will emphasize those fragments and multi-protein 
complexes that have relationships to AMD, especially C3a, C5a, and 
MAC. 

6.1. The anaphylatoxins: C3a and C5a 

Cleavage of C3 leads to C3a and C3b, while cleavage of C5 leads to 
C5a and C5b. C3a and C5a have broad and potent immunomodulatory 
functions and are known as anaphylatoxins because of their role in 
anaphylactic allergic reactions. 

Given the importance of C3a and C5a, the anaphylatoxin receptors 
and their locations of expression should be discussed. The receptor for 
C3a is C3aR, and C5a binds to either C5aR1(CD88, also referred to as 
C5aR) or C5a-like receptor 2 (C5L2/GPR77, also referred to as C5aR2). 
Both C3aR and C5aR1 are G-protein coupled receptors, while C5aR2 is 
not G-protein coupled and was originally thought to act as a decoy re-
ceptor by sequestering plasma C5a or C5a desArg (Li et al., 2013). 
Recent studies have shown that C5aR2 can modulate C5a signaling in 
myeoloid cells by forming an intracellular complex with β-arrestin, 
thereby negatively modulating the proinflammatory action of C5aR1. 
Despite progress in our understanding of its biology, the physiological 
role of C5aR2 remains both enigmatic and controversial. Both C3aR and 
C5aR1 are present on neutrophils, basophils, eosinophils, mast cells, 
monocytes/macrophages, and dendritic cells (Klos et al., 2009). Other 
cells expressing C3aR include astrocytes, endothelial cells, some 
epithelial cells, and activated T cells. Studies have suggested that C5aR1 
is also expressed on some T cells as well as some astrocytes, endothelial 
cells, and neurons. C5aR2 is expressed in a variety of cell-types including 
neutrophils and immature dendritic cells, as well as tissues such as the 
brain, liver, and heart (Klos et al., 2009). Several studies have evaluated 
the expression of these receptors within the posterior segment of the eye. 
With immunohistochemistry of normal eyes, Vogt and colleagues found 
C3aR in the nerve fiber layer in a pattern that co-localized with a Müller 
cell marker, suggesting that C3aR was present on Müller cells (Vogt 
et al., 2006). There is varying data on C5aR1 ocular expression, 
depending on the experimental approach. Vogt found some inner retina 
staining with C5aR1 around the inner plexiform layer but could not 
identify the exact cell that was expressing C5aR1 at this location. Too-
mey et al. found C5aR1 predominantly in the choroid rather than the 
RPE (Toomey et al., 2018), and others have reported that C5aR1 is 
expressed on some epithelial cells, choroidal endothelial cells, and 
Müller cells (Cheng et al., 2013; Skei et al., 2010). Of note, APRE-19 cells 
subjected to oxidative stress potentially increase their expression of 
C5aR1 (Trakkides et al., 2019). Although C3aR and C5aR1 expression 
was not seen on RPE by immunohistochemistry of human eyes in one 
study (Vogt et al., 2006), microarray analysis by Rohrer and colleagues 
from C57BL/6 J mice suggested RPE expression of both C3aR and 
C5aR1. Further, the presence of these receptors on RPE has also been 
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demonstrated by functional studies relevant to AMD (Rohrer, 2018). 
The anaphylatoxin functions are multiple and include contraction of 

smooth muscle, increasing vascular permeability, release of histamine 
(hence the name anaphylatoxin), and promoting phagocytosis. Further, 
C3a and C5a are chemoattractants for macrophages, monocytes, mast 
cells, and neutrophils. Over the past decade, other anaphylatoxin func-
tions have been uncovered that diversify their significance even more. 
For example, both C3a and C5a can independently induce embryonic 
chick retina regeneration (Haynes et al., 2013). In fact, the broader 
tissue regenerative potential of these anaphylatoxins has been conserved 
across the evolutionary ladder (Strey et al., 2003). The anaphylatoxins 
are inactivated in plasma through the action of proteolytic enzymes, 
called carboxypeptidases N or R. These enzymes efficiently cleave off the 
C-terminal arginine of the polypeptide (Campbell et al., 2001), yielding 
C3a-desArg and C5a-desArg. C3a-desArg is incapable of triggering cell 
activation or downstream proinflammatory signaling via the C3aR, 
while C5a-desArg retains about 1–10% of its inflammatory activity (Klos 
et al., 2009; Reis et al., 2012). 

With these various roles, the exact function of C3a and C5a will likely 
depend on the local micro-environment. Several lines of evidence 
implicate the anaphylatoxins in the pathophysiology of AMD. First, C3a 
can contribute to the development of sub-RPE basal deposits that form 
between the RPE and Bruch’s membrane (Fernandez-Godino et al., 
2015), and these RPE basal deposits can be prevented with a C3a re-
ceptor antagonist (Fernandez-Godino and Pierce, 2018a). Second, the 
inflammasome is thought to have an instrumental role in AMD patho-
physiology, and C5a can “prime” RPE cells for inflammasome activation 
(Brandstetter et al., 2015). After inflammasome activation, there is 
secretion of the inflammatory cytokines IL-18 and IL-1β which can 
damage the RPE (Tarallo et al., 2012; Wang et al., 2016). Third, the 
ability of anaphylatoxins to recruit mononuclear phagocytes, including 
microglia, has particular relevance to AMD as these cells are highly 
implicated in AMD pathophysiology (further discussed in Section 9) 
(Liao et al., 2020; Song et al., 2017). It should be stated, however, that 
Toomey et al. tested an anti-C5a therapy in a mouse model of ear-
ly/intermediate dry AMD (Toomey et al., 2015) and found that systemic 
administration of an anti-C5a antibody did not prevent the development 
of AMD-like findings while it did reduce the recruitment of mononuclear 
phagocytes to the choroid-RPE interface (Toomey et al., 2018). Fourth, 
cigarette smoking is the major environmental risk factor for AMD, and 
cigarette smoke extract increases production of C3a by the RPE via a 
pathway modulated by the antioxidant transcription factor Nrf2 (Wang 
et al., 2014). Data has also shown that cigarette smoke extract increases 
C3 and C3a production by the RPE through an autocrine feedback loop 
involving C3aR and subsequent lipid accumulation (Kunchithapautham 
et al., 2014). While the relative contributions of the anaphylatoxins to 
nonexudative versus exudative AMD need more clarification, C3a and 
C5a can contribute to the development of laser-induced CNV (Nozaki 
et al., 2006; Toomey et al., 2018). C3a and C5a can increase vascular 
endothelial growth factor (VEGF) production from RPE cells (Rohrer, 
2018). On a separate note, others have investigated the presence of C3a 
and other complement proteins within the aqueous humor of exudative 
AMD patients as biomarkers and evidence of complement activation 
(Schick et al., 2017). Significantly increased levels of C3a within the 
aqueous humor were found compared to controls. This suggests local 
complement activity as well as the potential for aqueous humor sam-
pling of patients with ophthalmic diseases. 

