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Abstract: Age-related macular degeneration (AMD) is a leading cause of irreversible blindness
among older adults in the Western world. While therapies exist for patients with exudative AMD,
there are currently no approved therapies for non-exudative AMD and its advanced form of geo-
graphic atrophy (GA). The discovery of genetic variants in complement protein loci with increased
susceptibility to AMD has led to the investigation of the role of complement inhibition in AMD with a
focus on GA. Here, we review completed and ongoing clinical trials evaluating the safety and efficacy
of these studies. Overall, complement inhibition in GA has yielded mixed results. The inhibition of
complement factor D has failed pivotal phase 3 trials. Studies of C3 and C5 inhibition meeting their
primary endpoint are limited by high rates of discontinuation and withdrawal in the treatment arm
and higher risks of conversion to exudative AMD. Studies evaluating other complement members
(CFB, CFH, CFI and inhibitors of membrane attack complex—CD59) are ongoing and could offer
other viable strategies.

Keywords: complement inhibitors; age-related macular degeneration; AMD; exudation; exudative
AMD; wet AMD; C3; C5; Factor D

1. Introduction

Age-related macular degeneration (AMD) has an estimated global prevalence of 8%
and is a leading cause of blindness among older adults [1]. Exudative AMD (eAMD) is
characterized by abnormal blood vessel growth and choroidal neovascularization and has
been treated with anti-vascular endothelial growth factor (VEGF) therapies administered
by intravitreal injection. Advanced, non-exudative AMD results in geographic atrophy
(GA), defined as degeneration of photoreceptors, retinal pigment epithelium cells and
choriocapillaris. There are currently no approved therapies shown to prevent progres-
sion to GA among non-exudative AMD patients. At the turn of the 21st century, several
landmark genome-wide association studies discovered complement factor gene variants
that are associated with susceptibility to AMD, including complement factors H, I, B, D
and 2, among others [2-7]. While dysregulation of the complement system, an essential
component of the innate immune system, is thought to be associated with an increased risk
for AMD, its role in AMD pathogenesis remains unclear; genetic variants found to predict
susceptibility to AMD have not been associated with GA progression [8,9], and in some
studies, C3 risk alleles are actually associated with decreased progression of GA [10]. Nev-
ertheless, given the potential relationship between complement dysregulation and the risk
of GA secondary to AMD, several studies (Figure 1) have examined whether complement
inhibition may slow GA growth. In this article, we review clinical trials for complement
inhibitor therapy in GA over the past decade (completed: Table 1; ongoing: Table 2) and
carefully assess the analytic approaches used in these trials and their limitations. Critical
interpretation of the results allows for a better understanding of the role of complement
inhibitor therapy in GA secondary to AMD, and can help guide future studies.
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Figure 1. Timeline of complement inhibitor trials evaluating safety and efficacy in geographic atrophy to-date, organized by
their complement protein targets.

Table 1. Completed studies designed to evaluate complement modulation as a novel therapeutic strategy for geographic
atrophy (GA); results are current as of March 2021 based on reviewing clinicaltrials.gov.

Primary

Target Drug Study Phase N Outcome % Dropout Results
Monthly APL-2: 29%
Sham: 14.9% (95% CI: 10.2-47.8%)
- Intravitreal FILLY ) o4 GAsgrowth EOM: 24% reduf“‘_’ft)lgogggf’mh
pegcetacoplan (NCT02503332) (12 months) Monthly: p="5 _
39.5% Every-other-month:
’ 20% (95% CI: 0.5-39.5%)
reduction (p = 0.067)
Intravenous
GA growth and
. e ®. g .
ecullztllmab (thns ' COMPLETE decrease in Sham: 0 No significant
Alexion), anti-C5 2 60 Low dose: 0 i
. (NCT00935883) drusen volume . differences
monoclonal anti- High dose: 0
(6 months)
body
Intravitreal LFG316 No safety or
(Novartis), anti-C5 NCT01255462 1 2 Safety (85 days) N/A tolerability concerns
cs5 ma‘;r;?gé‘;r;al NCT01527500 2 158 C(;S‘%Sgg’a;”g N/A No significant difference
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Table 1. Cont.

Target Drug Study Phase N é’:‘lltr: oar;ye % Dropout Results
Intravitreal
Sham: 16.7%
lampalizumab ; o 20% (80% CI: 4-37%)
G, MAIALO oz s GhsenEMw e
anti-CFD antibody 27 3%y‘ in growth (p = 0.117)
fragment ’
CFD Sham: 7.2%
SPECTRI GA growth L .
3 975 Q4W:9.4%  No significant difference
(NCT02247531) (48 weeks) Q6W: 7.1%
Sham: 6.9%
CHROMA GA growth o a0 L .
(NCT02247479) 3 906 (48 weeks) ng\/\\i 3.;050 No significant difference

Table 2. Ongoing studies designed to evaluate complement modulation as a novel therapeutic strategy for geographic

atrophy (GA); information is current as of March 2021 based on reviewing clinicaltrials.gov. * denotes anticipated enrollment.

