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Advanced Research in Age-Related Macular Degeneration:
Special Issue

Oyuna Kozhevnikova

Federal Research Center Institute of Cytology and Genetics SB RAS, Pr. Lavrentiev, 10, 630090 Novosibirsk,
Russia; oidopova@bionet.nsc.ru

Age-related macular degeneration (AMD) is an eye disease that is the leading cause of
irreversible vision loss in people over 55 years of age [1]. Due to the aging of the global
population predicted in the coming decades, the number of patients with AMD is expected
to increase significantly [2]. AMD is a disease with a complex nature, the development of
which is controlled by many interacting genetic and environmental factors that determine
the form, rate of disease progression, and response to therapy [3]. The pathogenesis of
AMD is based on a decrease in metabolic and regenerative processes characteristic of aging,
a violation of the microcirculation and structural organization of the retina, the prerequisites
and mechanisms for the transition of which into a pathological process remain unclear [4].
Therefore, studies of the molecular mechanisms of AMD pathogenesis and new approaches
to its early diagnosis, treatment, and prevention are urgently needed.

Late-stage AMD is distinguished by the neovascularization (wet type) or geographic
atrophy (GA) of the retinal pigment epithelium (RPE) cell layer (dry type). There is growing
genetic, experimental, and clinical evidence supporting an association between the patho-
physiology of dry AMD and key proteins in the complement cascade. As a fundamental
component of the innate immune system, the complement cascade protects the body from
foreign pathogens and altered self-tissues. This highlights the crucial role that inflammation
plays in the onset and progression of the disease. In a review, Patel et al. [5] provide an
understanding of the role of the complement system in dry AMD and discuss emerging
therapies in early-phase clinical trials. It is hoped that these drugs could potentially inter-
vene early in the pathogenesis of dry AMD, halting the progression of the disease to a later
stage. This pathway provides an abundant target for the synthesis of novel therapeutics.
One of them—pegcetacoplan, additionally denoted as APL-2—is a PEGylated peptide
inhibitor of C3 formulated by Apellis Pharmaceuticals that is administered intravitreally [6].
Moreover, on 17 February 2023, the Food and Drug Administration approved Syfovre®

(intravitreal pegcetacoplan, 15 mg, Apellis Pharmaceuticals, Waltham, MA, USA) based on
a slower progression of atrophy in the DERBY and OAKS phase 3 randomized controlled
clinical trials [7].

In a tutorial, Biarnés et al. [7] critically appraise the methodological aspects of phase 3
clinical trials in GA in relation to their design, analysis, and interpretation. The authors
reviewed some of the key methodological attributes of phase 3 clinical trials in GA available
in the main public registry of clinical trials as of 20 May 2023 (GATHER1, DERBY/OAKS,
CHROMA/SPECTRI, SEATTLE, and GATE) to improve their interpretation. The topics
discussed included types of endpoints, eligibility criteria, p-value and effect size, study
power and sample size, the intention to treat principle, missing data, the consistency of
results, efficacy–safety balance, and the application of results [7]. While these clinical
studies share many outcomes and general eligibility requirements, there are several aspects
that might affect outcomes which are discussed in this work.

The quantitative autofluorescence (qAF8) level is a presumed surrogate marker of
lipofuscin content in the retina [8]. Chandra et al. [9] investigated changes in qAF8 levels in
non-neovascular AMD in a prospective cohort study. The AMD categories were graded
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using both the Beckman classification and multimodal imaging, allowing for the deep
phenotyping of AMD. A total of 353 eyes were analyzed, representing the largest study
of qAF8 in AMD to date. The results showed that qAF8 is decreased during the early
progression of AMD. qAF8 levels seem related more to the loss of function and integrity of
RPE cells rather than being due to abnormalities in the visual cycle [9].

Zhdankina et al. [10] assessed the retinoprotective potential of the JNK inhibitor 11H-
indeno[1,2-b]quinoxalin-11-one oxime sodium salt (IQ-1S), using senescence-accelerated
OXYS rats as a model of AMD. Retinopathy in the OXYS rats reproduced the major signs
of dry AMD: dystrophic alterations to the RPE, thinning of the neuroretina, and impaired
choroidal microcirculation [11]. Treatment with IQ-1S significantly improved the structural
and functional parameters of RPE. This suggests that an increase in the JNK-signaling
pathway may play a role in the treatment of dry AMD.

AMD shares some risk factors with diabetes mellitus, but little is known about the risk
of DM in individuals with AMD. Jung et al. [12] investigated the association between AMD
and the risk of diabetes mellitus using the Korean Nationwide Health Insurance Database.
A Cox hazard regression model was used to examine the hazard ratios of diabetes mellitus
with adjustments for potential confounders. The study did not find an increased risk of
diabetes mellitus in individuals with AMD.

