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ABSTRACT

Age-related macular degeneration (AMD) is a
leading cause of vision loss in the elderly, with
dry AMD (d-AMD) leading to geographic atro-
phy (GA) and significant visual impairment.
Multimodal imaging plays a crucial role in
d-AMD diagnosis and management, allowing
for detailed classification of patient phenotypes
and aiding in treatment planning and prog-
nosis determination. Treatment approaches
for d-AMD have recently witnessed profound
change with the development of specific drugs
targeting the complement cascade, with the first

A. Servillo - R. Sacconi - G. Oldoni - E. Barlocci -

B. Tombolini - M. Battista - F. Fantaguzzi - F. Rissotto -
C. Mularoni - I. Zucchiatti - L. Querques - F. Bandello -
G. Querques (D<)

School of Medicine, Vita-Salute San Raffaele
University, Milan, Italy

e-mail: querques.giuseppe@hsr.it; giuseppe.
querques@hotmail.it

A. Servillo - R. Sacconi - G. Oldoni - E. Barlocci -

B. Tombolini - M. Battista - F. Fantaguzzi - F. Rissotto -
C. Mularoni - I. Zucchiatti - L. Querques - F. Bandello -
G. Querques

Division of Head and Neck, Ophthalmology Unit,
IRCCS San Raffaele Scientific Institute, Via Olgettina
60, 20132 Milan, Italy

M. Parravano
Department of Ophthalmology, IRCCS - Fondazione
Bietti, Rome, Italy

anticomplement agents recently approved for
GA treatment. Additionally, emerging strategies
such as gene therapy and laser treatments may
offer potential benefits, though further research
is needed to fully establish their efficacy. How-
ever, the lack of effective therapies capable of
restoring damaged retinal cells remains a major
challenge. In the future, genetic treatments
aimed at preventing the progression of d-AMD
may emerge as a powerful approach. Currently,
however, their development is still in the early
stages.
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Key Summary Points

Multimodal imaging is crucial for diagnos-
ing and managing dry age-related macular
degeneration (d-AMD), enabling the detailed
classification of patient phenotypes, which
aids in treatment planning and determina-
tion of prognosis.
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Recent advancements in treatment
approaches for d-AMD have been signifi-
cantly influenced by the development of spe-
cific drugs targeting the complement cascade,
including the recent approval of the first
anticomplement agents for the treatment of
geographic atrophy.

Emerging strategies, such as gene therapy
and laser treatments, show potential benefits,
although further research is needed to fully
ascertain their efficacy.

INTRODUCTION

Age-related macular degeneration (AMD) is a
leading cause of visual impairment in elderly
people in Western societies [1]. AMD is classi-
fied as dry AMD (d-AMD) or neovascular AMD
(n-AMD), based on the absence or presence of
macular neovascularization (MNV), respec-
tively [2]. Geographic atrophy (GA) represents
the late stage of d-AMD and is characterized
by the loss of photoreceptors, retinal pigment
epithelium, and choriocapillaris [2]. People
affected by GA experience progressive irrevers-
ible central visual loss, leading to reduced inde-
pendence and a lower quality of life [3].

Although for many years no effective treat-
ments were proposed for GA, a deeper under-
standing of GA pathogenesis has recently led
to the development of promising treatment
options, which aim to slow the disease progres-
sion. In this direction, in 2023, the Food and
Drug Administration (FDA) approved the first
two drugs for GA [4, 5].

Furthermore, the recent advancements in
multimodal imaging have greatly improved the
GA phenotype classification. This is crucial for
selecting patients for treatment and in deter-
mining their prognosis.

The aim of this review is to describe the
state of the art of the management of d-AMD.
We will focus on the recent multimodal imag-
ing techniques and on the current treatment
options. This article is based on previous

research; therefore, no approval from the local
ethics committee was required.

MULTIMODAL IMAGING

Initially, classification systems for d-AMD were
based on color fundus photography (CFP) [6].
Subsequently, fundus autofluorescence (FAF) and
optical coherence tomography (OCT) emerged
as crucial tools in d-AMD classification and man-
agement [2, 7]. Supplementary and confirmatory
imaging modalities are near-infrared reflectance
(NIR), fluorescein angiography (FA), indocya-
nine green angiography (ICGA), and OCT angi-
ography (OCTA) [2].