Target Drug Study Phase N Primary Outcome Status
NCT03777332 1b 12 * Safety (24 months) Active, not recruiting
DERBY . o
c3 Intravitreal pegcetacoplan (NCT03525613) 3 600*  GA growth (12 months)  Active, not recruiting
(N C%[;;(Z% 600) 3 600*  GA growth (12 months)  Active, not recruiting
Intravitreal avacincaptad
: ®.
c5 pegol/ [I%\?ECRlIgCO?S i(f)lmura ’ (NSZ?(TE?]::;{Z% 6) 3 400*  GA growth (12 months) Recruiting
anti-C5 aptamer
Intravitreal GEM103 ReGAtta " -
CFH (Gemini), human CFH (NCT04643886) 2a 60 Safety (18 months) Recruiting
Subcutaneous IONIS-FB-LRx GOLDEN
CFB (Ionis), anti-sense inhibitor (NCT03815825) 2 330 * GA growth (49 weeks) Recruiting
of CFB
FocuS " .\
Subretinal GT005 (NCT03846193) 2 45 Safety (48 weeks) Recruiting
(Gyroscope), EXPLORE .
CFI adeno-associated viral (AAV) (NCT04437368) 2 75% GA growth (48 weeks) Recruiting
vector against CFI
(N%?&Ié(zia 2 180*  GA growth (48 weeks) Recruiting
MAC Intz?—;é:;iifi\gﬁfcﬁ?w FIMR-1001 1 17 Safety (26 weeks) Completed, results
reainat 1CI59 (NCT03144999) ty not published
2. Methods

The search terms “AMD”, “GA” and “complement” were used to search clinical trials
evaluating the safety and efficacy of complement inhibitors in GA in clinicaltrials.gov. All
trials that included GA patients and in which the therapeutic intervention targeted a part of
the complement pathway were included. For each drug, the website of the manufacturing
pharmaceutical company was searched for information on clinical trials not included in

clinicaltrials.gowv.

3. Results
3.1. C3 Inhibition

The three pathways that lead to complement activation converge on the formation of
a complement component 3 (C3) convertase (C3bBb or C4bC2b), which cleaves C3 to form
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C3a, an anaphylatoxin, and C3b, an active opsonin and, thus, triggers the common final
pathway. Pegcetacoplan (APL-2, Apellis Pharmaceuticals, Inc., Waltham, MA, USA) is a
synthetic cyclic peptide conjugated to a polyethylene glycol (PEG) polymer that binds to
C3 and C3b, blocking C3 cleavage and preventing opsonization of targets for phagocytosis.

A phase 1b trial in 12 subjects with bilateral GA showed that patients tolerated pegc-
etacoplan at a dose of 15 mg/0.1 mL administered via intravitreal injection (NCT03777332).
A multicenter, randomized phase 2 trial (the FILLY study; NCT02503332) was then carried
out, enrolling 246 patients with GA secondary to AMD who were randomized in a 2:2:1:1
ratio to the following arms: a single 15 mg/0.1 mL dose monthly, a 15 mg/0.1 mL dose ev-
ery other month (EOM), sham monthly and sham EOM. At 12 months, patients treated with
monthly injections had a 29% reduction in the mean growth rate of GA lesions compared
to those receiving sham injections (p = 0.008; 95% confidence interval: 9-49%) and those
treated with EOM injections had a 20% reduction compared to the sham group (p = 0.067;
95% CI: 0—-40%) [11]. This effect was more pronounced in the last six months of treatment,
with rate reductions of 45% (p = 0.0004; 95% CI: 21-69%) in the monthly-treated group and
33% (p = 0.009; 95% CI: 9-58%) in the EOM-treated group. Overall, 47 prespecified genetic
variants associated with AMD risk were not associated with GA lesion growth rate or
response to treatment. In a post hoc analysis, there was a persistent effect of pegcetacoplan
on GA growth even after controlling for known risk factors of GA in AMD, extrafoveal
lesions and larger low luminance deficits [12]. In summary, the FILLY trial found that
treatment of GA patients with intravitreal injections of pegcetacoplan was associated with
a reduction in the rate of GA lesion growth, even after controlling for confounding factors.

Despite meeting its primary efficacy endpoint, the FILLY study had a few limitations.
There was a withdrawal or discontinuation rate of 40% in the monthly group and 24% in
the EOM group compared to 15% in the sham groups (Figure 2). A modified intention-
to-treat analysis was done at 12 months including eyes that had received at least one
injection and one examination. Given that up to 16% of eyes were lost to follow-up before
month 12, the measurements included in the analysis were of eyes that responded well to
treatment, or early measurements in patients that were later lost to follow-up. These limited
measurements of GA lesions may have biased the results in favor of pegcetacoplan efficacy.