6.2. C3 fragments and receptors 

6.2.1. The opsonins: C3b, iC3b, C3dg/C3d 
The cleavage of C3 by convertases leads to C3a and C3b. C3b is a 

multi-functional protein that forges multiple interactions with diverse 
ligands. It has the ability to interact with multiple effectors, regulatory 
proteins, and receptors of the complement system. C3b thereby mediates 
many functions that amplify and regulate the crosstalk of complement 

with other innate and adaptive immune signaling pathways. When C3b 
forms, there is a conformational change whereby the TED domain shifts 
position to expose an activated thioester. The activated thioester can 
then covalently bind to hydroxyl or amine groups on antigens or cell 
surfaces, including the surfaces of microorganisms (Hannan, 2016). 
Opsonization and enhancement of T cell responses are among the 
functions of C3b (Erdei et al., 2016; Reis et al., 2019). Within the eye, 
Fernandez-Godino et al. have suggested that an abnormal extracellular 
matrix leads to increased C3b deposition by the RPE and subsequent 
activation of the alternative complement pathway (Fernandez-Godino 
et al., 2018b). Further, CFH is the major regulator of C3b cleavage in the 
alternative pathway. Thus, C3b has a critical role in AMD and CFH ge-
netic abnormalities may further exacerbate pathology in AMD by fueling 
AP dysregulation, C3 convertase overactivity and uncontrolled, persis-
tent C3b deposition in the retinal tissue. 

Factor I acts on C3b, producing iC3b (“inactivated” C3b) (Fig. 1, 
right side). Factor H, membrane cofactor protein, and complement re-
ceptor 1 (CR1) are cofactors for factor I during this cleavage of C3b 
(Alcorlo et al., 2011). This inactivates C3b in the context of the C3 or C5 
convertases, and the formation of iC3b is therefore a negative regulatory 
action on the convertases. However, it is vital to realize that the iC3b 
fragment is far from being “inactivated”; it actually has potent inflam-
matory effects, can still perform opsonization, and can promote 
phagocytic clearance of target cells (Toapanta and Ross, 2006). The iC3b 
fragment can activate complement receptors 2–4 (CR2, CR3, and CR4) 
(Alcorlo et al., 2011; Bajic et al., 2013; van Lookeren Campagne et al., 
2007). Binding to CR3 on neutrophils or monocyte/macrophages, iC3b 
can cause cell activation and phagocytosis (Lay et al., 2015). Sequential 
cleavage of iC3b by factor I then leads to C3c and C3dg, the latter of 
which can be cleaved to C3d and C3g. 

C3dg/C3d is a ligand for CR2 on B cells (Fig. 1, right side). The 
binding of C3dg/C3d to CR2 contributes to B cell activation and anti-
body formation, thus linking innate immunity to an adaptive immune 
response (Lyubchenko et al., 2005; Toapanta and Ross, 2006). 
C3dg/C3d can act as an adjuvant, significantly increasing the immu-
nogenicity of an antigen and potentially distinguishing harmful from 
less harmful antigens (Dempsey et al., 1996). Futher, antigen-bound 
C3dg/C3d can interact with follicular dendritic cells to maintain mem-
ory B cells (Bergmann-Leitner et al., 2006). C3dg/C3d is also involved in 
opsonization and can bind CR3 in addition to CR2. C3dg can opsonize 
erythrocytes and also bind to CR3 on monocytes, leading to eryth-
rophagocytosis by monocytes (Lin et al., 2015). C3dg has a longer 
plasma half-life (4 h) compared to C3a and C3c, and it has been inves-
tigated as a potential biomarker for systemic lupus erythematosus (SLE) 
(Troldborg et al., 2018). 

C3d also has a relatively long half-life and has been used as a marker 
of disease state (Shields et al., 2017). In particular, the C3d/C3 ratio is 
considered as a more reliable marker of ongoing complement activation 
as compared to measuring activation fragments alone (Ekdahl et al., 
2018). By using a ratio of C3d over total C3 levels, the concentration of 
plasma C3 is taken into account, allowing comparison of the C3d/C3 
ratio among different research subjects. This ratio has been used in 
several studies evaluating complement activation in AMD (Lorés-Motta 
et al., 2018; Ristau et al., 2014). With some varying results, these studies 
have associated systemic complement activity, as reflected by an 
increased C3d/C3 ratio, with specific AMD-associated SNPs in C3 and 
FH. While utilizing ratios of activated versus total protein can be helpful, 
some caution is needed when utilizing systemic complement levels to 
inform about a chronic disease with a local manifestation. Systemic 
complement measurements can be variable and there are potential 
measurement differences between laboratories due to the lack of stan-
dardized protocols (Mastellos et al., 2019; Prohászka et al., 2016). 

6.2.2. Receptors 
There are 4 main complement receptors (CR1 – CR4). CR1 (CD35) is 

a glycoprotein that binds C3b; with lower affinity, it also binds to iC3b, 
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C4b, C1q, and mannan-binding lectin (Leslie et al., 2003; Liu and Niu, 
2009). CR1 is expressed predominantly on B cells and follicular den-
dritic cells. It is also expressed on erythrocytes, monocytes, neutrophils, 
and some T cells (Liu and Niu, 2009). Importantly, CR1 has decay 
accelerating activity for the AP convertase (C3bBb) and acts as a 
co-factor for the Factor I-mediated cleavage of C3b/C4b. Using immu-
nohistochemistry, CR1 has been found on the apical side of the RPE in 
both normal and early stage AMD eyes (Fett et al., 2012). CR2 (CD21) is 
a glycoprotein that binds iC3b, C3dg and C3d. It also binds the 
Epstein-Barr virus, soluble or membrane-bound CD23 (IgE receptor), 
and interferon alpha (Hannan, 2016). Similar to CR1, CR2 is expressed 
predominantly on B cells and follicular dendritic cells. It is also 
expressed on a subset of T cells, thymocytes, basophils, mast cells, ker-
atinocytes, and other epithelial cells. The C3 fragment-binding domains 
of CR2 (SCRs 1–4) have been exploited for the design of surface-targeted 
AP therapeutics. For example, an alternative pathway inhibitor con-
sisting of the inhibitory domain of CFH fused to the portion of CR2 that 
binds opsonins (Huang et al., 2008) can inhibit CNV development in 
murine models (Rohrer et al., 2009) and has shown benefits in a dry 
AMD model involving exposure to cigarette smoke (Woodell et al., 
2016). CR3 (CD11b/CD18, MAC-1) and CR4 (CD11c/CD18) are 

members of the integrin family. These receptors are expressed on mac-
rophages, neutrophils, monocytes, and follicular dendritic cells. A subset 
of lymphocytes, eosinophils, and B cells also express CR3 and CR4 (Liu 
and Niu, 2009; Vorup-Jensen and Jensen, 2018). CR3 primarily binds 
iC3b and can also bind to C3dg, while CR4 binds predominantly to iC3b. 

6.3. C5b and the membrane attack complex 

Proteolytic cleavage of C5 leads to the generation of C5a and C5b. 
C5b associates with C6–C9 to form the multi-protein complex MAC 
(C5b-9), which can lyse cells by inserting into the plasma membrane and 
is considered to have a key pathogenic role in AMD. MAC is present on 
the RPE but even more so on the choriocapillaris of AMD patients 
(Mullins et al., 2014). Interestingly, MAC is found on the choriocapillaris 
early in life, but increases in amount with age. This suggests that MAC 
plays a role in choriocapillaris homeostasis but has potential to reach 
levels that can cause pathological changes to target cells (Mullins et al., 
2014). To prevent injury, cells have mechanisms to inhibit and handle 
MAC. CD59 is a membrane protein found on nucleated cells that inhibits 
the full assembly of MAC. Using immunohistochemistry, Ebrahimi and 
colleagues found reduced CD59 expression on RPE cells at the leading 
edge of GA and dysmorphic RPE in patients with GA (Ebrahimi et al., 
2013). Reduced CD59 expression has also been demonstrated on the 
RPE in the laser-induced CNV mouse model (Schnabolk et al., 2017). 
Additionally, while a low level of MAC is continuously deposited on cells 
because of basal complement activity, other mechanisms of control are 
the removal of this MAC by release of membrane fragments or inter-
nalization (endocytosis) of portions of membranes containing MAC 
(Kumar-Singh, 2019; Xie et al., 2020; Georgiannakis et al., 2015). As 
both C3 and C5 inhibition are considered as promising therapeutic ap-
proaches in ocular diseases, it should be noted that both targeting 
strategies can interfere with downstream terminal pathway activation 
and the formation of MAC. 