Color Fundus Photography

CFP displays a wide spectrum of d-AMD hall-
marks, including, for instance, macular drusen
and pigmentary abnormalities [2, 6]. Originally,
d-AMD classification relied on CFP, involving
drusen characteristics (size, consistency, loca-
tion, and number), presence/absence of pigmen-
tation abnormalities, GA size, and area involved
by the GA [6] In 1995, the International Age-
Related Maculopathy Epidemiological Study
Group agreed on the following criteria to define
GA on CFP: sharp demarcation, hypopigmented
or depigmented appearance, round or oval
shape, increased visibility of the underlying cho-
roidal vessels, and a diameter of at least 175 mm
measured using a 30- or 35-mm fundus camera.

However, the various limitations of this exam-
ination, such as low resolution of the retina and
choroid depth, absence of detailed quantitative
information, and low image quality in cases of
media opacities or poor mydriasis, have greatly
restricted the application of CFP in d-AMD man-
agement [7, 8].

Fundus Autofluorescence

FAF is currently considered a valuable tech-
nique in detecting atrophic areas and in
monitoring its advancement, due to the high-
contrast retinal images provided [7]. Dif-
ferent wavelengths can be utilized to excite
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endogenous fluorophores and capture their
autofluorescence. Each specific wavelength tar-
gets different fluorophores, thereby providing
distinct information.

Blue FAF devices utilize a 488-nm blue wave-
length excitation filter to specifically capture the
autofluorescence emission from retinal pigment
epithelium (RPE) fluorophores (e.g., lipofuscin)
[9]. Thus, the signal is severely reduced in cor-
respondence with atrophic lesions, appearing as
areas of hypo-autofluorescence on FAF images
(Figs. 1-2) [10].

Two types of FAF imaging systems are avail-
able: flash fundus camera-based systems and

scanning laser ophthalmoscopy (SLO) systems
[7].

SLO is characterized by a confocal aperture
to remove backscattering light outside the focal
plane and offer greater contrast and resolution.
However, it cannot be integrated into conven-
tional fundus cameras, requiring additional
equipment for image acquisition.

By using the fundus camera, the employment
of blue-light excitation for autofluorescence
imaging is unfeasible due to technical limita-
tions. Hence, autofluorescence imaging in fun-
dus cameras relies on excitation wavelengths
ranging from green to orange (510-610 nm).

Fig. 1 Color fundus autofluorescence (A), blue autofluorescence (B), multicolor image (C); near-infrared reflectance (D) of
a patient with geographic atrophy due to age-related macular degeneration
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Fig.2 Multicolor image (a), blue autofluorescence (b), green reflectance (c), and infrared reflectance (d) of a patient with

age-related macular degeneration geographic atrophy

The quality of the blue FAF signal is affected
by various factors including lens opacities, vit-
reous floaters, hemorrhages, hard exudates, and
pupil dilation [11]. In addition, in the presence
of the "diffuse-trickling" GA phenotype (coales-
cent lobular atrophic lesions appearing rather
grayish compared with the black appearance of
other GA subtypes) or refractile drusen within
atrophic areas, the ability of FAF in discerning
between intact retina and atrophic areas is lim-
ited [12, 13]. Furthermore, the blocking of blue
light by the macular pigment results in reduced
signal intensity at the fovea, causing challenges
in identifying the atrophic border near the

fovea [11]. Different wavelengths (e.g., green
light) might reduce macular pigment absorp-
tion, maintaining excellent visualization of the
atrophic areas in the macular region as well [14].

Color Fundus Autofluorescence

Color FAF is an imaging technique showing
useful findings for retinal diseases, including
d-AMD (Fig. 1) [15]. This system, using a 450-
nm wavelength in a confocal blue-light FAF
device, captures the full-emission spectrum
on a color sensor, producing color FAF images
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that allow the isolation of minor fluorophores
(advanced glycation end products [AGEs]; N-ret-
inylidene-N-retinylethanolamine [A2E]; and the
oxidized fluorescent form flavin adenine dinu-
cleotide [FAD] of the redox pair FAD-FADH2,
and collagen 2, distinct from lipofuscin [15].
The approach, based on emission fluorescence
components (EFC), divides the spectrum into
short- and long-wavelength components (green,
510-560 nm; red, 560-700 nm) [16]. Areas of
atrophy are characterized by the absence or
reduction of strong red EFC, while the presence
of a residual green EFC signal indicates the pres-
ence of drusenoid deposits [16]. Larger longitu-
dinal studies are needed to determine the prog-
nostic implications of these findings.