Additionally, the rates of serious ocular adverse events and conversion to eAMD
resulting in withdrawal or discontinuation were dose related: 4.7% of subjects in the
monthly group developed serious ocular adverse events (including endophthlamitis and
elevated intraocular pressure) compared to 2.5% in the EOM group and 1.2% in the sham
groups (Figure 2). Additionally, 20.9% (95% CI: 12.9-31%) of participants in the monthly
group converted to eAMD, compared to 8.9% (95% CI: 3.6-17.4%) in the EOM group and
1.2% (95% CI: 0-6.7%) in the sham groups (Figure 3). While a post hoc analysis of FILLY
data outlined some risk factors for conversion to eAMD, including baseline eAMD in the
contralateral eye and a double-layer sign on ocular coherence tomography (OCT) in the
study eye, there was a persistent dose-related association between complement inhibition
and the development of eAMD, regardless of the presence of these risk factors [13].
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Figure 2. Bar graph showing percentage of discontinuation or withdrawal by study group.
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Despite the limitations of the FILLY study, two phase 3 trials have been approved
and are currently under way to evaluate the efficacy of pegcetacoplan in patients with GA
(NCT03525613 and NCT03525600).

3.2. C5 Inhibition

In the terminal steps of the common final pathway of the complement cascade, com-
plement component 5 (C5) is cleaved into C5a and C5b by C5 convertase (C4bC2bC3b or
C3bBbC3b). C5a is an anaphylatoxin with a function similar to C3a, while C5b recruits other
complement proteins (C6, C7, C8 and C9) to assemble the pathogen-killing MAC (C5b—
C9). Antibodies and aptamers targeting C5 prevent its cleavage, and thus, prevent both
recruitment of inflammatory cells and MAC formation. Given that C5 inhibition allows for
residual upstream complement pathway activity, this strategy theoretically provides some
benefits of complement inhibition while minimizing potential adverse effects.

Anti-C5 therapies being studied for treating GA include the antibodies eculizumab
(Soliris® ; Alexion Pharmaceuticals, Boston, MA, USA) and LFG316 (Novartis, Basel,
Switzerland), as well as the aptamer avacincaptad pegol/ ARC1905 (Zimura®; IVERIC Bio
(formerly, Ophthotech), Cranbury, NJ, USA).

Eculizumab, which is a FDA-approved therapy for the treatment of paroxysmal
nocturnal hemoglobinuria, underwent a randomized phase 2 trial for the treatment of GA
secondary to non-exudative AMD between 2009 and 2013 (COMPLETE, NCT00935883).
IV eculizumab administered for 24 weeks was well-tolerated by study subjects [14]. No
participants were lost to follow-up by 26 weeks (Figure 2), and no serious adverse events
were reported. At 26 and 52 weeks, there was no significant reduction in GA lesion size or
drusen volume in eculizumab-treated eyes compared to the placebo group. Genetic analysis
in the COMPLETE trial revealed that there was no association between the number of
at-risk alleles at a given locus or the total number of alleles and the rate of GA lesion growth.

A second anti-C5 antibody therapy administered via intravitreal injection, LFG316, un-
derwent a phase 1 trial, finding no serious adverse events at a dose of 5 mg (NCT01255462).
A randomized, multicenter phase 2 trial comparing 5 mg monthly LFG316 injections with
sham injections found no difference between the treatment and placebo groups in mean
GA change from baseline or in visual acuity (NCT01527500) (Zamiri P. Complement C5
inhibition in AMD. Presentation at the Angiogenesis, Exudation and Degeneration meeting,
6 February 2016, Miami, FL, USA).

A third anti-C5 therapy is ARC1905, a pegylated RNA aptamer that binds and inhibits
C5. A phase 1 trial showed tolerance to up to 2 mg administered via intravitreal injection
(NCT00950638). A phase 2/3 trial (GATHER 1, NCT02686658) randomized 77 participants
to 2 mg, 1 mg and sham injections in a 1:1:1 ratio in part 1, and 209 participants to 2 mg,
4 mg and sham injections in a 1:2:2 ratio in part 2, with treatment taking place over
12 months. Recently published results showed a 27.4% reduction in mean GA growth rate
in the ARC1905 2 mg cohort compared to sham cohorts (p = 0.0072; 95% CI: 9.9-44.9%)
and a 27.8% reduction in the 4 mg cohort compared to sham cohorts (p = 0.0051; 95% CI:
10.8-44.8%) [15].

Several limitations of this trial are similar to those in the FILLY trial of the pegylated
C3 inhibitor, pegcetacoplan. There were high discontinuation and withdrawal rates, up
to 30.1% in the 4 mg treatment arm, compared to 19% in the 2 mg arm and 10.7% in
the sham group (Figure 2). Primary efficacy was evaluated using an intention-to-treat
analysis including participants who received at least one dose of ARC1905. The authors
implemented several sensitivity analyses to determine the validity of their findings. They
used a mixed model for repeated measures (MMRM) to compare treatment groups, an
approach that is valid under the assumption of missingness at random. However, given
the high rate of withdrawal and discontinuation in treatment arms owing to adverse events
and conversion to eAMD, the assumption of missingness at random is difficult to make.
Subsequently, the authors conducted a sensitivity analysis using a fixed-value imputation
(FVI) approach [16], concluding that treatment effects remained statistically significant.
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However, a FVI approach is limited by its inability to develop appropriate standard errors
of intervention differences, resulting in variances that are too large or too small [16], thereby
reducing the statistical validity of their efficacy results. Finally, the authors also carried out
a “pattern-mixture-model imputation” approach evaluating the impact of missingness not
at random, but they did not report whether their findings remained statistically significant.
The high rates of missing data, therefore, remain a concern in evaluating the efficacy of
ARC1905 in GA.