MAC has significant functions that extend beyond cell lysis. When 
MAC does not lead to cell lysis because of MAC inhibitors such as CD59 
or rapid removal, MAC actually has important roles in intracellular 
signaling and cell activation. Studies have found that sublytic MAC is 
involved in apoptosis, release of pro-inflammatory cytokines, increased 
expression of adhesion molecules, increased cell proliferation, and cal-
cium signaling (Busch et al., 2017; Rus et al., 2001). Sublytic MAC can 
initiate different intracellular signaling in several ways including the 
formation of sub-lytic membrane pores acting as channels for small 
molecules or ions, signaling through cell membranes independent of 
actual pore formation, and signaling pathways activated by endocytosis 
of membrane fragments containing MAC (Xie et al., 2020). In human 
endothelial cells, this latter pathway of endocytosis-mediated signaling 
leads to non-canonical NF-κB signaling and NLRP3 inflammasome 
activation (Xie et al., 2019), which is relevant to AMD. As another 
mechanism of sublytic MAC damage in AMD, the internalization of large 
amounts of sublytic MAC and subsequent lysosome processing can 
overload the lysosomes of RPE cells. This stress on the lysosomes may 
reduce the RPE’s ability to degrade damaging macromolecules such as 
bisretinoids (Cerniauskas et al., 2020). This concept of sublytic MAC’s 
role in AMD has gained substantial traction and creates a fresh twist on 
our understanding of ocular complement pathophysiology. 

7. C3 and C5 AMD therapeutics in development 

Although some animal models have suggested a potential role of 
complement inhibition for exudative AMD (Rohrer et al., 2009; Bora 
et al., 2005; Nozaki et al., 2006), complement therapeutics have not 
progressed to Phase III trials for exudative AMD. This suggests chal-
lenges in translating complement therapeutics into the more complex 
pathophysiology of human AMD. In addition to noting the complexity of 
exudative AMD compared to laser-induced CNV, Poor and colleagues 
have pointed out that subtle differences in methodology can affect the 

Fig. 4. Crystal structure of C3c bound to compstatin. Compstatin (analog 
4W9A) binds to the C3c portion of C3 between MG4 and MG5. Compstatin 
sterically prevents C3 from interacting with C3 convertases. Figure and caption 
adapted from Janssen et al., 2007 with permission of the copyright holder. 
Abbreviations: MG, macroglobulin; LNK, linker. 
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reproducibility of data from the laser-induced CNV mouse model (Poor 
et al., 2014). These differences can include the nature of the laser 
application and the genetic background of mice. On the other hand, 
complement-based therapeutics have developed tremendous mo-
mentum for GA (advanced nonexudative AMD) with two drugs in phase 
III clinical trials and several other drugs in earlier phases of develop-
ment. While there are varied approaches to potential GA treatments, 
including cell-replacement strategies, these trials evaluating comple-
ment therapeutics have strived to slow down the growth of the GA le-
sions. However, increasing interest about the prospects of complement 
therapeutics in the ocular space has to be balanced against prudent 
clinical design, comprehensive patient stratification into trials, and 
additional longitudinal monitoring of patient outcomes. Previous large 
phase III trials with the Factor D inhibitor lampalizumab (Roche) had 
negative results despite positive phase II data (Holz et al., 2018). On top 
of this, there is a long history of drug failures for GA (Dolgin, 2017). 
Prior enthusiasm for lampalizumab was, in part, based on an over-
reliance on subgroup analyses from the phase II trial (Sun et al., 2014). 
Rather than representing an inappropriate emphasis on complement 
pathophysiology in AMD, lampalizumab’s failure may partly signify the 
elusive pathological contribution of a Factor D bypass mechanism that 
could override FD blockade (Irmscher et al., 2018); drug bioavailability 
problems; or the potential permeability of Bruch’s membrane to FD from 
systemic sources (Clark and Bishop, 2018). Yet another possibility is 
pharmacodynamic breakthrough from just enough residual Factor D 
activity to still amplify the alternative pathway; it has been shown that 
only a small amount of FD is necessary for AP activity in humans and 
mice (Wu et al., 2018). The recent renewed and greater interest in the 
potential of complement inhibition is fueled by the similarly promising 
results of a C3-inhibition phase II trial and a C5-inhibition phase IIb trial. 
Here, we will discuss C3- and C5-based therapeutics (Table 1), focusing 
primarily on GA with an emphasis on the complexities that make GA 
drug development challenging. 

7.1. C3 and C3 convertase-based therapeutics 

Compstatins are a family of cyclic peptides that inhibit human and 
primate C3 and C3b. Compstatins were discovered using the phage 
display technique to screen a random peptide library for binding to C3b 
(Sahu et al., 1996). The functional activity of compstatins is based on a 
cyclic peptide scaffold of 13–14 amino acids that bind to the C3c portion 
of C3 in a shallow pocket formed between the MG4 and MG5 domains of 

the β-chain (Fig. 4) (Janssen et al., 2007). Compstatins act as protein–-
protein interaction inhibitors that bind both native C3 and C3b, steri-
cally hindering the binding and cleavage of native C3 by C3 convertases. 
Thus, compstatins are potent inhibitors of C3 activation acting at the 
convergence point of all three complement pathways, blocking C3 
convertase formation, AP amplification, as well as the generation of all 
downstream signaling mediators and terminal pathway effectors, 
including C5a and MAC (Mastellos et al., 2015). Various modifications 
of the compstatin peptide have been developed over the years leading to 
more potent analogs with greater inhibitory potency, higher binding 
affinity for C3 and more favorable pharmacokinetic properties for both 
systemic and local administration (see below). Some modifications 
enable cell penetration and internalization, which may even allow in-
hibition of intracellular C3 activity (Lambris et al., unpublished obser-
vations). By blocking the central step of C3 activation, compstatins 
afford broader and more comprehensive therapeutic control of the 
complement cascade, attenuating both upstream inflammatory 
signaling (C3a-C3aR axis) and downstream effector, immune-signaling 
and cytolytic functions (C5a/C5aR, sublytic or lytic MAC). 

POT-4 (Potentia Pharmaceuticals) is a second-generation compstatin 
derivative that was initially evaluated for exudative AMD. POT-4 was 
administered with intravitreal injections. No safety concerns were seen 
in a phase I study (NCT00473928) but a subsequent phase II study 
(NCT01157065) did not show benefit, among other reasons, possibly 
due to insufficient dosing of the drug. Furthermore, there were concerns 
about vitreous deposits from POT-4 that limited its potential. To in-
crease the solubility of this compstatin, a 40 kDa polyethylene glycol 
(PEG) attachment was made, and this new pegylated compstatin (peg-
cetacoplan) was studied for GA. 