Multicolor Confocal Scanning Laser
Ophthalmoscopy

Multicolor confocal SLO captures composite
images simultaneously using confocal scan-
ning lasers at three different wavelengths (blue,
green, and near-infrared) (Figs. 1, 2) [17]. Each
wavelength penetrates different retinal layers,
highlighting details of the inner retina, deeper
retinal layers, and structures in the outer retina
and choroid, respectively [18]. Unlike color fun-
dus photography, multicolor images are "false-
color" or "pseudocolor," composed of informa-
tion obtained from separate wavelengths. In the
context of GA, multicolor imaging can visualize
atrophic areas and reveal retinal hemorrhages
and fibrotic changes. However, distinguishing
subtle hemorrhages and pigmentary lesions may
be challenging [17, 18]. The potential advan-
tages of visualizing individual wavelength com-
ponent images in isolation over a composite
image remain to be systematically investigated.

Near-Infrared Reflectance

In the NIR-SLO imaging technique, 750-840-nm
wavelengths of light are used [7]. This minimizes
discomfort for the patient, as there is minimal
interference and absorption by media opacities
and the luteal pigment in the macula. Conse-
quently, in contrast to blue-light FAF imaging,
the visualization of atrophic areas within the

fovea and its direct involvement is facilitated
(Figs. 1-2) [19]. Furthermore, NIR images allow
for the detection of reticular pseudodrusen
(RPD) with high sensitivity [20]. Systematic
validation studies for the use of NIR alone in
d-AMD are still lacking. However, integrat-
ing NIR images in study protocols at all visits,
alongside FAF and OCT images, is crucial. Their
short capture time has no significant impact on
the recording procedure and provides valuable
complementary information to other imaging
techniques [19].

Optical Coherence Tomography

OCT, providing high-quality, cross-sectional,
and en face retinal and choroidal images
through depth-resolved segmentation, with a
resolution comparable to light microscopy his-
tology, has enabled the segmentation of retina
and choroid, obtaining detailed insights into tis-
sue layers and the ability to quantify the loss of
specific layers (Fig. 2) [21].

The Classification of Atrophy Meeting (CAM)
group proposed OCT as the reference tool to
classify atrophy. CAM consensus developed a
definition and nomenclature for AMD GA based
on spectral domain (SD)-OCT, incorporating
other imaging modalities including CFP, FAF,
and NIR for additional and confirmatory analy-
ses [8]. This system is based on the observation
that photoreceptor (or the outer retinal) atro-
phy can manifest independently of RPE atrophy,
whereas RPE atrophy consistently correlates with
thinning or loss of the overlying outer retina [8].
According to the stage and mechanisms of atro-
phy evolution, the CAM group introduced the
following four entities to describe AMD-related
atrophy: complete RPE and outer retinal atro-
phy (cRORA); incomplete RPE and outer retinal
atrophy (iRORA); complete outer retinal atrophy
(cORA); incomplete outer retinal atrophy (i1ORA)
[8]. Specifically, GA denotes a subset of cRORA
with no MNV (present or previous, considering
that previous MNV may not be manifest), as evi-
dent on CFP, while CRORA encompasses macular
atrophy with or without MNV. Nascent GA rep-
resents a subset of iRORA without MNV (Fig. 3).

A\ Adis



2072

Ophthalmol Ther (2024) 13:2067-2082

Fig.3 Optical coherence tomography and infrared reflec-
tance (left box) images of a patient with age-related macu-
lar degeneration geographic atrophy with foveal sparing

In addition, the CAM group established three
specific OCT criteria for cRORA definition: (1) a
region with choroidal hyper-transmission meas-
uring at least 250 pm in diameter, (2) an area
with RPE attenuation or loss of at least 250 ym
in diameter, and (3) evidence of concomitant
photoreceptor degeneration above the affected
region [8].