With the availability of high-resolution retinal imaging, the classification of macular
neovascularization (MNV) and drusen has evolved. Optical coherence tomography (OCT)
has improved our understanding of MNV types and has expanded and refined distinctions
between drusen types. Subretinal drusenoid deposits (SDDs) have a high prevalence in
AMD which was underestimated prior to OCT [13]. The purpose of the study by Muth
et al. [14] was to assess the predictive odds ratios between drusen types and MNV lesion
variants in patients with treatment-naïve neovascular AMD. Multimodal imaging was
retrospectively reviewed for drusen type (soft drusen, SDD, or mixed) and MNV type
according to CONAN criteria [15]. The authors concluded that SDDs represent a common
phenotypic characteristic in AMD eyes with treatment-naïve MNV. The adjusted odds ratio
for eyes with predominant SDDs to develop MNV 2 and MNV 3 was much higher, possibly
due to their location in the subretinal space.

One study [16] aimed to report the clinical and multimodal imaging findings of
patients with neovascular AMD who developed bacillary layer detachment (BALAD). This
finding is not commonly described in the literature. BALAD is a definition introduced
in 2018 to describe an OCT finding in a patient with Toxoplasmosis chorioretinitis and
pachychoroid disease [17]. It is characterized by a splitting of the photoreceptor layer at
the myoid level, resulting in a space posterior to the external limiting membrane.

Acquired vitelliform lesions (AVLs) are associated with a large spectrum of retinal
diseases, including AMD [18]. The purpose of the study by Damian et al. [19] was to
characterize AVLs in AMD patients using OCT and ImageJ software (version 1.53T). A
vitelliform lesion represents an accumulation of lipofuscin, melanosomes, melanolipofuscin,
and outer segment debris in the subretinal space [20]. The accumulation of subretinal fluid
associated with vitelliform lesions was explained by a mechanical displacement between
the RPE and outer retinal layers, which consequently inhibits the RPE from pumping out
liquified lipofuscin debris [18,19]. The authors found increased RPE thickness as a sign
of hyperplasia, contrary to the ONL layer, which was decreased, mirroring the impact
of the vitelliform lesion over the photoreceptors. Most of the analyzed eyes presented a
discontinuous ellipsoid zone. During follow-up, some of the AVLs had increased while
others had regressed, which was demonstrated in divergent results between eyes regarding
height, width, area, perimeter, or volume [19].

Neovascular AMD patients with alternative alleles of the STAT4 genes rs10181656
and rs10168266 exhibited significantly lower serum STAT4 levels than the control group,
suggesting a link between specific STAT4 genotypes and serum STAT4 levels in AMD
patients [21].
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The first-line drugs for neovascular AMD are inhibitors of VEGF, with up to 30% of
patients having an incomplete response to treatment [22]. Genetic factors may influence
the response to anti-VEGF therapy and explain treatment outcome variability. Recently,
autophagy was implicated in causing tumor resistance to antiangiogenic therapy [23],
which suggests an analogous connection between autophagy and anti-VEGF intravitreal
injections during AMD treatment. In this direction, a study was conducted assessing the
role of polymorphic markers of autophagy genes in the risk of AMD and the anti-VEGF
response [24]. It was shown that MTOR gene polymorphisms were moderately associated
with neovascular AMD. The variants SQSTM1-rs10277 and ULK1-rs3088051 may influence
the short-term response to anti-VEGF treatment. The results suggest that autophagy could
be a target for future drugs to overcome resistance to anti-VEGF therapy [24].

Through published articles, this Special Issue provides new insight into the diagnosis
and treatment of AMD and has the potential to impact current and future knowledge of
the pathogenesis and treatment of patients with AMD. New diagnostic approaches and
treatment regimens, the development of multimodal visualization methods and potential
genetic and OCT markers of treatment response may help guide the future management of
this disease.
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Abstract: Age-related macular degeneration (AMD) is the leading cause of irreversible vision loss in
the elderly population. AMD is characterized in its late form by neovascularization (wet type) or
geographic atrophy of the retinal pigment epithelium cell layer (dry type). Regarding the latter type,
there is growing evidence supporting an association between the pathophysiology of dry AMD and
key proteins in the complement cascade. The complement cascade works as a central part of the innate
immune system by defending against foreign pathogens and modified self-tissues. Through three
distinct pathways, a series of plasma and membrane-associated serum proteins are activated upon
identification of a foreign entity. Several of these proteins have been implicated in the development
and progression of dry AMD. Potential therapeutic targets include C1q, C3, C5, complement factors
(B, D, H, I), membrane attack complex, and properdin. In this review, we provide an understanding
of the role of the complement system in dry AMD and discuss the emerging therapies in early phase
clinical trials. The tentative hope is that these drugs may offer the potential to intervene at earlier
stages in dry AMD pathogenesis, thereby preventing progression to late disease.

Keywords: age-related macular degeneration; geographic atrophy; complement cascade; therapeutics;
clinical trials

1. Introduction

Age-related macular degeneration (AMD) is a debilitating condition that represents
one of the leading causes of visual impairment among the elderly population in developed
countries [1]. Estimates currently place the global affected population between 30 and
50 million individuals, a figure expected to rise to almost 300 million by 2040 [2]. As
a consequence of its prevalence and the associated progressive and inexorable central
vision loss, the societal burden of this disease is immense [3].