Another limitation is the high, dose-related rate of conversion to eAMD, which was
also found in the FILLY study. At 12 months, 9.6% of participants in the 4 mg cohort and 9%
in the 2 mg cohort developed choroidal neovascular membrane compared to 2.7% in the
sham cohorts (Figure 3). These rates were higher at 18 months, 6 months after termination
of the treatment: 15.7% in the 4 mg cohort and 11.9% in the 2 mg cohort compared to 2.7%
in the sham cohort [17].

A separate phase 3 trial (GATHER 2, NCT04435366) evaluating the safety and efficacy
of ARC1905 in patients with GA secondary to AMD is currently underway.

3.3. Factor D Inhibition

Factor D is a complement factor that activates C3 convertase in the alternative pathway.
Lampalizumab (Genentech, San Francisco, CA, USA) is a monoclonal antibody therapy
targeting factor D, administered by intravitreal injection. After a phase 1 trial showing a
tolerance of lampalizumab up to a dose of 10 mg, a randomized, a multicenter phase 2 trial
(the MAHALO study, NCT02288559) enrolled 123 subjects with GA secondary to AMD.
Subjects were randomized in a 1:1:1 ratio to the following arms: 10 mg monthly injections,
10 mg EOM injections and sham injections [18]. At 18 months, there was a 20% reduction in
lesion area progression among monthly-treated eyes compared to sham controls (p = 0.117;
80% CI 4 to 37%). Among subjects carrying the complement factor I (CFI) risk allele for
AMD, the lesion area was reduced by 44% compared to sham controls (p = 0.0037). As in
the FILLY and GATHER 1 trials, this phase 2 study also suffered from a high withdrawal
rate from the treatment arm.

Positive results from the MAHALO study led to the initiation of two identical multi-
center, randomized phase 3 trials, SPECTRI (NCT02247531) and CHROMA (NCT02247479).
Each trial enrolled >900 subjects and compared intravitreal injection of lampalizumab
every four or six weeks with sham injections. While lampalizumab was found to have
a good safety profile at 48 weeks, it did not reduce GA lesion progression compared to
sham injections in either trial [19]. Unlike findings from the MAHALO study, no benefit of
lampalizumab was found among subjects with the CFI risk allele versus sham [19]. Given
the lack of efficacy found at 48 weeks, both trials, originally intended for a duration of
96 weeks, were terminated early.

A few limitations in the MAHALO study may have resulted in the failure to meet
primary efficacy endpoints in the subsequent phase 3 trials. There were high rates of
discontinuation and withdrawal: 25.6% and 27.3% in the monthly and EOM treatment
arms, respectively, compared to 16.7% in the sham group (Figure 2). The authors conducted
a modified intention-to-treat analysis, including all patients with at least one treatment dose
and one post-baseline fundus autofluorescence measurement. The last observation carried
forward method was used to account for missing data, in which the last observation is
carried forward in a participant with missing data. With more missing data in the treatment
than in the control arms, the use of this carry forward method likely biased the results
in favor of lampalizumab, showing less growth in GA lesion size. Unlike the C3 and C5
inhibitor trials, there were low rates of exudation or neovascular AMD. Furthermore, the
authors used a pre-specified significance level of p < 0.2, thereby lowering their threshold
for significant results.
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3.4. Discontinuation Rates and Adverse Events in the FILLY, GATHER 1 and MAHALO Trials

Three of the trials reporting positive findings (FILLY, GATHER 1 and MAHALO) had
discontinuation rates ranging from 19% to 39.5% in treatment arms compared to 10.7% to
16.7% in sham groups (Figure 2). The interpretation of the efficacy endpoint was made
difficult by missing data from a large proportion of participants, as has been discussed in
the limitations of each trial.

Reported reasons for discontinuation included patient withdrawal, sponsor or investi-
gator decision, adverse events, a therapeutic alternative to the study drug, death unrelated
to treatment and “other” (Table 3). Additionally, eyes that converted to eAMD were dis-
continued due to the potential impact on GA lesion size interpretation. The authors of the
three trials did not report which adverse events led to dropout, or the reasons for patient,
investigator and sponsor decisions to discontinue participation. It is therefore difficult
to discern specific reasons for discontinuation of study participants. However, given the
safety and efficacy data reported, two likely explanations for the high dropout rates are the
high rates of serious and treatment-emergent adverse events (SAE and TEAE, respectively),
as well as the high rates of conversion to eAMD, particularly in the FILLY and GATHER
1 trials.