Recently, in the fourth CAM report, iRORA is
defined by the following criteria: (1) a region of
signal hyper-transmission into the choroid; (2) a
corresponding zone of attenuation or disruption
of the RPE, with or without the persistence of
basal laminar deposits; and (3) evidence of over-
lying photoreceptor degeneration, (i.e., subsid-
ence of the inner nuclear layer [INL] and outer
plexiform layer [OPL], presence of a hypo-reflec-
tive wedge in the Henle fiber layer [HFL], thin-
ning of the outer nuclear layer [ONL], disruption
of the external limiting membrane [ELM], or dis-
integration of the ellipsoid zone [EZ]), assuming
these do not conform to the characteristics of
cRORA (Fig. 4) [22]. The designation of iRORA is
not applicable when an RPE tear is present [22].

The cases which present some, but not all,
signs of iRORA should not yet be defined as
iRORA but have risk factors for the progression
to iRORA. Several signs, such as hyperreflec-
tive foci, heterogeneous internal reflectivity of
drusen, RPD, and basal laminar deposits, may
be considered as high-risk OCT biomarkers for
progression [22].

Furthermore, the CAM 4 report provides evi-
dence that the features of iRORA predict the
development of cCRORA, using case examples

Fig.4 OCT scan of a patient with incomplete retinal

pigment epithelium (RPE) and outer retinal atrophy
(iRORA) due to age-related macular degeneration. The
image shows (1) a region of signal hyper-transmission into
the choroid (triangles), (2) a corresponding zone of attenu-
ation or disruption of the RPE, and (3) evidence of over-
lying photoreceptor degeneration with subsidence of the
inner nuclear layer and outer plexiform layer (arrows)

with longitudinal follow-up in eyes with drusen
[22].

En face OCT is an innovative approach used
to support OCT b-scans for identifying and
measuring geographic atrophy. It generates reti-
nal and choroidal coronal section that varies
according to image segmentation [23].

Nevertheless, OCT exhibited several limita-
tions: restricted scan field, dependence on image
quality for interpretation, difficulties with auto-
mated image segmentation, and fewer compre-
hensive investigations employing SD-OCT in
comparison with fundus imaging methods (CFP,
FAF) [24].

Optical Coherence Tomography
Angiography

Although OCTA has mostly been used to detect
neovascularization in AMD, it has also been
applied to d-AMD, since alterations in the cho-
riocapillaris may occur at every stage [25].
Recently, the concept of "signal flow voids"
that are easily measured at the choriocapillaris
level as dark hypo-reflective areas in intermedi-
ate/late stages of d-AMD has received consider-
able interest [25, 26]. These findings may indi-
cate areas of progressive non-perfusion or loss of
perfusion within the characteristic capillary net-
work of the choroid (“ischemic choroidopathy”)
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[24-26]. It has been suggested that evidence on
OCTA of flow voids might predispose to late-
stage AMD. Furthermore, OCTA could detect
non-exudative or inactive type 1 NV in eyes that
might be otherwise classified as non-neovascular
AMD [25].

Fluorescein Angiography

Fluorescein angiography is useful for identifying
characteristic features of d-AMD, such as drusen
and GA [27]. Drusen typically exhibit staining,
while atrophic regions may display early hyper-
fluorescence or a "window defect" secondary to
RPE atrophy [27, 28]. Several drawbacks of this
diagnostic approach should be highlighted: FA is
an invasive and dye-requiring exam with poten-
tial risk of allergic reactions, prolonged image
acquisition times, and limitations in depth-
resolved segmentation and lateral resolution
[29].

TREATMENT

So far, numerous clinical trials have been carried
out to satisfy the unfulfilled needs of d-AMD
treatment. The status of research on potential
treatments for d-AMD will be examined in the
following section, dividing the section into
treatment for (a) early/intermediate d-AMD, (b)
late d-AMD (GA), and (c) early/intermediate/late
d-AMD.