Classification of AMD is established on clinical observation. Although multiple sys-
tems have been developed [4–6], the predominant scale defines disease progression into
three stages according to features such as drusen size and absence or presence of pigmentary
changes, geographic atrophy (GA), and neovascularization. Early and intermediate stage
disease is characterized by variation in the presence and size of drusen (>63 μm) and po-
tential retinal pigment epithelium (RPE) abnormalities. Late stage disease is characterized
by elements of substantial advancement, including GA and choroidal neovascularization
(CNV) [7]. GA is the definitive outcome in the progression of nonexudative (dry) AMD,
whereby degeneration of macular photoreceptors and RPE cells irreversibly atrophies
retinal tissue. Alternatively, CNV is the hallmark of exudative (wet) AMD, in which ab-
normal blood vessels proliferate underneath the retina and macula, with resultant leakage,
hemorrhage, and possible pigment epithelial detachment.

Biomedicines 2022, 10, 1884. https://doi.org/10.3390/biomedicines10081884 https://www.mdpi.com/journal/biomedicines
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Relative to its dry counterpart, wet AMD has traditionally resulted in a greater pro-
portion of patients with vision loss; however, the discovery of the association of vascular
endothelial growth factor (VEGF) with its pathophysiology and subsequent development
of targeted therapeutics has been a boon for its treatment. While anti-VEGF medications
(e.g., aflibercept, brolucizumab, ranibizumab, etc.) remain imperfect and fail to demon-
strate a clinical response in certain patients [8], their positive effects on long-term visual
outcomes are well-established [9–11]. Unfortunately, treatment for dry AMD remains
elusive, partially due to an incomplete understanding of the mechanisms involved in
its pathogenesis.

Dysregulation in the complement cascade exhibits a particularly robust relationship
with dry AMD [12–14], offering a strategy for treatments specific to the disease. Considering
the constant advances occurring in our understanding of GA, the objective of this review is
to provide a discussion of the broad mechanisms implicated in the progression of dry AMD
while systematically focusing on the therapeutics previously and currently in development
to target the complement cascade (Table 1).

Table 1. Completed and current investigational treatments targeting the complement cascade in dry
age-related macular degeneration.

Therapeutic Category
or Name

Mechanism Mode of
Administration

Clinical Trial ID,
NCT# *

Study Phase (Status) † Patients, n Primary
Outcome

C1Q
ANX007 Recombinant

monoclonal antibody
Intravitreal NCT04656561 Phase II (Recruiting) 240 (Anticipated) GA growth

C3
AMY-106 (Cp40-KKK) Compstatin analog

inhibitor
Intravitreal N/A N/A N/A N/A

Pegcetacoplan PEGylated peptide
inhibitor

Intravitreal NCT03525600 Phase III (Ongoing) 621 GA growth

(APL-2) Phase III (Ongoing)
NCT03525613 Phase III (Recruiting) 638 GA growth

NCT04770545 Phase II (Terminat-ed,
Adverse effects)

1200 (Anticipated) Safety

Phase II (Ongoing)
POT-4 (AL-78898A) Compstatin analog

inhibitor
Intravitreal NCT01603043 10 GA growth

NGM621 Humanized monoclonal
antibody

Intravitreal NCT04465955 320 GA growth

C5
Eculizumab Humanized monoclonal

antibody
Intravenous NCT00935883 Phase II (Completed,

Ineffective)
60 GA

growth/Reduction
of drusen volume

GA growth
Phase III (Ongoing)

PEGylated RNA
aptamer

Avacincaptad Pegol
(Zimura® [ARC1905])

Intravitreal NCT04435366 Phase II (Completed,
Ineffective)

448 GA growth

Tesidolumab (LFG316) Human monoclonal
anti-body

Intravitreal NCT01527500 158

Complement Factor B
IONIS-FB-LRx

Subcutaneous NCT03815825 Phase II
(Recruiting)

330 (Anticipated) GA growth

Complement Factor D
Lampalizumab
(FCFD4514S)

Humanized monoclonal
antibody

Intravitreal NCT02247479 Phase III (Terminated,
Ineffective)

906 GA growth

Phase III (Terminated,
Ineffective)

NCT02247531 975 GA growth

6



Biomedicines 2022, 10, 1884

Table 1. Cont.

Therapeutic Category
or Name

Mechanism Mode of
Administration

Clinical Trial ID,
NCT# *

Study Phase (Status) † Patients, n Primary
Outcome

Complement Factor H
AdCAGfH

Adeno-associated virus Subretinal gene
therapy

N/A N/A N/A N/A

GEM103 Recombinant human
CFH

Intravitreal NCT04643886 Phase IIa (Terminated,
Effective)

62 Safety

Complement Factor I
GT005

Adeno-associated virus Subretinal gene
therapy

NCT03846193 Phase I/II 65 (Anticipated) Safety

(Recruiting)
NCT04566445 Phase II (Recruiting) 250 (Anticipat-ed) GA growth

Phase II (Recruiting)
NCT04437368 75 (Anticipated) GA growth

Membrane Attack
Complex (MAC)
AAVCAGsCD59
(HMR59)

Adeno-associated virus Intravireal gene
therapy

NCT04358471 Phase II (Hiatus) N/A GA growth

Properdin
CLG561 Human antibody Fab Intravitreal NCT02515942 Phase II (Completed,

Ineffective)
114 Safety/IOP

change/GA
growth

Abbreviations: NCT, National Clinical Trial; GA, geographic atrophy; IOP, intraocular pressure. * NCT# was
unavailable for some therapeutics as formal clinical trials have yet not been conducted; NCT# is provided for the
most recent clinical trials. † Where applicable, the most recent study phase is listed.

