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I
n 2023, the first FDA-approved drug for the treatment 
of geographic atrophy (GA) secondary to dry age-
related macular degeneration (AMD) entered the mar-
ket. Pegcetacoplan (Syfovre; Apellis Pharmaceuticals) 
is an inhibitor of complement C3. The approval of a 

complement inhibitor is a significant first step in GA treat-
ment. However, despite the promising results of pegcetaco-
plan, there is still a limited number and variety of treatment 
options for patients with advanced dry AMD as well as 
room for improved efficacy and safety. Reductions in the 
rate of GA progression with complement inhibition have 
been promising in randomized clinical trials, but therapy 
may be associated with complications, such as increased 

rates of choroidal neovascularization (CNV), intraocular 
inflammation, and ischemic optic neuropathy.1 However, 
slowing the progression of GA may require more than com-
plement inhibition alone, because there are other aspects of 
the inflammatory cascade involved in dry AMD that may 
require a multimodal approach.

Evidence is aligning around the theory that dry AMD 
is an inflammation-based disease.2 Chronic oxidative stress, 
abnormal complement activity, and chronic inflamma-
tion have been shown to contribute to AMD pathogenesis. 
Disruptions in retina homeostasis and insults to tissues may 
be critical factors in formative stages of the disease.  
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and microglia are vital to supporting retina homeostasis 
(Figure 1).3,4 Debris and waste from the highly metaboli-
cally active retina are cleared by phagocytes. Imbalances 
and insults incurred by the tissues trigger the recruitment of 
macrophages and microglia to the outer retina and Bruch’s 
membrane.4,5 Infiltrating macrophages react to local parain-
flammatory factors at the site of damage and switch to an 
M1 proinflammatory phenotype.3,4,6 An amplifying cycle 
results when proinflammatory factors released by these acti-
vated macrophages further recruit more inflammatory cells 
to the site of injury, perpetuating AMD progression. Current 
and emerging therapies have a role in the management of 
dry AMD, but by inhibiting complement factor alone, retina 
specialists are only able to target one aspect of the inflamma-
tory process. Emerging clinical data suggest that there may 
be other key etiologic factors to examine apart from comple-
ment inhibition to target GA progression.

COMPLEMENT IS A VITAL PATHWAY
The complement cascade not only plays an important role 
in inflammation but also is a substantial component of the 
overall innate immune system. Complement signaling is 

vital to homeostasis, fighting infections, and promoting 
tissue remodeling/regeneration like synaptic pruning and 
remyelination.7 As a result, significant or complete blockade 
of complement has the potential for untoward downstream 
effects, such as increased risk of infection, central nervous 
system cell deterioration, and even angiogenesis. 

Alternatively, regulation of complement pathway overacti-
vation may dampen amplification loops seen in AMD disease 
progression. Both C3 and mononuclear phagocytes (macro-
phages and microglia) are necessary for axon regeneration.8

Basal levels of C3 and C5 independently display anti-angio-
genic activity through macrophages.7 Deficiency of either of 
these complement factors increases neovascularization in the 
eye.7 In terms of future drug development, maintaining basal 
complement functions and crosstalk with immune cells may 
attenuate some of the complement depletion–associated 
adverse effects seen with the current treatment for GA. 

COMPLEMENT WORKS WITHIN THE GREATER 
CELLULAR AND HUMORAL ARMS OF THE  
INNATE IMMUNE RESPONSE
The complement pathway fits into a larger picture of the 

Figure 1.  Macrophages are heavily involved in homeostasis and age-related macular degeneration disease progression. In homeostasis, resident 
microglia and macrophages are phagocytic and clear away extracellular debris and metabolic waste. Immune cells are deterred from encroach-
ing on the RPE and Bruch’s membrane. In a diseased retina, resident microglia and macrophages are recruited to infiltrate up to the retinal 
pigment epithelium and Bruch’s membrane. The cells become activated and produce proinflammatory factors leading to chronic nonresolving 
inflammation and, subsequently, phagocytosis and cellular degeneration.
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innate immune response, which is comprised of 2 arms: the 
cellular arm and the humoral arm, the latter of which is where 
complement functions (Figure 2).9 Each arm contributes to 
the body’s overall immune response. In AMD, both can inflict 
tissue damage and contribute to disease pathogenesis. In the 
humoral arm, innate immune response is mediated by mol-
ecules like proinflammatory factors and complement activa-
tion.9 The cellular arm involves response of immune cells like 
macrophages and microglia.

Evidence supports the formation of a positive feedback 
loop among the 2 independent arms of the immune sys-
tem (Figure 2). In a positive feedback loop, it is no longer 
known if complement activation is the “chicken” or the “egg.” 
As such, inhibiting 1 arm of the immune response may not 
fully address its effect on AMD progression. Targeting both 
arms could provide broader global regulation of the innate 
immune response and dysfunction, halting feedback loop 
overamplification and reducing disease progression.