Table 4 reports the rates of SAEs and TEAEs in the FILLY, GATHER 1 and MAHALO
trials. In the FILLY study, up to 19.8% of treated patients were discontinued due to an
adverse event, with rates of SAE reaching 4.7% in the monthly treatment arm. Of those,
2.3% were cases of endophthalmitis. In the MAHALO trial, 7-9.1% were discontinued
due to an adverse event, including 2.4-6.8% of patients with an ocular SAE in the study
eye. Specific events considered to be SAE in the MAHALO trial were not reported in
the publication of the study’s results and are not available on clinicaltrials.gov. In the
GATHER 1 trial, adverse events were only cited as a cause of discontinuation in 2.4% of
patients receiving the 2 mg dose. While there were no SAEs reported in the study eyes
of the GATHER 1 trial, the rates of TEAEs were 68.7% and 52.2% in the 4 mg and 2 mg
groups, respectively, compared to 34.5% in the sham group. These adverse events may
have contributed to the high rates of patient withdrawal (up to 15.7% in the 4 mg group).

Table 3. Reasons for discontinuation in the FILLY, GATHER 1 and MAHALO studies.

FILLY GATHER 1 MAHALO

Sham EOM Monthly Sham 2mg 4mg Sham EOM Monthly
n=81) (m=79) (=8) m=84) mM=42) ®=83) (M=42) [n=44) (n =43)

Total discontinued
Patient withdrew, no. (%)
Sponsor/physician
decision, no. (%)
Therapeutic alternative,
no. (%)
Adverse event, no. (%)
Death unrelated to
treatment, no. (%)
Other, no. (%)

12(14.8) 19(24.1) 34(395 9(107) 8(19.0) 25(30.1) 7(167) 12(27.3) 11(25.6)
337)  5(63) 6(70) 5(6.0) 371 13(157) 248 5(114)  5(1L6)

1(1.2) 1(13) 6.0 336 4095 1001200 371  3(68) 2(47)

0 0 0 0 1(2.4) 0 1(2.4) 0 1(2.3)
4(49)  5(63) 17(19.8) 0 0 1(12) 248 4091 3(7.0)
225  2(25) 0 0 0 0 0 0 0

2125 676 5(8) 1(12) 0 1(1.2) 0 0 0
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Table 4. Rates of SAEs and TEAEs in the FILLY, GATHER 1 and MAHALO studies.

FILLY GATHER 1 MAHALO

Sham EOM  Monthly Sham 2mg 4mg Sham EOM Monthly
n=81) m=8) m=79) (=84 (=42) (=83 (m=42) (n=44) (n =43)

Patients with at least one
event, 11 (%)

SAE in the study eye
Intraocular pressure
increased
Retinal detachment
Endophthalmitis
Intraocular inflammation
TEAE in the study eye

1(12) 225  4(47) 0 0 0 124)  3(68) 0

0 1(1.3)  1(12) 0 0 0 NR NR NR

0 0 1(1.3) 0 0 0 NR NR NR

0 1(1.3)  2(23) 0 0 0 NR NR NR

0 0 0 0 0 0 NR NR NR
47 (58) 49 (62) 65(75.6) 38 (345) 35(52.2) 57(68.7) 24(57.1) 30(68.2) 36(83.7)

NR = not reported.

3.5. Complement Inhibition and Increased Risk of Exudative AMD

In the FILLY study of the C3 inhibitor pegcetacoplan and the GATHER 1 study of
the C5 inhibitor ARC1905, complement inhibition had the unintended effect of increasing
the risk of neovascularization. No such finding was reported in the MAHALO trial of the
factor 4 inhibitor lampalizumab, possibly due to variation in eligibility criteria [18,20]: the
MAHALO trial excluded participants with contralateral eye eAMD. Indeed, a post hoc
analysis of the FILLY study shows that baseline contralateral eAMD and study eye macular
neovascularization may be risk factors for the onset of eAMD after complement inhibition.
However, in eyes without these risk factors, there was a persistent, albeit lower, risk of
eAMD in the treatment groups.

One possible explanation for the association between complement inhibition, risk of
eAMD and GA lesion growth is that neovascularization limits the growth of GA lesions or
confounds the interpretation of GA lesion size, thereby mediating the effect of complement
inhibition on GA lesion growth. However, a repeat efficacy analysis in the FILLY study
showed a persistent effect of complement inhibition on the rate of GA lesion growth when
patients with eAMD were excluded, suggested that the reduction in GA lesion growth
occurred independently of exudation.

Another possibility proposed by Keenan [20] in a response to the publication of
GATHER 1 trial results is the assumption that there is a real effect of complement inhibition
on GA lesion growth or incidence, and that the reduction of GA lesion size may subse-
quently increase the risk of eAMD. A final possibility is that complement inhibition may
be driving two separate, unrelated processes: reduced GA lesion growth and increased
neovascularization. Without a better understanding of the role of complement inhibition
in these processes, the unintended effect of increased neovascularization after complement
inhibition remains unexplained. Further investigation is needed to understand the complex
role of complement in AMD pathogenesis.