2. Methods of Literature Search

To identify all therapeutics targeting components of the complement cascade, a com-
prehensive literature search was conducted using PubMed, Google Scholar, Web of Science,
Clinicaltrials.gov, and company websites. The latter enabled the identification of pertinent
findings presented at recent conferences but not yet published in the literature. Articles in
the English language were included exclusively. This literature search was conducted up to
the end of May 2022.

3. Risk Factors

Various modifiable and nonmodifiable demographic, environmental, and genetic
factors have been recognized as predicting risk for GA, although their exact roles in disease
progression remain uncertain [15].

3.1. Demographic and Environmental

Advanced age has been established as the primary contributor to GA development,
with one analysis indicating prevalence rates of late stage AMD ranging from 0.1% among
individuals aged 55–59 years to 9.8% in individuals aged 85 years and older [16]. The
strongest modifiable risk factor for GA is smoking, with up to a four-fold increase in risk
observed [17–20]. Other modifiable factors that have been explored include body mass
index (BMI), diet, physical activity, and sunlight exposure [18,19,21–26]. Unfortunately,
findings from multiple studies are conflicting, and there remains a need for further research
to determine conclusive associations.

3.2. Genetic

Genomic investigations have profoundly expanded our understanding of the influence
of specific genes in the development of AMD. In the original Genome-Wide Association
Study (GWAS), 52 variants among 32 genetic loci were identified, which were predom-
inantly involved in pathways related to the complement cascade, extracellular matrix
remodeling, and lipid metabolism [27]. Findings from a more recent GWAS demonstrated
enrichment among the complement, immune response, and protein regulation pathways
across loci associated with disease progression [28].
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The discovery of polymorphisms in two primary genetic loci has specifically estab-
lished the genetic predisposition of individuals towards the development of GA secondary
to dry AMD. The rs1061170 variant of the complement factor H (CFH) gene increases the
incidence of early AMD and eventual progression to late stage AMD [14]. Similarly, the
rs10490924 variant located near the age-related maculopathy susceptibility 2 (ARMS2) and
high-temperature requirement A serine peptidase 1 (HTRA1) genes are strongly attributed
to elevated risk for AMD and disease progression [29,30].

Variants in genetic loci within other regions are additional considerations when as-
sessing risk. Particularly, gene polymorphisms related to the complement cascade (C2,
C3, complement factor B [CFB], and complement factor I [CFI]) and lipid metabolism
(apolipoprotein E [APOE], cholesterol ester transfer protein (CETP), and lipase C [LIPC])
modulate disease incidence and progression [15,20,31–33]. Summarily stated, these vari-
ants emphasize the role of local inflammatory processes in the pathogenesis of dry AMD
and its progression to GA.

4. General Pathogenesis of Dry AMD

As evidenced by prior investigations, dry AMD is a multifactorial disease entity with
various genetic and environmental elements contributing toward pathogenesis that remains
entirely elusive. One component of this process is the overproduction of reactive oxygen
species, which translates to oxidative stress, free radical formation, and peroxidation of
the RPE [34–36]. Oxidative stress particularly obstructs the functionality of RPE stem
cells by inhibiting mitochondrial activity [35,37–39], thereby creating a pro-inflammatory
microenvironment unconducive to appropriate retinal development. Indeed, human RPE
cells exposed to greater concentrations of oxidative stress demonstrate a dose-dependent
reduction in viability [40]. Compounded with other factors, these oxidative insults result in
the formation of drusen, which are foundational to the progression of dry AMD [41].

This formation and enlargement of drusen inhibits the ability of Bruch’s membrane
(BM) to transport oxygen, nutrients, and metabolic substances by creating RPE detach-
ments [42]. In turn, photoreceptor debris accumulates, resulting in further accretion of
metabolites toxic to the RPE, such as lipofuscin and A2E [43,44]. Drusen additionally con-
tain multiple pro-inflammatory markers, thus suggesting the importance of these processes
towards the development of dry AMD [45]. These include components of the complement
cascade, such as activators, fragments, and the membrane attack complex (MAC) [46].
The collective consequence of the aforementioned events is GA, a condition demarcated
by outer retinal atrophic lesions that occur secondary to the loss or attenuation of the
choriocapillaris, photoreceptors, and RPE [47,48].