(a) Early/intermediate dry AMD

Nutritional Supplementation

Nutraceutical products have garnered significant
attention due to their therapeutic potential. The
Age-Related Eye Disease Study (AREDS) trial
demonstrated the protective effects of antioxi-
dant and mineral supplements in delaying the
progression from intermediate to late d-AMD
in patients with intermediate AMD. [30]. In the
phase III AREDS (AREDS2) trial, lutein, zeaxan-
thin, and omega-3 long-chain polyunsaturated
fatty acids took the place of B-carotene, due

to an increased risk of lung cancer in smokers
[31]. Notably, lutein and zeaxanthin exhibited
antioxidant properties as pigments of human
macula. However, no evidence confirmed higher
efficacy of the AREDS2 formulation than the first
AREDS supplementation, despite a safer profile
[32]. Nevertheless, AREDS2 formulation remains
widely used in d-AMD management.

Laser Therapy

In the 1990s, thermal laser photocoagulation
using a continuous-wave (CW) laser beam was
employed in d-AMD to induce drusen regres-
sion. However, thermal damage to the photore-
ceptor and inner retina, subretinal fibrosis, and
choroidal neovascularization were reported [33].
Therefore, different strategies have been studied
to avoid these collateral effects.

Nanosecond and Subthreshold Laser
Treatment

The 3-ns pulsed laser, delivering a subvisible
threshold laser spot with a shorter pulse than
conventional CW lasers, selectively modulates
pigmented tissues, sparing retinal neurons and
minimizing thermal damage [34]. Studies sug-
gest its potential in reducing drusen load in
patients with AMD while minimizing collateral
damage associated with CW laser treatment,
such as new vessel growth and Bruch’s mem-
brane disruption. However, further investiga-
tions are needed to determine the safety, specific
effects, and mechanisms of nanosecond laser
treatment in patients with AMD [34].

Another potential laser treatment for prevent-
ing d-AMD progression is the yellow subthresh-
old laser treatment [35]. A pilot study reported
no side effects in patients with RPD, and ongo-
ing randomized clinical trials aim to evaluate its
efficacy further [35].

Conversely, the LEAD Study highlighted that
subthreshold nanosecond laser (SNL) treatment
did not significantly slow the progression to
d-AMD in patients initially diagnosed with
intermediate AMD [36]. However, a potential
beneficial effect was noted in patients with-
out reticular pseudo-drusen over a 24-month
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follow-up, suggesting the need for further trials
to assess SNL’s potential in slowing intermedi-
ate AMD progression [36].

Photobiomodulation

Photobiomodulation (PBM) is designed to
enhance electron transport chain activ-
ity through cytochrome C oxidase to reduce
oxidative stress [37]. The Valeda Light Deliv-
ery System (LumiThera, Inc., USA) is a PBM
device that emits light primarily in the yel-
low (590 nm), red (660 nm), and near-infra-
red (850 nm) wavelengths. Numerous clinical
studies have investigated the effects of PBM on
AMD [37].

The TORPA 1 trial demonstrated an increase
in visual acuity and contrast sensitivity, with
no change in fixation stability over 12 months.
Phase II of the TORPA 2 trial reported a visual
gain of +5.14 letters at 3 months, along with a
significant decrease in drusen volume and cen-
tral thickness [38].

The LIGHTSITE I study underscored the
effectiveness of PBM in enhancing vision
and reducing drusen in patients with d-AMD,
recording a four-letter improvement in visual
acuity. Following these results, the LIGHTSITE
IT study, a randomized multicenter trial, com-
menced to assess the outcomes of repeated
PBM treatments on 53 eyes at baseline and 4
and 8 months. This trial noted a four-letter
enhancement in best-corrected visual acuity
(BCVA) at month 9 for participants receiving
PBM treatments [37, 38].

(b) Late dry AMD (GA)

Anti-Inflammatory Therapy

Pathophysiology and progression of d-AMD are
significantly influenced by inflammation, par-
ticularly by complement cascade [39, 40]. While
anticomplement factors have shown encourag-
ing results as GA therapeutic strategy, other mol-
ecules are still under investigation.