3.6. Recent Targets of Complement Inhibition Therapy
3.6.1. Recombinant Factor H

CFH negatively regulates the alternative pathway of complement activation. Since
CFH variants are associated with increased risk of AMD, the Phase 2a ReGAtta study
(NCT04643886) is being conducted to investigate whether intravitreal delivery of GEM103
(Gemini Therapeutics, Cambridge, MA, USA), a full-length recombinant CFH protein, is
safe and may slow progression of non-exudative AMD in patients with loss-of-function
CFH gene variants.

3.6.2. Anti-Sense Oligonucleotides (ASO) and Gene Therapy

While complement inhibition strategies for GA that function at the protein level have
existed for over a decade, newer therapies that target the gene expression level have
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recently emerged. IONIS-FB-LRx (Ionis Pharmaceuticals, Carlsbad, CA, USA) is an anti-
sense oligonucleotide (ASO) that targets the gene encoding for complement factor B (CFB),
which is involved in the alternative pathway of complement activation. IONIS-FB-LRx was
recently shown to be safe when delivered subcutaneously and led to significant reduction
in circulating CFB in healthy volunteers [21]. The Phase 2 GOLDEN study (NCT03815825)
to assess the efficacy of IONIS-FB-LRx in slowing GA lesion growth is currently under way.

GTO005 (Gyroscope Therapeutics, San Francisco, CA, USA) is an adeno-associated viral
(AAV) vector encoding for CFI, a complement pathway inhibitor. Subretinal delivery of
GTO05 is safe and well-tolerated by mice and non-human primates and leads to durable
CFI secretion in the eye [22]. The Phase 1/2 FocuS (NCT03846193), the Phase 2 EXPLORE
(NCTO04437368) and the Phase 2 HORIZON (NCT04566445) studies are currently under way
to evaluate the safety and efficacy of GT005 for patients with GA. Finally, AAVCAGsCD59
(Hemera Biosciences, Waltham, MA, USA) is an AAV vector encoding for a soluble form
of human CD59, which inhibits MAC formation and has been shown to attenuate CNV
in a mouse model of AMD [23]. The Phase 1 HMR-1001 study (NCT03144999) has been
completed, but the results have not yet been published.

4. Conclusions

In this review, we outline the results of clinical trials evaluating the safety and ef-
ficacy of complement inhibitors in eyes with GA secondary to AMD. The development
of complement inhibitors for the treatment of GA was based on several genetic studies
implicating complement dysregulation in AMD pathogenesis [2-7]. While risk alleles have
been associated with susceptibility to geographic atrophy, they have not been associated
disease progression [8,9]. Given the absence of a genetic association between complement
inhibitors and GA disease progression, it is unsurprising that some complement inhibitor
trials failed to show a reduction in GA lesion growth after complement inhibition. In
studies with positive findings, high rates of withdrawal or discontinuation, as well as
the increased dose-related risk of eAMD, are concerning and deserve further scrutiny.
Additionally, the investigation of alternative components of the complement pathway and
other stages of AMD (i.e., early to intermediate), may reveal more beneficial applications
of complement inhibition and AMD progression, though significant work needs to be done
to prove safety and clinical efficacy, which are both meaningful to the patients.

Author Contributions: Conceptualization, ] WM., D.G.V,, ].B.L. and O.A.H.; methodology, ] WM.,
D.G.V,,].B.L. and O.A.H.; software, ].B.L. and O.A.H.; validation, D.G.V.,].B.L. and O.A.H.; formal
analysis, D.G.V., ].B.L. and O.A.H.; investigation, D.G.V., ].B.L. and O.A.H.; resources, D.G.V,, ].B.L.
and O.A.H.; data curation, D.G.V,, ].B.L. and O.A.H.; writing—original draft preparation, J.B.L.,
O.A.H.; writing—review and editing, ] WM., D.G.V,, ].B.L. and O.A.H.; visualization, O.A.H. and
J.B.L.; supervision, ]. WM. and D.G.V.; project administration, O.A.H. and ].B.L.; funding acquisition,
not applicable. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: No relevant conflict of interest for the authors. M.E.E. has patents on neuropro-
tection of which . W.M. and D.G.V. are inventors, which are unrelated to this present publication.



J. Clin. Med. 2021, 10, 2580 11 of 12

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wong, W.L.; Su, X,; Li, X;; Cheung, CM.G.; Klein, R.; Cheng, C.-Y.; Wong, T.Y. Global prevalence of age-related macular
degeneration and disease burden projection for 2020 and 2040: A systematic review and meta-analysis. Lancet Glob. Health 2014,
2,e106—-e116. [CrossRef]

Haines, J.L.; Hauser, M.A.; Schmidt, S.; Scott, W.K.; Olson, L.M.; Gallins, P; Spencer, K.L.; Kwan, S.Y.; Noureddine, M.; Gilbert,
J.R.; et al. Complement Factor H Variant Increases the Risk of Age-Related Macular Degeneration. Science 2005, 208, 419-421.
[CrossRef]

Edwards, A.O.; Ritter, R.; Abel, K.J.; Manning, A.; Panhuysen, C.; Farrer, L.A. Complement factor H polymorphism and
age-related macular degeneration. Science 2005, 308, 421-424. [CrossRef]