5. Complement Cascade

The complement cascade is a component of the innate and adaptive immune systems,
possessing a critical role in the defense against pathogens and the maintenance of home-
ostasis. Three principal pathways are involved in complement: the classical, alternative,
and lectin pathways, as highlighted in Figure 1. Each is comprised of a series of reactions
that ultimately conclude in the creation of a MAC [49]; nonetheless, the proteins involved
in the initiation of each mechanism are distinct.
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Figure 1. Complement cascade pathway.

5.1. Pathways of the Complement Cascade

The classical pathway is initiated through the binding of antigen–antibody complexes
to the C1q protein, the alternative pathway is initiated through a binding interaction
between the C3b protein and foreign substances, and the lectin pathway involves the
interaction of mannose-binding lectin with mannose-based polysaccharides on microbials.
While the lectin and alternative pathways are effector arms of innate immunity, the classical
pathway is an effector arm of adaptive immunity. Nevertheless, all three pathways converge
at C3 convertase, leading to the cleavage of C3 into C3a and c3b, formation of C5 convertase,
cleavage of C5 into C5a and c5b, and eventual formation of the MAC and subsequent cell
destruction [49]. As a consequence of their fundamental roles, C3, C5, and the MAC have
emerged as crucial targets for the therapeutic pipeline of dry AMD.

5.2. Complement Cascade in AMD

As alluded to previously, overactivity of the complement pathway has been heavily
implicated in the pathogenesis of drusen [50]. Several proteins involved in the complement
system have been identified as possible actors in the development and progression of dry
AMD, including C3, C5, CFH, CFI, complement factor D (CFD), and complement factor
B (CFB).

Evidence of this association is abundant in both experimental and clinical investiga-
tions. Among mice with inactivated C3, the rate of CNV was significantly lower following
laser photocoagulation, thereby highlighting the protein’s role in the pathogenesis of
AMD [51,52]. Other investigations have reported the presence of C5 in drusen and its
elevation in the bloodstream of patients with AMD. C5a has been identified as having
numerous inflammatory actions and thus is an effective target in reducing retinal loss in
murine models [53,54]. MAC tends to accumulate in regions adjacent to microvascular
injury, an early indicator of AMD; therefore, modulating MAC may represent a mechanism
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to prevent and/or limit the progression of GA [53,55,56]. Furthermore, downstream prod-
ucts of CFB have been observed to be elevated in AMD patients, inactivation of CFD has
been linked to decreased photoreceptor loss, CFP stabilizes C3 and C5 convertases, and
CD59 has been a basis for gene therapy specific to MAC [57–59].

6. Current Therapeutic Targets

Current management of dry AMD is centered around clinical observation and routine
follow-up diagnostics and evaluations. Although there have been multiple clinical trials
targeting components of the complement cascade for dry AMD (Table 1), an effective
therapeutic is heretofore unavailable.

6.1. C1Q
ANX007

ANX007 (Annexon Inc., Brisbane, CA, USA) is a recombinant monoclonal antibody
with an antigen-binding fragment that inhibits c1q. Through its action on c1q, the classical
complement pathway is inhibited alongside C3 and C5 [60,61]. In a murine model of retinal
photooxidative damage, ANX-M1, a monoclonal anti-C1q antibody similar to ANX007,
reduced retinal atrophy [62]. Furthermore, a phase I trial (NCT04188015) using 2.5 mg and
5 mg of intravitreal (IVT) ANX007 demonstrated the safety and tolerability of both doses in
17 patients with primary open-angle glaucoma [60,61].

Because of these results, the phase II multicenter, randomized ARCHER study
(NCT04656561), currently in its recruiting stage, will be conducted on an anticipated
240 patients with AMD to evaluate ANX007′s effect on GA growth rates. Patients will
be randomized in a 2:2:1:1 ratio to receive ANX007 monthly, ANX007 every other month
(EOM), sham monthly, or sham EOM, respectively.

6.2. C3
6.2.1. AMY-106 (Cp40-KKK)

AMY-106, derived from Cp40-KKK, a fourth-generation compstatin analog, is a novel
C3 inhibitor in development by Amyndas Pharmaceuticals [63,64]. This therapeutic main-
tained intraocular residence for more than 90 days after one 0.5 mg IVT injection in an
investigation involving cynomolgus monkeys. Moreover, AMY-106 exhibited notable
retinal tissue penetrance, as it localized with C3 in the choriocapillaris [63]. Provided its
promise for dry AMD treatment, a phase I trial of AMY-106 is in development [64].

6.2.2. Pegcetacoplan (APL-2)

Pegcetacoplan, additionally denoted as APL-2, is a PEGylated peptide inhibitor of
C3 formulated by Apellis Pharmaceuticals that is administered intravitreally [65]. The
agent was evaluated in the FILLY trial (NCT02503332) [65], a multicenter, randomized
phase II trial encompassing 246 patients with GA. Subjects were randomized in a 2:2:1:1
ratio to injections of 15 mg pegcetacoplan monthly or EOM, or sham injections monthly
or EOM for 12 months. Follow-up was conducted at 15 and 18 months. Pegcetacoplan
treatment produced statistically significant reductions in GA growth rates. Compared
to sham treatment, monthly pegcetacoplan treatment resulted in a 29% (95% confidence
interval [CI], 9–49; p = 0.008) reduction in GA growth rate, while EOM treatment produced
a 20% reduction (95% CI, 0–40; p = 0.067) [65].