Anticomplement Factors

This innate immunity system consists of serum
and membrane-bound proteins that are acti-
vated through three biochemical pathways
(classical, alternative, lectin), all converging to
C3 activation. Briefly, C3 cleaves into C3a and
C3b, which activates C5, which then splits into
C5a and C5b, thus developing membrane attack
complex (MAC) and inflammasome [41]. Strong
evidence suggests that the onset and progression
of d-AMD and GA are related to complement
cascade imbalance. Since complement factors
have been observed to accumulate in drusen,
complement cascade is believed to play a role
in both drusen production and choriocapillaris
loss [42]. Several therapies (e.g., pegcetacoplan)
have targeted C3, aiming at blocking MAC and
inflammasomes, although a reduction of their
beneficial anti-infective and anti-inflammatory
effects. As an alternative, downstream compo-
nents such as CS5, have been investigated (e.g.,
avacincaptad pegol, eculizumab), so that host
defense could be preserved, still preventing the
activation of MAC and inflammasomes [43].

Pegcetacoplan

Pegcetacoplan (APL-2, Apellis Pharmaceuticals,
Waltham, MA, USA) is a synthetic C3 inhibitor
approved by the FDA in February 2023 as first
anticomplement agent for AMD GA treatment.
The phase II FILLY study (NCT02503332) evalu-
ated its efficacy and safety over 12 months. To
qualify for participation, individuals needed to
be at least 60 years old, exhibit AMD-related
geographic atrophy (if the total GA area was
2.5-17.5 mm? or—if multifocal—at least one
lesion measured 1.25 mm? or larger on FAF
imaging), and have BCVA of 20/320 or better
in the study eye. The primary endpoint was the
size of the geographic atrophy lesion, measured
by FAF. Briefly, patients were randomly assigned
to 15 mg pegcetacoplan intravitreal injections
either monthly or every other month (EOM), or
sham intravitreal injections [42]. A significant
reduction in GA growth was reported by both
treatment arms (monthly group: -29% vs. EOM
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group: —20%). However, no significant differ-
ences in best-corrected visual acuity (BCVA) were
observed between groups [42]. Adverse events
were reported in the pegcetacoplan group,
including two cases of infectious endophthal-
mitis and a higher rate of new-onset investiga-
tor-determined n-AMD (monthly group: 20.9%,
EOM group: 8.9% vs. sham group: 1.2%) [42].
Post hoc analysis of n-AMD cases revealed no
temporal clustering of onset. All n-AMD cases
were successfully treated with anti-vascular
endothelial growth factor (VEGF) intravit-
real injections [44]. Another post hoc analysis
showed lower progression from iRORA to cRORA
in treated patients, suggesting a potential effect
in the early GA [45].

The phase III DERBY (NCT03525600) and
OAKS (NCTO03525613) trials evaluated the
FILLY study’s treatment arms and outcomes
over 24 months. Both studies confirmed a sig-
nificant reduction in GA growth, mostly over
18-24 months, with a comparable impact on
foveal and extrafoveal lesions [4]. Interestingly,
n-AMD at month 24 was found at a lower rate
than in the FILLY trial (<12%). The phase III
GALE trial, which is still ongoing, will assess
the long-term safety and efficacy of pegceta-
coplan in patients who completed DERBY and
OAKS. Notably, the report from the American
Society of Retina Specialists (ASRS) Research
and Safety in Therapeutics Committee noted
that 14 eyes from 13 patients developed reti-
nal vasculitis following their first intravitreal
injection of pegcetacoplan [46]. Most cases
(79%) were characterized by occlusive reti-
nal vasculopathy, with symptoms generally
manifesting around 10.5 days post-injection.
Clinical assessment revealed prevalent inflam-
mation in the anterior chamber and vitritis
in 86% of cases [46]. The involvement was
primarily observed in retinal veins (100%),
with a significant number of cases (86%) also
presenting with retinal hemorrhages. Visual
acuity was notably affected, decreasing from
a median baseline of 20/60 to 20/300 at the
time of vasculitis presentation, and slightly
improving to 20/200 at the last follow-up [46].
The etiology of the vasculitis remains uniden-
tified, and optimal treatment strategies are
yet to be established. The report recommends

against the continued use of pegcetacoplan
in affected patients and suggests considering
infectious etiologies and corticosteroid treat-
ments to expedite resolution of inflammatory
symptoms [46].