Currently, pegcetacoplan (APL-2, Apellis Pharmaceuticals) is in 
phase III clinical trials for GA after producing promising phase II results. 
The phase II trial for pegcetacoplan involved 246 patients randomized to 
sham, monthly intravitreal injection treatments, or every other month 
treatments (Liao et al., 2020). The primary outcome was the change in 
the rate of geographic atrophy growth at one year. Importantly, there 
was a dose dependent positive finding: GA growth rates were reduced by 
29% (p = 0.008) and 20% (p = 0.067) compared with sham treatment 
for the monthly and every other month treatment groups, respectively. 
Regarding safety, there were 3 cases of endophthalmitis (2 
culture-proven, 1 sterile) in eyes treated with pegcetacoplan. No 
conclusion can be drawn as to whether there is an increased risk of 
endophthalmitis with these small numbers of endophthalmitis cases, 

Table 1 
C3 and C5 relevant therapeutics for geographic atrophy.  

Scientific Name (Sponsor) Target Mechanism of Action Mode of Administration Current Phase in Clinical Trial 
(Clinicaltrials.gov ID) 

Pegcetacoplan/APL-2 (Apellis) C3 Pegylated peptide (second generation compstatin), inhibits 
cleavage of C3 

Intravitreal injection Phase III (NCT03525600, 
NCT03525613) 

Cp40-KKK/AMY-106 
(Amyndas) 

C3 4th generation compstatin, inhibits cleavage of C3 Intravitreal injection Phase I trial in development. 

CB2782 – PEG (Catalyst 
Biosciences/Biogen) 

C3 Pegylated C3 protease, degrades C3 Intravitreal injection Preclinical 

Avacincaptad Pegol (IVERIC 
bio) 

C5 Pegylated aptamer, inhibits cleavage of C5 Intravitreal injection Phase III (NCT04435366) 

Eculizumab (Alexion) C5 Monoclonal antibody, inhibits C5 cleavage Intravenous (systemic) Stopped after phase II 
(NCT00935883) 

Tesidolumab/LFG316 
(Novartis) 

C5 Monoclonal antibody, inhibits C5 cleavage Intravitreal injection Stopped after phase II 
(NCT01527500) 

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

Subcutaneous injection 
(systemic) 

Phase II (NCT03815825) 

Lampalizumab (Genentech/ 
Roche) 

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

Intravitreal injection Stopped after phase III 
(NCT02247531, NCT02247479) 

GT005 (Gyroscope 
Therapeutics) 

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

Subretinal injection Phase II (NCT04437368) 

CLG561 (Novartis) Properdin Monoclonal antibody, inhibits properdin and reduces AP C3 
convertase activity 

Intravitreal injection Stopped after phase II 
(NCT02515942) 

AP = alternative pathway. 
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and the phase III data will clarify this topic. Considering that POT-4 was 
previously investigated for exudative AMD, an unexpected and 
intriguing finding was that more cases of investigator-determined con-
version to exudative AMD were seen in the pegcetacoplan monthly 
(20.9%) and every other month (8.9%) groups compared to sham 
treatment (1.2%). These exudative AMD conversions were more com-
mon among patients with fellow (non-study) eyes that had exudative 
AMD. These cases of exudative AMD were generally mild, diagnosed 
early in the disease course, and promptly treated with anti-VEGF ther-
apy. To investigate the possibility that these exudative conversions were 
from stimulation of existing, subclinical CNV, a retrospective review of 
baseline OCT data was performed. This revealed that the “double layer 
sign” was identified in 73% of eyes that converted to exudative AMD as 
compared to 32% of treated eyes that did not convert (Puliafito and 
Wykoff, 2020). The “double layer sign” is a pigment epithelial detach-
ment suggestive of subclinical CNV in nonexudative AMD eyes (de 
Oliveira Dias et al., 2018), and pegcetacoplan may have activated these 
subclinical lesions (Puliafito and Wykoff, 2020). Although it rightfully 
draws some concern, this data further suggests that pegcetacoplan was 
having a real biologic effect on the eyes. With their publication of these 
findings, Liao and colleagues hypothesized that C3 inhibition reduces 
the macrophage and microglia mediated phagocytosis of photorecep-
tors, RPE, and capillary endothelial cells by reducing deposition of C3 
fragments on the surface of these cells (Liao et al., 2020). It is suggested 
that C3 inhibition leads to increased viability of endothelial cells and 
possibly a shift of macrophages and microglia from an inflammatory and 
phagocytic M1 phenotype found in GA towards an angiogenic and 
reparative M2 phenotype found in exudative AMD. This shift in 
macrophage and microglia phenotype is likely caused by decreased C5a 
production (Langer et al., 2010). In this way, C3 inhibition could switch 
the outer retina/choriocapillaris microenvironment away from pro-
gressive atrophy and more towards a state where the outer retina can be 
nourished by the choriocapillaris (Liao et al., 2020). Overall, these 
findings are highly suggestive of pegcetacoplan’s beneficial role in GA, 
but the positive findings will need replication in the ongoing Phase III 
trials. 

More recently, fourth generation compstatins have been developed 
that show promising properties for sustained therapeutic delivery to the 
eye. By adding lysine residues to the C terminus of the compstatin 
structure, the inhibitory potency of the cyclic peptide is retained but 
there is improved solubility and binding affinity for C3 (Berger et al., 
2018). We investigated the intraocular residence of fourth generation 
compstatins with an attached chain of 2 or 3 lysines (Cp40-KK or 
Cp40-KKK, Amyndas Pharmaceuticals). After intravitreal injection of 
500 μg of either of these lysine-modified compstatins into cynomolgus 
monkey eyes, Cp40-KK and Cp40-KKK were still present in the vitreous 
at 90 days; (Fig. 5) (Hughes et al., 2020). Recent studies have shown that 
saturating levels of Cp40-KKK can be detected in the non-human primate 
vitreous up to 6 months after a single intravitreal injection (Lambris 
et al., unpublished observations). Both Cp40-KK and Cp40-KKK were 
still fully active in binding to C3 and were present at concentrations 
about 100-fold higher than the C3 vitreous concentration in the eye. 
While both compstatin analogs have subnanomolar affinity for C3, 
immunohistochemistry was performed with Cp40-KKK, which has better 
binding affinity to C3 compared to Cp40-KK (KD of Cp40-KKK is 0.21 nM 
vs.0.44 nM for Cp40-KK) (Berger et al., 2018). Of note, Cp40-KKK ex-
hibits a 100-fold higher binding affinity for C3 compared to pegceta-
coplan (Lambris et al., manuscript in preparation). 
Immunohistochemistry revealed that Cp40-KKK has C3 target driven 
localization and was found primarily at the choriocapillaris and Bruch’s 
membrane (Fig. 6). These data also demonstrate that Cp40-KKK, which 
has a small size of 2.19 kDa, can penetrate the retina and RPE to access 
the underlying choriocapillaris. Cp40-KKK is not PEGylated and no 
toxicity was seen with this dose of Cp40-KKK (unpublished observa-
tions). With its prolonged intraocular residence and potent ability to 
inhibit C3, Cp40-KKK has clinical potential and a phase I trial in AMD 

patients is being developed. A reduced injection frequency of every 5–6 
months, or possibly longer, would be highly beneficial for GA patients. 

Advancing the number of drug candidates acting on C3, CB2782-PEG 
(Catalyst Biosciences/Biogen) is a long-acting C3 protease that degrades 
C3 into non-functional components (Catalyst Biosciences, ). Here again, 
PEGylation was used to extend the vitreous half-life (Furfine et al., 
2019). CB2782-PEG may only require intravitreal injection 3 to 4 times 
a year, which also would be of great benefit for patients. However, a 
cautionary note should be made here such that C3-targeted proteases 
may likely cleave/degrade C3 in a manner similar to Cobra Venom 
factor (CVF), thereby generating a high burden of C3-derived fragments 
that could skew the therapeutic effect towards a more inflammatory 
phenotype (e.g. due to persistent immune stimulation of target cells) 
(Krishnan et al., 2009). This drug is undergoing additional preclinical 
studies; the start date for a phase I trial has not been determined. 