Klein, R.J.; Zeiss, C.; Chew, E.Y.; Tsai, ].Y.; Sackler, R.S.; Haynes, C.; Henning, A K.; SanGiovanni, J.P.; Mane, S.M.; Mayne, S.T.;
et al. Complement factor H polymorphism in age-related macular degeneration. Scienice 2005, 308, 385-389. [CrossRef]

Van De Ven, J.P.; Nilsson, S.C.; Tan, P.L.; Buitendijk, G.H.; Ristau, T.; Mohlin, F.C.; Nabuurs, S.B.; Schoenmaker-Koller, EE.;
Smailhodzic, D.; Campochiaro, P.A.; et al. A funcitonal variant in the CFI gene confers.a high risk of age-related macular
degeneration. Nat. Genet. 2013, 45, 813-817. [CrossRef]

Gold, B.; Merriam, J.E.; Zernant, J.; Hancox, L.S.; Taiber, A.].; Gehrs, K.; Cramer, K.; Neel, J.; Bergeron, J.; Barile, G.R.; et al.
Variation in factor B (BV) and complement component 2 (C2) genes is associated with age-related macular degeneration. Nat.
Genet. 2006, 38, 458—462. [CrossRef]

Stanton, C.M.; Yates, ].R.; den Hollander, A.I; Seddon, ].M.; Swaroop, A.; Stambolian, D.; Fauser, S.; Hoyng, C.; Yu, Y.; Atsuhiro,
K.; et al. Complement factor D in age-related macular degeneration. Investig. Ophthalmol. Vis. Sci. 2011, 52, 8828-8834. [CrossRef]
[PubMed]

Scholl, H.P.; Fleckenstein, M.; Fritsche, L.G.; Schmitz-Valckenberg, S.; Gobel, A.; Adrion, C.; Herold, C.; Keilhauer, C.N.;
Mackensen, F; MoBner, A.; et al. CFH, C3 and ARMS?2 are significant risk loci for susceptibility but not for disease progression of
geographic atrophy due to AMD. PLoS ONE 2009, 4, e7418. [CrossRef] [PubMed]

Klein, M.L.; Ferris, EL.; Francis, PJ.; Lindblad, A.S.; Chew, E.Y.; Hamon, S.C.; Ott, J. Progression of geographic atrophy and
genotype in age-related macular degeneration. Ophthalmology 2010, 117, 1554-1559.€1551. [CrossRef]

Grassmann, F.; Fleckenstein, M.; Chew, E.Y.; Strunz, T.; Schmitz-Valckenberg, S.; Gobel, A.P.; Klein, M.L.; Ratnapriya, R.; Swaroop,
A.; Holz, EG,; et al. Clinical and genetic factors associated with progression of geographic atrophy lesions in age-related macular
degeneration. PLoS ONE 2015, 10, e0126636. [CrossRef] [PubMed]

Liao, D.S.; Grossi, EV.; El Mehdi, D.; Gerber, M.R.; Brown, D.M.; Heier, J.S.; Wykoff, C.C.; Singerman, L.J.; Abraham, P.;
Grassmann, F; et al. Complement C3 Inhibitor Pegcetacoplan for Geographic Atrophy Secondary to Age-Related Macular
Degeneration: A Randomized Phase 2 Trial. Ophthalmology 2020, 127, 186-195. [CrossRef]

Steinle, N.C.; Pearce, I.; Mones, ].; Metlapally, R.; Saroj, N.; Hamdani, M.; Ribeiro, R.; Rosenfeld, PJ.; Lad, E.M. Impact of Baseline
Characteristics on Geographic Atrophy Progression in the FILLY Trial Evaluating the Complement C3 Inhibitor Pegcetacoplan.
Am. J. Ophthalmol. 2021, 227, 116-124. [CrossRef]

Wykoff, C.C.; Rosenfeld, P.J.; Waheed, N.K.; Singh, R.P.; Ronca, N.; Slakter, ].S.; Staurenghi, G.; Mones, J.; Baumal, C.R.; Saroj, N.;
et al. Characterizing New-Onset Exudation in the Randomized Phase 2 FILLY Trial of Complement Inhibitor Pegcetacoplan for
Geographic Atrophy. Ophthalmology 2021. Epub ahead of print. [CrossRef] [PubMed]

Yehoshua, Z.; de Amorim Garcia Filho, C.A.; Nunes, R.P; Gregori, G.; Penha, EM.; Moshfeghi, A.A.; Zhang, K; Sadda, S.; Feuer,
W.; Rosenfeld, PJ. Systemic complement inhibition with eculizumab for geographic atrophy in age-related macular degeneration:
The COMPLETE study. Ophthalmology 2014, 121, 693-701. [CrossRef] [PubMed]

Jaffe, G.J.; Westby, K.; Csaky, K.G.; Monés, J.; Pearlman, ]J.A ; Patel, S.S.; Joondeph, B.C.; Randolph, J.; Masonson, H.; Rezaei, K.A.
C5 inhibitor avacincaptad pegol for geographic atrophy due to age-related macular degeneration: A randomized pivotal phase
2/3 trial. Ophthalmology 2020, 128, 576-586. [CrossRef] [PubMed]

Miller, M.E.; Morgan, T.M.; Espeland, M.A.; Emerson, S.S. Group comparisons involving missing data in clinical trials: A
comparison of estimates and power (size) for some simple approaches. Stat. Med. 2001, 20, 2383-2397. [CrossRef] [PubMed]
Iveric Bio, Inc. Form 8-K Securities and Exchange Commission Report. 2020. Available online: https://sec.report/Document/00
01410939-21-000002/ (accessed on 15 February 2021).