Post hoc analysis suggested pegcetacoplan may be useful in AMD prior to the devel-
opment of GA [66]. Incomplete RPE and outer retinal atrophy (iRORA) without neovascu-
larization are considered precursor lesions to GA, while progression to complete RPE and
outer retinal atrophy (cRORA) without neovascularization are synonymous with GA. In the
trial, patient eyes receiving pegcetacoplan possessed lower rates of progression from iRORA
to cRORA. As such, although findings did not achieve statistical significance, pegcetacoplan
may prevent the incidence of GA [66]. However, in the FILLY study, new-onset wet AMD
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was more prevalent in the pegcetacoplan groups compared with the sham arm. Thus,
participants who developed wet AMD with pegcetacoplan discontinued treatment [65].

An additional post hoc analysis of the FILLY trial determined 20.9% (18 of 86), 8.9%
(7 of 79), and 1.2% (1 of 81) of study eyes developed wet AMD in the pegcetacoplan monthly,
pegcetacoplan EOM, and sham groups, respectively, throughout the 18-month study course.
Importantly, eyes that eventually developed wet AMD demonstrated increased baseline
prevalence of both the double-layer sign (DLS), a finding suggestive of type I macular
neovascularization (MNV), and wet AMD in the fellow eye [67]. Irrespective of the inclusion
or exclusion of data for patients with new onset wet AMD, the study’s primary endpoint of
reducing GA growth rate was still attained in the FILLY trial. Furthermore, an independent
safety monitoring committee permitted completion of the study, as the exudations did not
appreciably impact visual acuity [67].

Due to its acceptable safety profile and statistically significant reductions in GA lesion
expansion, pegcetacoplan was cleared for multicenter, randomized phase III trials, labeled
DERBY (NCT03525600) and OAKS (NCT03525613), both of which have completed enroll-
ment (n = 621 and n = 638, respectively) [68], but remain ongoing [65,67]. During these
investigations, patients who develop wet AMD in the study eyes will be concomitantly
treated with anti-VEGF therapy, enabling subjects to continue receiving pegcetacoplan.
This protocol will facilitate further delineation of the advantages and disadvantages of
continued pegcetacoplan administration in addition to potential linkages between pegceta-
coplan and new onset wet AMD [65,67]. Preliminary data at 18 months from the DERBY
and OAKS trial have been encouraging. A combined analysis of the trials showed a 13%
GA growth rate reduction in foveal lesions in the monthly (p = 0.0070) and EOM (p = 0.0069)
pegcetacoplan groups relative to sham. Moreover, the GA growth rate of extra-foveal
lesions was reduced by 21% (p = 0.0006) and 26% (p < 0.0001) in the EOM and monthly
groups, respectively. Regarding new onset wet AMD in the combined studies, rates of 9.5%
(40 of 419), 6.2% (26 of 420), and 2.9% (12 of 417) were noted at month 18 in the monthly,
EOM, and sham arms, respectively. Across the pegcetacoplan monthly and EOM arms,
4 cases of endophthalmitis have been reported, translating to an infection rate of 0.044%
per injection [69].

Another planned investigation is the GALE phase III trial (NCT04770545), a multi-
center, non-randomized extension study that will further evaluate the safety and efficacy
of pegcetacoplan using patients from the initial phase I trial (NCT03777332) and patients
who complete 24 months of treatment from the DERBY and OAKS trials. Recruitment of
1200 patients is anticipated.

6.2.3. POT-4 (AL-78898A)

POT-4 (AL-78898A) is a compstatin analog originally developed by Potentia Pharma-
ceuticals that functions as a C3 inhibitor and was the first complement inhibitor tested in
humans with AMD [60,70]. Phase I trial (NCT00473928) results revealed no adverse drug
events (ADEs) or serious adverse events (SAEs) with doses of up to 450 mg for patients
with wet AMD [70]. Based on the tolerability of POT-4, a multicenter, randomized phase
II trial (NCT01603043) with 10 patients was conducted to assess its efficacy in reducing
GA lesion growth among individuals with dry AMD. However, the study was terminated
prematurely, as four of seven participants (57.14%) in the POT-4 group developed drug
product deposits in the eye.

6.2.4. NGM621

NGM621 (NGM Biopharmaceuticals, San Francisco, CA, USA) is a humanized im-
munoglobulin G1 monoclonal antibody formulated as a C3 inhibitor. A phase I trial
(NCT04014777) included 15 patients with GA secondary to dry AMD [71]. Participants
were treated with either single-ascending doses (2 mg, 7.5 mg, 15 mg) of NGM621 or
two doses of 15 mg delivered 4 weeks apart. Monitoring occurred for 12 weeks within
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all cohorts, and results indicated an appropriate safety profile, with no SAEs, ADEs, or
new-onset CNV reported.