Avacincaptad Pegol

Avacincaptad pegol (ACP) (Zimura, Iveric Bio,
Inc., Parsippany, NJ, USA) is a synthetic C5
inhibitor that achieved FDA approval for treat-
ment of AMD GA in August 2023 [S, 47]. The
efficacy and safety of ACP were assessed in the
phase II-1II GATHERT1 trial, where monthly ACP
intravitreal injections (2 mg or 4 mg) were rand-
omized to sham intravitreal injections (2 mg or
4 mg) over 18 months. To qualify for participa-
tion, individuals needed to be at least 50 years
old, exhibit AMD-related geographic atrophy
that did not involve the center point (with the
total GA area ranging from 2.5 to 17.5 mm?,
or—if multifocal—at least one lesion measur-
ing 1.25 mm? or larger on FAF imaging), and
have best-corrected visual acuity ranging from
20/25 to 20/320 in the study eye. The primary
endpoint was the size of the geographic atrophy
lesion, measured by FAE.

After 18 months, 4 mg ACP demonstrated a
slightly higher reduction in mean growth of GA
than 2 mg ACP (28.1% vs. 30%, respectively) [5].
Safety analysis yielded promising results, with
no endophthalmitis or intraocular inflamma-
tion, and low-rate conversion to n-AMD (ACP
cohorts: <15.7% vs. sham group:<2.7%) [5, 47].
In the phase III GATHER2, 2 mg ACP was evalu-
ated over a 24-month period. The ACP group
reported considerably slower GA progression
rate than the sham group [5]. The safety profile
was excellent, and the n-AMD rate was compa-
rable between the two groups (ACP cohort: 5%
vs. sham cohort: 3%) [5].

Other Anticomplement Factors

The remaining anticomplement drugs that have
been studied and have shown no efficacy in
treating GA are listed in Table 1 [48] [49].

A\ Adis



2076

Ophthalmol Ther (2024) 13:2067-2082

Table 1 Anti-inflammatory drugs ineffective in treating the progression of geographic atrophy

Drug Molecule(s) target

Study (phase)

Eculizumab [48] CS inhibitor

Lampalizumab [49]

Galegenimab [50]

Tetracyclines [51]

Complement factor D

High—temperaturc requirement Al

Bacterial ribosomes (antimicrobic)

COMPLETE trial (phase II)

CHROMA and SPECTRI
trials (phase III)

GALLEGO study (phase
1)
TOGA study (phase IT-1II)

Other Anti-Inflammatory Therapy

Other anti-inflammatory drugs have been stud-
ied and have shown no benefits in the treat-
ment of GA (Table 1) [50] [51].

(c) Early/intermediate/late dry-AMD

Neuroprotective Agents

Neuroprotection emerged to delay photorecep-
tor degradation by retinal injury in advanced
d-AMD [52]. This approach encompasses differ-
ent strategies, including neurotrophic factors
activation, oxidative stress reduction, apopto-
sis prevention, inflammation suppression, and
delivery of umbilical-derived cells [53].

Ciliary Neurotrophic Factor

Ciliary neurotrophic factor (CNTF) is an IL-6
cytokine that is prominently expressed by
Schwann cells [54]. CNTF showed protective
effects on both RPE and photoreceptors, since
damaged RPE and Miiller cells release this mol-
ecule to regenerate retinal neurons [55]. To
prevent systemic side effects, CNTF has been
released intravitreally by encapsulated cell
technology (ECT), consisting of encapsulat-
ing cells within a semipermeable polymer cap-
sule implant (NT-501) [53, 55]. Notably, ECT
resulted in a dose-dependent increase in retinal

thickness and a preserved vision at 12-month
follow-up [53].

Brimonidine

Brimonidine is an alpha-2-adrenergic agonist
that is commonly prescribed as an intraocu-
lar pressure-lowering drug. Interestingly, it is
thought to display neuroprotective properties,
as well [54]. The Brimonidine Drug Delivery
System (Brimo DDS), created by Allergan (part
of AbbVie), introduces an intravitreal implant
designed to administer brimonidine into the
vitreous body for a prolonged duration [56].
This system was evaluated in a blinded, ran-
domized, placebo-controlled phase II trial
involving 113 participants (NCT00658619),
where Brimo DDS showed promise in deceler-
ating the expansion of GA [56]. Subsequently,
a more extensive study, the phase IIb BEA-
CON trial (n=303; NCT02087085), reported a
decrease of 10% in the enlargement of GA areas
after 2 years [57].