Retinal transcriptomic changes in early AMD disease 
stages recruit resident macrophages and microglia into the 

subretinal space.10,11 There, the infiltrating immune cells 
directly affect retinal pigment epithelium (RPE) function 
and viability.10,12 Additionally, key inflammatory factors are 
upregulated in the infiltrating cells.4 In AMD, macrophages 
are the primary producers of C3, and once they are recruited 
to Bruch’s membrane, they switch to the proinflammatory 
M1 phenotype. These interactions perpetuate the feedback 
loop and promote disease progression.6,11,13,14

Current GA treatments target 1 part of the immune 
system, usually a specific complement factor (eg, C3, C5, 
C1q). This does not educe the benefit of effectively regulat-
ing immune cell overactivation or approach the issue from 
multiple mechanisms. Thus, there is potential to explore the 
second arm of the immune response — the cellular arm — as 
a target for treatment of GA. A dual mechanism of action 
drug may target a global aspect of inflammation and innate 
immune dysfunction, rather than just targeting complement 
factors in the humoral arm. The potential benefit of this 
approach is global regulation of inflammation for potentially 
more effective treatment of GA secondary to AMD. 

Figure 2.  The 2 arms of the innate immune system’s response. The humoral arm encompasses signaling pathways such as proinflammatory  
factors, cytokines, and the complement system. The cellular arm contains responses from immune cells like microglia and macrophages. 
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UNDEREXPLORED POTENTIAL IN THE CELLU-
LAR ARM OF THE INNATE IMMUNE RESPONSE
Glycans (biologic sugar moieties) are expressed on the surface 
of all cells, and the moieties they form represent the glycome 
of the cell. Cells recognize other cells by unique glycome “bar-
codes,” allowing for communication, signaling, and identifica-
tion.15,16 Unique moieties of bound glycans called sialic acids 
serve as structures for immune cells to identify other cells by. 
Importantly, immune cells can distinguish native “self ” cells 
vs foreign “nonself ” cells or distinguish between diseased and 
healthy tissue by recognizing these sialic acids.15,16 

Glycoimmunology, or the role of glycans in immune 
response, is garnering large interest for drug development 
as a broader approach to resolving pathogenic inflamma-
tion. Immune cells express specific Siglec (sialic acid–binding 
immunoglobulin-type lectin) receptors that identify other 
cells by their sialic acids.16 If another cell is identified as “self ” 
or homeostatic, immune response is shifted toward resolu-
tion so as not to attack the body.15,16 If a cell is identified as 
“nonself ” or diseased, an innate immune response is mounted 
and macrophages activate to a proinflammatory M1 pheno-
type to attack the cell.15,16

Siglec recognition-response is the main inflammatory 
response mechanism for the innate immune system and 
macrophages. The key point of regulation in the interaction 
is the Siglec receptors that act as the on/off switch for the 
innate immune response and mononuclear phagocyte acti-
vation. Similar immune cell modulation is currently used in 
oncology with T-cell immune checkpoint inhibitors (ICI). 
Both Siglec modulation therapeutics and ICIs regulate 
immune activity through the same intracellular receptor 

signaling domains.17,18 Effective use of such immune regu-
lation in oncology has inspired potential applications of 
Siglec receptor interactions in inflammatory retinal diseases 
like AMD. 

Progress in glycoimmunology has bolstered evidence 
for the implication of Siglec receptors in AMD pathology. 
Retinal macrophages from AMD patient eyes have up to a 
90-fold increase in Siglec receptor expression compared to 
nondiseased eyes.19 Siglec modulation has been shown to 
affect infiltrating macrophage polarization and activity in 
the retina.20-22 Taken together, cumulative data suggest that 
Siglecs can be effectively targeted to modulate infiltrat-
ing macrophages implicated in AMD pathology and have 
potential for therapeutic development in this disease.

TARGETING THE IMMUNE SYSTEM’S ON-OFF 
SWITCH TO POTENTIALLY TREAT GA
As described above, Siglec modulation can be leveraged as 
the on-off switch of the innate immune system. Both C3 and 
C5 are well-known factors in the proinflammatory comple-
ment pathway. Complement factor H (CFH) is produced 
locally and systemically by immune and RPE cells as a pri-
mary regulatory mechanism of the complement cascade.23

Complement factor H prevents overamplification of comple-
ment by inhibiting formation of C3bBb and C3 convertase. 
Genetic polymorphisms in the CFH gene have been strongly 
linked to the development of AMD.23-25 

Complement factor H interacts with sialic acids indepen-
dently of the binding that occurs between sialic acids and 
Siglec receptors on immune cells.26 While Siglec–sialic acid 
binding inhibits overactivated macrophages and promotes a 

Figure 3.  The AVD-
104 mechanism of 
action. AVD-104 is 
a sialic acid–coated 
nanoparticle. Siglec 
receptors on  
activated macro-
phages bind to the si-
alic acids, repolarizing 
them to a resolution 
phenotype. In this 
way, AVD-104’s sialic 
acid–Siglec response 
inhibits macrophage 
overactivation. 
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proresolution phenotype, CFH–sialic acid binding further 
attenuates inflammation by inhibiting the complement cas-
cade’s amplification/C3 activation step. Complement fac-
tor H dysfunction has been shown to promote AMD, and 
increasing CFH activity through sialic acid binding may 
favorably influence AMD pathology. 