C3 convertase inhibitors certainly deserve to be mentioned. While 
FH targeting approaches came to a standstill due to the failure of the FD- 
targeting Fab lampalizumab (Genentech, Roche) as mentioned above 
(Holz et al., 2018), other elegant therapeutic strategies focusing on AP 
C3 regulators or cofactors of FH are being pursued. For instance, an 
adeno-associated viral (AAV) vector-based gene therapy (GT005) is 
clinically developed by Gyroscope Therapeutics (UK) for local Factor I 
(FI) overexpression in the diseased retina and therapeutic containment 
of AP dysregulation in GA patients (NCT03846193, NCT04437368). 
GT005 is administered by subretinal injection, and a phase II program 
evaluating this therapeutic for GA has started. From a different stand-
point, recombinant miniaturized forms of FH (mini-FH) encompassing 
unique surface targeting properties and exhibiting even greater potency 
than full-length FH have been developed. These could form a basis for 
local, FH-based therapeutic modulation of the AP in the diseased retina 
(Schmidt et al., 2013). 

FB is cleaved by FD and thereby is a key component of AP C3 con-
vertase formation. IONIS-FB-Lrx (Ionis/Roche) uses ligand-conjugated 
antisense technology to achieve cell-specific delivery of an antisense 
oligonucleotide. This therapeutic is designed to decrease FB production 
and is currently investigated in a phase II trial (NCT03815825). In 
contrast to other therapeutics discussed here, IONIS-FB-Lrx is 

Fig. 5. Prolonged intraocular residence of Cp40-KKK. Pharmacokinetic profile 
of compstatin-based analogs Cp40-KK and Cp40-KKK in the vitreous of non- 
human primates. The intravitreal concentration of the lysine modified Cp40 
analogs, Cp40-KK and Cp40-KKK, was determined by surface plasmon 
resonance-based quantification at various time points (i.e., 14, 28, 42, 56, 73, 
90 days) following a single intravitreal injection of 500 μg of inhibitor in 
cynomolgus monkeys. A total of three eyes were used per treatment and each 
data point in the curve represents the mean value ± SD from N = 3 animals per 
group. Each curve represents successive measurements (intraocular inhibitor 
levels) from the same animal, averaged for a group of three treated eyes per 
inhibitor. Figure and caption adapted from Hughes et al., 2020 with permission 
of the copyright holder. 
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administered by subcutaneous injection every 4 weeks and targets he-
patic expression of FB. Although preclinical data has suggested that this 
systemic treatment will significantly affect ocular FB levels (Grossman 
et al., 2017), the possibility of enough FB produced by the RPE to 
counteract this remains (Schnabolk et al., 2015). Additional safety data 
from the phase II trial will be critical to evaluate the merits of this unique 
systemic therapy for GA. 

Properdin stabilizes C3 and C5 convertases, and CLG561 (Novartis) 
is an anti-properdin monoclonal antibody. A trial (NCT02515942) 
evaluating monthly intravitreal injection of CLG561 as monotherapy or 
in combination with LFG316 was completed. Despite hopes to see ben-
efits from a combination treatment approach to the complement 
cascade, this trial of 114 patients also had negative results with no 
benefit for GA growth. 

7.2. C5 therapeutics 

Iveric Bio’s avacincaptad pegol, which is a pegylated aptamer, has 
garnered significant attention as a promising C5 inhibitor for GA. Ava-
cincaptad pegol is administered by monthly intravitreal injections and 
inhibits the cleavage of C5, preventing formation of C5a and C5b. It 
therefore offers potential for reducing inflammasome activation from 
C5a and preventing MAC formation. A phase III trial for this drug has 
recently started. The result of the phase II/III trial for avacincaptad 

pegol was especially intriguing because of its similarity to the phase II 
data for the C3 inhibitor pegcetacoplan. The avacincaptad pegol phase 
IIb trial randomized 67 patients to the 2 mg dose, 83 patients to the 4 mg 
dose, and a total of 110 patients to sham injections. Randomization to 
the 4 mg dose only occurred in the second stage of this trial, and patients 
receiving the 4 mg dose were compared to the 84 patients randomized to 
sham injection in this stage of the trial. After 12 months, the GA growth 
rate was reduced by 27.4% (p = 0.0072) with the 2 mg dose and 27.8% 
(p = 0.005) with the 4 mg dose compared to sham treatments (Jaffe 
et al., 2020). This study also found higher than expected conversions to 
exudative AMD with 9.0% in the 2 mg group and 9.6% in the 4 mg 
group, as compared to 2.7% of sham control eyes. Other than the con-
versions to exudative AMD, there were no significant safety concerns, 
including no cases of endophthalmitis. Both pegcetacoplan and ava-
cincaptad pegol reduced GA growth rates by close to 30% compared to 
sham treatment, and both found a higher than expected conversion to 
exudative AMD. These very promising findings have increased confi-
dence that these complement inhibitors have significant biologic effects 
on AMD and lead to anticipation that they will successfully reduce GA 
growth rates in the ongoing phase III trials. It is possible that the inhi-
bition of MAC, whether by C3 or C5 inhibition, may account for a great 
part of the therapeutic effect as the GA growth rate reductions were 
comparable with these two drugs. Nevertheless, the broader comple-
ment inhibition of C3 therapeutics deserves emphasis, and there are 

Fig. 6. Retinal tissue distribution of Cp40-KKK and 
its co-localization with C3 in non-human primates. 
Non-human primates (NHPs) (6–7 years old) were 
treated with one dose of 500 μg of Cp40-KKK 
peptide via intravitreal Injection. One month 
later following the injection, the NHPs were 
euthanized. Both right and left eyes of NHPs were 
collected, fixed in 4% paraformaldehyde solution 
in PBS and held at 4 ◦C until dissection. The eyecup 
was carefully dissected into two halves; the eyecup 
half with the optic nerve head was cryopreserved 
overnight in 30% sucrose (prepared in PBS) at 4 
◦C. The following day, the sample was embedded 
in OCT, frozen in isopropanol (precooled in dry 
ice), and the tissue was sectioned at 12-μm thick 
sections and stored at − 80 ◦C. The sections were 
then stained with both goat anti-human comple-
ment C3 (1:200 dilution) and anti-Cp40 antibody 
(final concentration of 2 μg/ml). The Cp40-KKK 
staining signal was amplified by using the Alexa 
Fluor™ 555 Tyramide SuperBoost kit (Thermo 
Fischer, B40923). The images were taken using a 
Nikon Eclipse Ti2 Confocal Microscope. Note: 
Control Retina tissue was from untreated NHPs. 
The middle (Cp40-KKK, 200X) and right panel 
(Cp40-KKK, 400X) of photomicrographs display 
retinal tissue sections from NHPs being treated 
with one dose of 500 μg of Cp40-KKK peptide at 
x200 and x400 magnification, respectively; the 
green-colored squares in the middle panel denote 
the magnified region of the retina. Red color: rep-
resents the C3 staining; Green color: represents the 
Cp40-KKK staining. Blue color: represents DAPI 
staining of nuclei. Yellow color: represents the co- 
localization of both C3 and Cp40-KKK. The retinal 
tissue consists of a total of 11 layers: 1. Internal 
limiting membrane; 2. Nerve fiber layer; 3. Gan-
glion cell layer; 4. Inner plexiform layer; 5. Inner 
nuclear layer; 6. Outer plexiform layer; 7. Outer 
nuclear layer; 8. Layer of rods and cones; 9. Retinal 
pigment epithelium; 10. Bruch’s membrane and 
choriocapillaris; 11. Choroid. Figure and caption 
adapted from Hughes et al., 2020 with permission 
of the copyright holder.   
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potentially unrealized benefits of this broader inhibition (e.g. direct or 
indirect protective effects of C3 inhibition on minimizing retinal cell 
phagocytosis/damage) that will be seen as more clinical data is ob-
tained. Although the conversions to exudative AMD remain concerning, 
they can be treated with anti-VEGF therapy. If the conversions to 
exudative AMD are replicated in the phase III trials, then clinicians will 
ideally diagnose these conversions early as patients return for comple-
ment inhibitor injections. Further, there is a question of whether peri-
odic concurrent anti-VEGF therapy would be useful were these drugs to 
get approved. The data suggest that CNV is potentially nourishing to the 
retina; there is likely a delicate balance whereby mild CNV could reduce 
atrophy development, but overactive CNV is vision-threatening. An 
alternative possibility is that the PEG attachment for these two thera-
peutics is contributing to CNV, as PEG is not an inert attachment. Po-
tential accumulation of PEG into tissues during chronic treatments with 
high PEG doses may cause adverse effects (e.g. toxicity, tissue vacuo-
lation), and others have suggested that it can cause CNV (Jevševar et al., 
2010; Lyzogubov et al., 2011; McDonnell et al., 2014). Finally, one must 
wonder if complement inhibition can reduce GA growth rates by more 
than 30% or if inhibition of other GA pathogenic mechanisms is needed 
to achieve higher reductions in growth rates. Here as well, the phase III 
results will be illuminating. 