Yaspan, B.L.; Williams, D.E; Holz, EG.; Regillo, C.D.; Li, Z.; Dressen, A.; van Lookeren Campagne, M.; Le, K.N.; Graham, R.R.;
Beres, T.; et al. Targeting factor D of the alternative complement pathway reduces geographic atrophy progression secondary to
age-related macular degeneration. Sci. Transl. Med. 2017, 9, eaaf1443. [CrossRef]

Holz, F.G.; Sadda, S.R.; Busbee, B.; Chew, E.Y.; Mitchell, P; Tufail, A.; Brittain, C.; Ferrara, D.; Gray, S.; Honigberg, L.; et al.
Efficacy and safety of lampalizumab for geographic atrophy due to age-related macular degneration: Chroma and Spectri phase
3 randomized clinical trials. JAMA Ophthalmol. 2018, 136, 666—677. [CrossRef]

Henzan, I.M.; Tomidokoro, A.; Uejo, C.; Sakai, H.; Sawaguchi, S.; Iwase, A.; Araie, M. C5 inhibitor avacincaptad pegol for
geographic atrophy due to age-related macular degeneration: A randomized pivotal phase 2/3 trial (Ophthalmology. 2020 Sep 1
[Epub ahead of print]). Ophthalmology 2021, 117, 1720-1728. [CrossRef]

Jaffe, G.J.; Sahni, ].; Fauser, S.; Geary, R.S.; Schneider, E.; McCaleb, M. Development of IONIS-FB-LRx to treat geographic atrophy
associated with AMD. Investig. Ophthalmol. Vis. Sci. 2020, 61, 4305.


http://doi.org/10.1016/S2214-109X(13)70145-1
http://doi.org/10.1126/science.1110359
http://doi.org/10.1126/science.1110189
http://doi.org/10.1126/science.1109557
http://doi.org/10.1038/ng.2640
http://doi.org/10.1038/ng1750
http://doi.org/10.1167/iovs.11-7933
http://www.ncbi.nlm.nih.gov/pubmed/22003108
http://doi.org/10.1371/journal.pone.0007418
http://www.ncbi.nlm.nih.gov/pubmed/19823576
http://doi.org/10.1016/j.ophtha.2009.12.012
http://doi.org/10.1371/journal.pone.0126636
http://www.ncbi.nlm.nih.gov/pubmed/25962167
http://doi.org/10.1016/j.ophtha.2019.07.011
http://doi.org/10.1016/j.ajo.2021.02.031
http://doi.org/10.1016/j.ophtha.2021.02.025
http://www.ncbi.nlm.nih.gov/pubmed/33711380
http://doi.org/10.1016/j.ophtha.2013.09.044
http://www.ncbi.nlm.nih.gov/pubmed/24289920
http://doi.org/10.1016/j.ophtha.2020.08.027
http://www.ncbi.nlm.nih.gov/pubmed/32882310
http://doi.org/10.1002/sim.904
http://www.ncbi.nlm.nih.gov/pubmed/11512129
https://sec.report/Document/0001410939-21-000002/
https://sec.report/Document/0001410939-21-000002/
http://doi.org/10.1126/scitranslmed.aaf1443
http://doi.org/10.1001/jamaophthalmol.2018.1544
http://doi.org/10.1016/j.ophtha.2010.01.045

J. Clin. Med. 2021, 10, 2580 12 of 12

22. Ellis, S.; Buchberger, A.; Holder, J.; Hughes, J. GT005, a gene therapy for the treatment of dry age-related macular degeneration
(AMD). Investig. Ophthalmol. Vis. Sci. 2020, 61, 2295.

23. Cashman, S.M.; Ramo, K.; Kumar-Singh, R. A non membrane-targeted human soluble CD59 attenuates choroidal neovasculariza-
tion in a model of age related macular degeneration. PLoS ONE 2011, 6, €19078. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0019078
http://www.ncbi.nlm.nih.gov/pubmed/21552568

	Introduction 
	Methods 
	Results 
	C3 Inhibition 
	C5 Inhibition 
	Factor D Inhibition 
	Discontinuation Rates and Adverse Events in the FILLY, GATHER 1 and MAHALO Trials 
	Complement Inhibition and Increased Risk of Exudative AMD 
	Recent Targets of Complement Inhibition Therapy 
	Recombinant Factor H 
	Anti-Sense Oligonucleotides (ASO) and Gene Therapy 


	Conclusions 
	References