A DUAL MECHANISM OF ACTION TO  
POTENTIALLY TREAT GA
One promising glycoimmune therapeutic that acts through 
Siglec modulation is the investigational drug AVD-104 
(Aviceda Therapeutics). AVD-104 is a sialic acid–coated 
nanoparticle administered via intravitreal injection that 
strongly binds to Siglec receptors on activated macrophages 
(Figure 3). Available data suggest that AVD-104 uses a dual 
mechanistic approach (Figure 4), regulating both arms (cellu-
lar and humoral) of the innate immune response. In the cellu-
lar arm, by binding to Siglecs on overactivated macrophages in 
the retina, AVD-104 induces the “self ”/healthy tissue response 
in the macrophages, triggering repolarization to a resolution 
macrophage phenotype. Siglec receptors are also blocked from 
identifying abnormal sialic acids on diseased cells that would 
otherwise promote GA progression. This macrophage repolar-
ization may also mitigate CNV conversion through phenotypic 

switches away from the 
pro-VEGF–producing, 
angiogenic M2 macro-
phage phenotypes to the 
resolution macrophage 
phenotype. Acting in the 
humoral arm, AVD-104–
Siglec binding decreases 
complement factor over-
amplification through 
direct binding to CFH, 
which thereby downreg-
ulates C3 production in 
the immune cells.  

The dual mechanism 
of action of AVD-104 
both inhibits activated 
retina macrophages 
and halts overamplifi-
cation of the comple-
ment pathway without 
complete depletion of 
C3 and C5 (Figure 4). 
Complete inhibition of 
C3 may promote adverse 
effects, such as intraocu-
lar inflammation and 
CNV conversion.7

In in vivo studies, 
AVD-104 decreased 
proinflammatory cyto-

kines (IL-1§, IL-12, IL-6, TNF-α), VEGF, and C3 
levels as well as increased CFH activity in human mac-
rophages.22,27 Biodistribution studies of the drug have 
shown activity in the RPE, sub-RPE, and choriocapil-
laris of rabbits 28 days after a single intravitreal injec-
tion. This translates into a potential dosing interval of 
3 to 6 months in humans. By tackling the progression 
of advanced dry AMD with a dual mechanism of action 
on the immune system, AVD-104 may be effective in 
regulating immune overactivation in AMD from a com-
prehensive approach. Aviceda Therapeutics is actively 
enrolling and dosing participants in a multicenter phase 
2/3 clinical trial for the treatment of GA secondary to 
dry AMD.

CONCLUSIONS
Significant advancements are being made in developing 
treatments for GA secondary to dry AMD. The introduc-
tion of complement inhibitor therapeutics has pioneered 
a rich pipeline for other modalities to treat dry AMD. 
The approval of pegcetacoplan has provided the first step 
in management of GA, but the frequent dosing interval, 
adverse events, and minimal functional benefit may sug-
gest that there continues to be an unmet need to develop 

Figure 4.  AVD-104 downstream effects on the 2 arms of the innate immune response. AVD-104 readily binds to 
complement factor H (CFH) via Siglec binding domains on the CFH protein. This strong binding to CFH leads to 
inhibition of the downstream complement cascade (eg, C3, C5) and regulates the humoral arm. In the cellular arm, 
AVD-104 binds Siglecs on activated macrophages to repolarize them from proinflammatory and proangiogenic 
M1/M2 phenotypes to the resolution phenotype.
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more effective and safer therapeutics. Complement plays a 
large role in the landscape of GA pathophysiology, but C3 
and C5 inhibition have been shown to contribute to CNV 
and other adverse events, highlighting a need for other 
mechanistic approaches. 

The prominent role of macrophages in AMD disease 
progression is garnering increased attention. Although 
they are implicated in GA and AMD, the exact sequence 
of events is not yet elucidated. Mounting evidence suggests 
that a positive feedback loop exists between immune cells 
and complement factors in the humoral arm of the innate 
immune response, with each part driving the other to amplify 
inflammation in retinal tissues.  

Siglec receptors on activated macrophages appear to 
be a key point for regulation of this inflammatory response. 
Targeting this immune cell regulator, the on-off switch, may 
prove successful in altering the overactivated immune response 
in AMD. A similar mechanism has been widely implemented 
in the oncology space with immune checkpoint inhibitors. 

Investigational AVD-104 is demonstrating encouraging 
in vivo results and is in phase 2/3 clinical trials. Available 
data suggest its dual mechanism of action may regulate both 
the humoral and cellular aspects of the immune response in 
AMD. By repolarizing activated M1/M2 macrophages to 
the resolution state and activating CFH to halt the over-
amplification of the complement system, AVD-104 has the 
potential to treat AMD from multiple angles with prolonged 
ocular durability. Glycoimmunology holds promise for the 
next innovation in the treatment of GA. Future results will 
guide development of glycoimmune therapies and poten-
tially provide the ophthalmology community with additional 
tools and approaches to treat patients with AMD. RP
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