Eculizumab (Alexion) is the first FDA approved complement inhibi-
tor and has indications ranging from paroxysmal nocturnal hemoglo-
binuria and atypical hemolytic uremic syndrome, to generalized 
myasthenia gravis and neuromyelitis optica spectrum disorder 
(Frampton, 2020). Eculizumab is a monoclonal antibody that binds C5 
and inhibits its cleavage into C5b and C5a. The clinical development of 
eculizumab was spearheaded in the 1980’s by Frei and colleagues who 
discovered BB5.1, a monoclonal antibody that selectively bound mouse 
C5 and enabled the first proof of concept studies for C5 inhibition in 
inflammatory disease models (Frei et al., 1987). Of note, eculizumab is 
also one of the most expensive drugs on the market with a cost of about 
$500,000 per patient per year (Elgin et al., 2017). The COMPLETE trial 
evaluated intravenous eculizumab for GA. This small pilot trial ran-
domized 30 patients and measured the change of GA area at 6 months as 
the primary outcome (Yehoshua et al., 2014). No beneficial effect on GA 
growth rate was seen, but it is likely that insufficient amounts of the drug 
reached the eye beyond the choroid. The small sample size and 6 month 
primary outcome also hindered the ability to observe a positive effect. It 
is unknown if intravitreal injection of eculizumab is beneficial for GA 
patients. Interestingly, companies developing eculizumab biosimilars 
have emerged (Ricklin et al., 2018). 

Tesidolumab (LFG316, Novartis) is an IgG1 antibody that prevents 
C5 cleavage (Roguska et al., 2014). No significant safety events were 
seen in a phase I study of intravitreal injection of tesidolumab 
(NCT01255462). A subsequent phase II trial involved 150 patients 
randomized 2:1 to 5 mg of monthly tesidolumab vs. sham injection. No 
benefit for GA or vision was seen for tesidolumab (NCT01527500). 
Limited information is in the public domain about LFG316, making it 
difficult to compare to other C5 inhibitors. 

CD59 is a membrane GPI (glycosylphosphatidylinositol)-anchored 
regulatory protein that inhibits formation of MAC by acting on C9. 
Normally, CD59 prevents unwanted damage to cells from MAC. Hemera 
Biosciences has designed an adeno-associated virus gene therapy that 
leads to production of soluble CD59 by retinal cells. Known as HMR59 
(or AAVCAGsCD59), this therapy is administered as a single intravitreal 
injection. Phase 1 data for 17 nonexudative AMD patients showed that 
HMR59 was well tolerated, although results have not been published. A 
phase II trial for GA has been planned (NCT04358471). Further, a phase 
I trial will be evaluating HMR59 for exudative AMD patients. 

7.3. Complement inhibition and infection 

The risk of infections with complement inhibition is a long-debated 
topic that has largely been based on assumptions rather than actual 

clinical evidence from the use of complement inhibitors. Safety issues 
regarding the use of C3 or C5 therapeutics have been extensively dis-
cussed in recent reviews (Mastellos et al., 2017, 2019). C3 deficient 
patients are at increased risk for pyogenic infections, and C5 deficient 
patients are particularly susceptible to infections by Neisseria meningit-
ides (Ricklin et al., 2018). Meningococcal vaccines have therefore been a 
part of clinical protocols for C5 therapeutics. However, it should be 
noted that these infections seen in C3 and C5 deficiencies tend to affect 
younger age patients, suggesting that the adaptive immune system de-
velops compensatory mechanisms that offset the infection risk (Botto 
et al., 1992). Furthermore, pharmacologic complement inhibition does 
not recapitulate the wider consequences of a genetic deficiency that may 
skew ones’ immune response in yet unpredictable ways, considering the 
multitude of interconnected systems and pathways. Appropriate vacci-
nation is needed if a C3- or C5-based therapy is used systemically, but 
the risk of infection is not as high as once thought and two complement 
inhibitors (eculizumab and pegcetacoplan) have shown acceptable 
safety profiles during prolonged and systemic clinical intervention in 
patients with paroxysmal nocturnal hemoglobinuria (Castro et al., 
2020). Additionally, the systemic risk is not much of a concern for 
therapeutics delivered directly to the eye, and the phase II AMD trials for 
pegcetacoplan and avacincaptad pegol showed no clear ocular infection 
risk. While we await phase III results, the risk of endophthalmitis also 
may not be as high as previously thought. Lastly, it is worth noting that 
the ability to inject a medicine that wears off may have benefits as 
opposed to a gene therapy that persistently blocks the complement 
cascade. 

8. The complotype and AMD subtypes 

When considering the AMD associated C3 rs2230199 SNP as well as 
other polymorphisms of FH and complement FB, the potential for 
pharmacogenomics arises. It has yet to be determined if complement 
subtyping, sometimes referred to as the “complotype” (Harris et al., 
2012), could be relevant to AMD. Initial thoughts that lampalizumab 
was most beneficial for patients with a FI risk allele were not demon-
strated in the phase III trials (Holz et al., 2018), and the phase II trial for 
pegcetacoplan found no greater treatment effect associated with a gene 
polymorphism (Liao et al., 2020). On the other hand, there is evidence 
that other complement-mediated diseases display variable drug re-
sponses based on complement genetics. For example, paroxysmal 
nocturnal hemoglobinuria patients with a polymorphism in the CR1 
gene are seven times more likely to have a suboptimal response to 
eculizumab and need blood transfusion (Rondelli et al., 2014). In these 
patients, the CR1 polymorphism leads to lower expression of CR1, 
thereby causing less decay of the C3 convertase, increased C3 mediated 
opsonization of erythrocytes, and subsequent extravascular hemolysis. 