These promising findings resulted in the development of a multicenter, randomized
phase II trial entitled CATALINA (NCT04465955) investigating the safety and efficacy
of 15 mg of NGM621 administered every 4 or 8 weeks compared to sham throughout
a 52-week interval [71]. The primary outcome is the rate of change in the GA lesion area
over the trial period. In total, 320 participants with GA are currently participating in this
ongoing trial.

6.3. C5
6.3.1. Eculizumab

Eculizumab (Alexion Pharmaceuticals, Inc) is a humanized monoclonal antibody
directed against C5 [72,73]. Systemic eculizumab is currently approved for the treatment
of paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome. Thus,
considering the evidence for the relationship of the complement cascade with AMD, the
COMPLETE study (NCT00935883) was designed [72,73].

The single-center, randomized phase II trial evaluated the safety and efficacy of intra-
venous (IV) eculizumab for the treatment of GA among individuals with dry AMD. Overall,
60 patients were enrolled, with patients stratified into two distinct cohorts characterized
by the presence of GA or the presence of drusen but the absence of GA (indicative of
intermediate dry AMD). Each cohort of 30 patients was subsequently enrolled in a 2:1 ratio
to IV eculizumab or placebo. The first 10 patients in the eculizumab group were provided
with a low-dose regimen of 600 mg weekly for 4 weeks, followed by 900 mg every 2 weeks
until week 24 of the study. The remaining 10 patients were provided with the high-dose
regimen of 900 mg weekly for 4 weeks, followed by 1200 mg every 2 weeks until week 24.
In the GA cohort, therapeutic efficacy was evaluated through a change in the square root
of the lesion area at week 26. Although eculizumab demonstrated acceptable tolerability,
average differences in the square root of GA area at 26 weeks were 0.19 (±0.12) mm and
0.18 (±0.15) mm in the eculizumab and placebo groups, respectively (p = 0.96) [72]. In the
drusen cohort, therapeutic efficacy was evaluated through the presence of a 50% reduction
in drusen volume at week 26. No patients treated with eculizumab achieved this primary
outcome [73].

6.3.2. Avacincaptad Pegol (Zimura® [ARC1905])

Avacincaptad pegol (Zimura®), by Iveric Bio (Cranbury, NJ, USA), is a PEGylated RNA
aptamer that operates as a C5 cleavage inhibitor, thereby impeding the complement cascade
irrespective of the initial activation pathway. This agent was evaluated in the phase II/III
GATHER1 trial (NCT02686658), a multicenter, randomized investigation. Randomization
was conducted in two stages. In total, 77 part I participants were randomized in a 1:1:1
ratio to injections of 1 mg of avacincaptad pegol, 2 mg of avacincaptad pegol, and sham.
Then, 209 part II participants were randomized in a 1:2:2 ratio to 2 mg of avacincaptad
pegol, 4 mg of avacincaptad pegol, and sham. Relative to sham, subjects receiving 2 mg of
avacincaptad pegol and 4 mg of avacincaptad pegol experienced a 27.4% (p = 0.0072) and
27.8% (p = 0.0051) reduction, respectively, in the mean rate of GA growth [74].

Avacincaptad pegol was generally well-tolerated, as no ADEs or SAEs were noted
following 12 months of treatment. Compared to pegcetacoplan, a decreased incidence of
endophthalmitis and CNV was reported with avacincaptad pegol [74]. Ongoing phase
III trials will be beneficial to further exploring this phenomenon [65,74]. The 18-month
results from the GATHER1 clinical trial continue to validate the safety and efficacy of
avacincaptad pegol [75]. Compared to sham, the cohort treated with 2 mg of avacincaptad
pegol demonstrated a 28% reduction (p < 0.0014) in GA growth and the cohort treated with
4 mg of avacincaptad pegol demonstrated a 30% reduction (p < 0.0021) from baseline to
18-month follow-up. No ADEs were reported up to 18 months post-administration with
avacincaptad pegol [75].
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Based on the efficacy and safety of avacincaptad pegol, another phase III trial, the
multicenter, randomized GATHER2 study (NCT04435366), which compares 2 mg of avac-
incaptad pegol with sham, is currently being conducted. If data from the 448 patients
currently enrolled in GATHER2 similarly reveal statistically significant reductions in GA
growth rate with avacincaptad pegol, the treatment will have the two phase III trials
necessary for FDA approval application [74].

6.3.3. Tesidolumab (LFG316)

Tesidolumab (LFG316), a monoclonal C5 inhibitor developed by Novartis Pharmaceu-
ticals (Basel, Switzerland), was investigated in a multicenter, randomized phase II clinical
trial (NCT01527500). In the study, 158 patients were enrolled and separated into two
groups. Part A examined the safety and efficacy of multiple 5 mg IVT injections of LFG316
relative to sham every 28 days over the course of 505 days. Part B examined the safety and
pharmacokinetic properties of a single 10 mg IVT injection. Results revealed a relatively
benign safety profile, with no demonstrable improvement in the primary outcome of GA
lesion growth or the secondary outcome of BCVA.