Elamipretide

Elamipretide is a peptide enhancing mitochon-
drial function. Although the phase I ReCLAIM
trial showed positive effects on d-AMD, the
subsequent ReCLAIM-2 study failed to meet
primary endpoints related to visual acuity and
GA progression [58].
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Tandospirone

Tandospirone is a neuroprotective serotoniner-
gic receptor agonist (5-HT1a) [S9]. Despite prom-
ising preclinical results, this molecule did not
show a significant reduction in GA growth [59].

Palucorcel

Palucorcel (CNTO-2476) is an in vitro prepara-
tion of human umbilical-derived cells that have
been injected subretinally in patients with GA
[60]. However, this formulation resulted in reti-
nal complications, with no improvements in GA
progression or visual acuity [60].

Vision Cycle Modulation

Elevated energy demand of photoreceptors
results in large amounts of metabolic waste
(e.g., lipofuscin), with potential harmful effects
[61]. Visual cycle modulators, such as ALK-100,
emixustat, and fenretinide, attempted to target
phototransduction enzymes to mitigate cyto-
toxic by-products, despite unconvincing results
[61-63]. ALK-001 (Alkeus Pharmaceuticals) is a
modified-vitamin A compound that disrupts the
visual cycle by producing toxic by-products at
a slower rate [61]. Its impact on d-AMD is still
under evaluation in the phase III SAGA study
(NCT03845582) [64]. Emixustat is a retinoid
isomerohydrolase inhibitor, whereas fenretinide
is a retinol-binding protein (RBP) antagonist
[62]. Both these molecules showed no significant
effect on GA growth [62]. Furthermore, fenreti-
nide raised concerns due to the increased risk of
dyschromatopsia and impaired dark adaptation
[63].

Gene Therapy

Over 100 loci involved in multiple pathways
(e.g., lipid metabolism, complement cascade)
have been implicated in AMD pathogenesis,
with different associated risk of d-AMD [65]. As
complement cascade concerns, the complement
factor H (CFH) 402H allele has been linked to

an increased susceptibility to GA, whereas com-
plement factor B (CFB) haplotypes (R32Q and
R32Q/1VS10) showed protective effects [66].
Interestingly, several complement factors have
been targeted as intravitreal adeno-associated
viral vector-based gene therapy with promising
results.

Hemera Biosciences has designed HMRS9, a
gene therapy employing an adeno-associated
viral (AAV) vector to produce sCD59 [66]. This
substance interacts with CDS59, a key protein in
the assembly of the MAC. Initial outcomes from
a phase I clinical study (NCT03144999) indi-
cated the absence of significant adverse effects
alongside a statistically meaningful reduction in
the size of GA [65, 66].

In this direction, GTOO0S5 represents another
gene therapy approach, also based on an AAV
vector, designed to inhibit the formation of
MAC [65, 66]. This therapy is currently under-
going assessment in terms of both its safety and
effectiveness across several clinical trials, includ-
ing phase 1/2 (FOCUS) as well as phase 2 studies
(HORIZON and EXPLORE).

The most recent investigation, LIGHTSITE
III, a randomized, double-masked, multicenter
clinical trial, evaluated the efficacy of PBM
across 148 eyes. This study demonstrated signif-
icant enhancements in BCVA, with a 5.5-letter
increase from baseline at month 13 during the
initial four treatment series [67].

CONCLUSION

This review summarizes the most commonly
used techniques in multimodal imaging, as well
as the current treatments and future therapeu-
tic prospects. The advancements in multimodal
imaging have enabled early diagnosis and pro-
vided highly reliable prognostic biomarkers.
Additionally, while treatment for d-AMD has
long been unsatisfactory, the emergence of the
first promising drugs marks a significant devel-
opment. However, the lack of effective thera-
pies capable of restoring damaged retinal cells
remains a major challenge. Nevertheless, it
appears that initial steps are being taken towards
the development of successful treatments,

A\ Adis



2078

Ophthalmol Ther (2024) 13:2067-2082

including gene therapy. In the future, genetic
treatments aimed at preventing the progression
of d-AMD may emerge as a powerful approach.
Currently, however, their development is still in
the early stages.
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