In contrast to other complement diseases, why is there such limited 
evidence for the use of complotyping in GA trials? One explanation is 
that genetic polymorphisms associated with AMD development may 
have less of a role in the mechanisms of GA progression (Guymer, 2018). 
Another consideration is that data have suggested that a single 
disease-associated polymorphism may have a relatively small effect on 
complement activity, whereas grouping patients by their overall com-
bination of polymorphisms can reveal greater effects of the “complo-
type” on complement activity (Heurich et al., 2011). In fact, the 
complotype is meant to refer to the collection of complement gene 
variations an individual may have and does not focus on a single poly-
morphism. Looking at drug effects by grouping patients by individual 
alleles may not be as effective as grouping patients by their overall 
complotype. 

GA trials have thus far recruited patients with the common endpoint 
of GA growth rates despite some possible heterogeneity in the under-
lying mechanisms leading to GA. Is subgrouping by complotype enough 
or should this be combined with other putative GA subtypes to evaluate 
drug effects? Morphologic subtypes determined by imaging seems 
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graspable, but there are still uncertainties with regards to subtyping GA 
patients in this way. Actually, it is still debated if the primary patho-
physiology of GA is at the choriocapillaris, RPE, or photoreceptors. The 
choriocapillaris (Whitmore et al., 2015) and RPE are perhaps more 
commonly implicated as the primary sites of GA pathophysiology. For 
example, eyes with early AMD and especially those with GA have cho-
riocapillaris loss compared to normal controls (Sohn et al., 2019; Bie-
semeier et al., 2014), and there is decreased subfovealor blood flow in 
more advanced stages of AMD (Grunwald et al., 1998, 2005). However, 
using a histopathological assessment, Bird et al. have demonstrated GA 
cases where there is significant photoreceptor loss away from the GA 
lesion edge (Bird et al., 2014). We must also remember that some sur-
gical cases of macular translocation led to subsequent RPE atrophy at the 
location where photoreceptor-deficient retina was translocated (Khur-
ana et al., 2005). There may be GA subtypes that are driven first by 
photoreceptor defects and other subtypes driven first by RPE or cho-
riocapillaris loss. How do complotypes relate to the primary cell type 
lost in cases of GA? In these potential subtypes, the extent of comple-
ment pathophysiology and its timing as GA develops and grows is un-
clear. Answering these questions would help determine whether 
complement based pharmacogenomics has untapped benefits for GA. 
Beyond pharmacogenomics, the potential for personalized AMD risk 
models to include the complotype along with other risk factors such as 
the environment (e.g. smoking) deserves more exploration (Handa et al., 
2019). 

9. Conclusions and future directions 

With over 5 million people worldwide with GA (Wong et al., 2014), 
AMD holds a pivotal position for the field of complement therapeutics, 
as current inhibitors are approved for diseases that are much less 
prevalent. Among the potential points of inhibition in the complement 
cascade, therapeutics aimed at C3 and C5 have advanced as the leading 
candidates. The promising results in phase II trials for pegcetacoplan and 
avacincaptad pegol increase confidence that these therapeutics exert 
real biological effects on AMD that will be confirmed in the phase III 
trials. As complement inhibitors for GA develop, they open the door for 
other ophthalmic opportunities. The utility of complement inhibitors for 
earlier stages of AMD should also be considered, as preventing rather 
than slowing GA lesions would have an even greater impact. Further-
more, data is surfacing regarding complement’s role in other ocular 
diseases; these include Stargardt disease as well as highly prevalent 
conditions such as diabetic retinopathy and glaucoma (Bosco et al., 
2018; Clark and Bishop, 2018; Hu et al., 2020; Shahulhameed et al., 
2020). More exploration of complement mechanisms in these diseases is 
warranted. 

Despite the current pace of clinical development of C3 and C5 in-
hibitors for GA, there are several remaining questions about comple-
ment pathophysiology in AMD. Further studies are needed to determine 
if pathologic complement activity in the outer retina and choroid of 
humans with AMD is primarily driven by local production, systemic 
production, or both. This should include further investigations of ocular 
expression of complement proteins and their receptors using normal and 
diseased human ocular tissue categorized by AMD stage. Another un-
solved puzzle is the disparity between animal models for CNV and AMD 
mechanisms in humans that have culminated in limited clinical trial 
progress of complement inhibitors for exudative AMD. Instead, com-
plement inhibition has heightened its momentum for the GA of non-
exudative AMD, and recent clinical data raise intriguing questions about 
how C3 and C5 relate to CNV activity. Finally, it is critical to realize that 
despite the grossly similar clinical results for pegcetacoplan and ava-
cincaptad pegol, C3 and C5 inhibition are quite different from a mech-
anistic standpoint and may impact in non-overlapping ways the 
pathophysiology of AMD. While inhibiting cleavage of C3 and C5 will 
both limit C5a and MAC formation, C3 and C5 inhibition are not the 
same (Mastellos et al., 2020). With multiple bioactive fragments 

involved in opsonization and immune activation, C3 therapeutics 
broadly inhibit multiple complement-mediated pathways. On the other 
hand, C5 therapeutics specifically target the terminal complement 
pathway, blocking C5a generation and MAC formation. We have not yet 
determined how these differences could affect eyes with AMD. For 
example, some patients with paroxysmal nocturnal hemoglobinuria do 
not respond well to the C5 inhibitor eculizumab; one of the proposed 
mechanisms is extravascular hemolysis of C3b-opsonized erythrocytes 
(Lin et al., 2015). How important is opsonization for eyes with AMD? 
Preliminary studies in a cynomolgus monkey model of early-onset 
macular degeneration characterized by drusen development suggest 
that intravitreal injection of compstatin may cause drusen regression 
(Chi et al., 2010), and the AP inhibitor CR2-fH causes regression of 
deposits at Bruch’s membrane in a nonexudative AMD mouse model 
(Woodell et al., 2016). Although the mechanistic role of drusen in AMD 
is unclear (Maguire, 2012), could human drusen be affected differently 
by C3 vs. C5 inhibition? Might C3 inhibition have a role in the treatment 
of earlier stages of AMD? Are there long term effects that will distinguish 
C3 from C5 inhibition? More research is needed, and ultimately these 
questions will be addressed by more clinical data. C3 inhibition is 
wider-ranging in potential effects, C5 inhibition has a narrower thera-
peutic scope, and different complement-mediated diseases may have 
different needs for complement inhibition. 

We believe that complement therapeutics should have a beneficial 
role for AMD. We suggest the following complement-focused model of 
GA pathophysiology (Fig. 7). 

• First, there is some basal level of complement activity within the 
retina for homeostasis. This includes expression of complement 
proteins within Muller cells, RPE, photoreceptors, choriocapillaris, 
and microglia within the retina and choroid. 
• Second, there is oxidative stress from multiple factors including 
light damage, iron overload, mitochondrial dysfunction, and, in 
some cases, cigarette smoking. Over time, there is buildup of meta-
bolic waste products, including bisretinoids within the RPE. Photo-
oxidation of bisretinoids can contribute to complement activation 
(Zhou et al., 2009). A stressed microenvironment then leads to 
increased production and deposition of complement proteins within 
the RPE and choriocapillaris, including local activation and deposi-
tion of MAC. Iron overload increases expression of C3 by the RPE (Li 
et al., 2015), and also contributes to activation of the NLRP3 
inflammasome in the RPE (Gelfand et al., 2015), which recruits 
complement-producing macrophages to the retina. These macro-
phages can produce C3 and then deposit C3 fragments on the pho-
toreceptors, further activating the complement cascade and likely 
amplifying the opsonophagocytic clearance of retinal cells. 
• Additionally, some patients have a genetic predisposition to AMD 
based on complement polymorphisms (Heurich et al., 2011; Paun 
et al., 2016). While key complement factors have been found on the 
choriocapillaris, RPE, and photoreceptors, these factors may come 
from both local production and systemic production. In patients with 
systemically overactive complement, such as those with pathogenic 
complement polymorphisms, deposition into the choriocapillaris and 
deposition into the outer retina via passage through an incompetent 
blood-retina barrier may further exacerbate local complement ac-
tivity (Schultz et al., 2019). The choriocapillaris is likely a key site of 
GA pathophysiology, and human tissue studies found C3, C5, and 
MAC predominantly in the choroid (see Sections 5 and 6.3). The 
potentially important role of the choriocapillaris in GA suggests that 
the ability of a therapeutic to access the choriocapillaris deserves 
consideration. We have shown that Cp40-KKK (see Section 7.1) can 
access the choriocapillaris after intravitreal injection, but evaluating 
complement inhibition with suprachoroidal injection approaches 
(Yeh et al., 2020) could be explored. Nevertheless, there may be 
subtypes of AMD for which the RPE or photoreceptors have an equal 
or more important role in pathophysiology (Bird et al., 2014). 
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• Finally, dysregulated complement activity may lead to increased 
cell death in several ways including MAC’s ability to lyse cells, sub- 
lytic MAC mechanisms, and the actions of C3 and C5 fragments 
(Fig. 8). Uncontrolled lysis of outer retina cells by MAC has been 
considered a key pathogenic pathway. However, emerging evidence 
strongly suggests that sub-lytic MAC causes significant pathology as 

well. Sub-lytic MAC stimulates inflammation with release of cyto-
kines such as MCP-1/CCL2 (monocyte chemoattractant protein/ 
chemokine (C–C motif) ligand 2) by the RPE, which recruits 
phagocytes (Lueck et al., 2011; Mulfaul et al., 2020). Further, RPE 
cells can alleviate the plasma membrane damage from MAC by 
endocytosis of MAC (Georgiannakis et al., 2015). Increased MAC 

Fig. 7. Complement focused model of major 
pathways in geographic atrophy pathophys-
iology. Several parallel pathways contribute 
to oxidative stress. Buildup of metabolic 
byproducts, oxidative stress, the impact of 
complement gene variants, and perhaps 
systemic complement deposition within the 
eye cause abnormally increased complement 
activity. This in turn contributes to several 
pathways including membrane attack com-
plex activity, microglia/macrophage infil-
tration into the subretinal space, increased 
inflammation, and inflammasome activa-
tion. These potential pathways, acting in 
concert, contribute to cell death of photore-
ceptors, retinal pigment epithelium, and 
choriocapillaris. Abbreviations: AMD, age- 
related macular degeneration; MCP, mono-
cyte chemoattractant protein; CCL-2, che-
mokine (C–C motif) ligand 2; RPE, retinal 
pigment epithelium.   

Fig. 8. Potential pathological consequences 
of deregulated complement activity in the 
AMD (age-related macular degeneration) 
retina. Several complement mediated 
mechanisms may act in parallel to bring 
about geographic atrophy. A. Increased 
membrane attack complex activity may 
cause cell lysis of retinal pigment epithe-
lium, choriocapillaris, and photoreceptors. 
B. The anaphylatoxins C3a and C5a cause 
microglia/macrophages to migrate to the 
subretinal space. C. Complement dysregula-
tion contributes to NLRP3 inflammasome 
activity within the RPE with secretion of IL- 
18 and IL-1β. D. The Y402H FH variant can 
competitively block TSP-1 mediated phago-
cyte clearance, leading to phagocyte accu-
mulation, and subsequent inflammation 
(Calippe et al., 2017). There is also potential 
for phagocytosis of photoreceptors, RPE, and 
choroidal endothelium. E. Increased sublytic 
membrane attack complex activity overloads 
lysosomes leading to RPE dysfunction and 
sub-RPE deposits (Cerniauskas et al., 2020). 
Abbreviations: MAC, membrane attack 
complex; RPE, retinal pigment epithelium; 
BM, Bruch’s membrane; Mφ, macrophage; 
c3aR, C3a receptor; C5aR1, C5a receptor 1; 
NLRP3, NOD-, LRR- and pyrin 
domain-containing protein 3 inflammasome; 
FH(Y402H), Factor H Y402H variant; IAP, 
integrin associated protein; CR3, comple-
ment receptor 3; TSP-1, thrombospondin-1.   
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formation can therefore overload the lysosomes of RPE, impairing 
their ability to process damaging macromolecules and exacerbating 
these pathways. In vitro evidence suggests that C3 inhibition with 
compstatin Cp40 alleviates the overload of lysosomes in the RPE by 
lowering C3 turnover and attenuating internalization and deposition 
of MAC on lysosomal vesicles (Cerniauskas et al., 2020). This study 
not only supports the clinical potential of C3 inhibition in AMD pa-
tients carrying risk-associated FH polymorphisms but also reveals an 
important link between complement activation in the retinal space 
and the autophagy-lysosome pathway in the RPE compartment. 
In this article, we have also discussed the potent functions of C3 and 
C5 fragments, which should not be underestimated. C3a and C5a can 
also recruit microglia/macrophages to the subretinal space. The 
accumulation of these subretinal phagocytes may also be related to 
decreased clearance from a non-canonical FH dependent mechanism 
whereby FH, and especially the Y402H FH variant, competitively 
bind to CD47 and CR3, preventing the clearance mediated by 
thrombospondin-1’s interaction with these receptors (Calippe et al., 
2017). Uncontrolled opsonization by C3 fragments and subsequent 
phagocytosis may cause loss of photoreceptors, RPE, and choroidal 
endothelium. Primary phagocytosis (phagoptosis) is cell death from 
phagocytosis of cells that are stressed but viable and has been shown 
in neurons (Brown and Neher, 2014). Primary phagocytosis of pho-
toreceptors by microglia has been shown in the rd10 mouse model of 
retinitis pigmentosa, and more data evaluating primary phagocytosis 
in AMD is needed (Zhao et al., 2015). While inflammasome activity 
can be stimulated by different signals including oxidized lipoproteins 
(Gnanaguru et al., 2016) and lysosome dysfunction (Tseng et al., 
2013), C5a can prime the RPE for inflammasome activity (Brand-
stetter et al., 2015). Once activated, the inflammasome also con-
tributes to RPE cell death (Tarallo et al., 2012). In addition to 
recruiting microglia/macrophages, C5a can shift their phenotype 
towards proinflammatory and phagocytic activity (Liao et al., 2020) 
with further damage to photoreceptors and RPE as stated above. 
Lastly, a reduction in C5a activity may stabilize or stimulate 
choroidal neovascular tissue that nourishes the outer retina; this 
possible relationship cannot be excluded and deserves further 
investigation (Capuano et al., 2017; Wong, 2020). 

In summary, in advanced nonexudative AMD, there is a complex 
microenvironment with several crucial complement-mediated path-
ways, some of which likely run in parallel to cause outer retina cell 
damage. C3, C5, and their fragments play critical roles, and clinical data 
thus far shows a promising future for C3 and C5 based therapies for GA. 
Ongoing investigations should help discern whether the broader inhib-
itory profile of C3 therapeutics may translate into greater clinical gains 
in AMD patients, clinically distinguishing itself from the terminal 
pathway-specific nature of C5 therapeutics. 
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