6.4. Complement Factor B
IONIS-FB-lrx

In more recent years, therapies have emerged to alter gene expression rather than
target proteins. IONIS-FB-lrx (Ionis Pharmaceuticals, Carlsbad, CA, USA) is a novel anti-
sense oligonucleotide (ASO) targeting the gene encoding complement factor B (CFB),
a moiety of the alternative complement pathway. When delivered subcutaneously, IONIS-
FB-lrx reduced circulating levels of CFB in a dose-dependent manner among 54 healthy
participants of a phase I trial [76]. No notable adverse effects were reported. Given these
results, the multicenter, randomized phase II GOLDEN trial (NCT03815825) has been
initiated to evaluate the influence of IONIS-FB-lrx administration on the progression of GA
lesion size [76]. Anticipated recruitment is 330 patients.

6.5. Complement Factor D
Lampalizumab (FCFD4514S)

Complement factor D (CFD), a rate-limiting enzyme of the alternative pathway, con-
verts proconvertases into active C3 and C5 convertases. Consequently, inhibition of CFD
has surfaced as an attractive therapeutic option for dry AMD [77]. Lampalizumab, de-
signed by Genentech (San Francisco, CA, USA), is a humanized monoclonal antibody with
an antigen-binding fragment that inhibits complement factor D.

In a phase I trial (NCT00973011), 18 participants received 10 mg of IVT lampalizumab.
The agent had an acceptable safety profile without notable ocular or systemic ADEs or
SAEs. To expand these findings, the MAHALO phase II trial (NCT01229215) was conducted
to evaluate lampalizumab’s efficacy in reducing GA progression [78]. Monthly treatment
with lampalizumab resulted in a statistically significant 20% reduction (p = 0.117) in mean
GA lesion enlargement relative to sham. Patients with high-risk complement factor I
(CFI) alleles displayed a greater response to monthly lampalizumab with a 44% reduction
(p = 0.0037) in GA atrophy progression compared to sham. Similar to phase I findings,
lampalizumab was well-tolerated [78].

These findings encouraged the design of the CHROMA (NCT02247479) and SPECTRI
(NCT02247531) multicenter, randomized phase III trials to further delineate lampalizumab’s
effects on GA enlargement [79]. Both investigations randomized 1881 total participants in
a 2:1:2:1 configuration to 10 mg of IVT lampalizumab every 4 weeks, sham every 4 weeks,
10 mg lampalizumab every 6 weeks, or sham every 6 weeks, over a period of 96 weeks.
Efficacy was assessed as a change in GA area from baseline to week 48 of the study. Despite
acceptable tolerability, lampalizumab was determined not to be efficacious for the treatment
of GA. 48 weeks post-administration, the difference in means (lampalizumab vs. Sham
pooled) was 0.071 mm2 (p = 0.25) for lampalizumab every 4 weeks and 0.070 mm2 (p = 0.25)
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for lampalizumab every 6 weeks. In contrast to the MAHALO study, both CHROMA and
SPECTRI identified no relationship between CFI risk alleles and GA progression. Random
chance and small sample size in the MAHALO study were posited to have contributed to
this discrepancy [79].

Visual function decline among patients in the CHROMA and SPECTRI trials was
examined utilizing several metrics, including best corrected visual acuity (BCVA), low-
luminance visual acuity (LLVA), maximum reading speed, microperimetry, and patient-
reported outcomes (PRO), as quantified via the Functional Reading Independence (FRI)
Index and the National Eye Institute Visual Function Questionnaire (NEI VFQ-25). Results
of the analysis revealed no statistically significant difference in visual function assessments
across all treatment groups at week 48 of the phase III trials [80].

6.6. Complement Factor H
6.6.1. AdCAGfH

CFH downregulates the alternative complement cascade by preventing C3 convertase
formation from c3b; therefore, it has been postulated as a potential therapeutic for dry
AMD. The injection of AdCAGfH, an adeno-associated virus (AAV) containing murine
factor H, demonstrated an attenuation of C3-induced retinal inflammation [81]. This gene
therapy is currently under consideration for human subjects [82].

6.6.2. GEM103

GEM103 is a recombinant human CFH developed by Gemini Therapeutics (Cambridge,
MA, USA). In a phase I clinical trial (NCT04246866) comprised of 12 participants, GEM103
demonstrated minimal adverse effects and a dose-dependent increase in levels of CFH [83].
Significantly, no CNV was observed, a phenomenon previously reported in the literature in
association with repeated administration of IVT complement inhibitors [67].

Interim findings from the subsequent multicenter, randomized ReGAtta phase IIa
study (NCT04643886) have suggested positive alterations in biomarkers linked to the
complement-mediated pathogenesis of dry AMD. The safety profile of GEM103 remained
relatively benign, with adverse events reported among 16 of 62 volunteers, of which one
case of mild iritis was directly related to the compound [84]. Since the ReGAtta trial
achieved its primary endpoint of evaluating the safety and tolerability of GEM103, the trial
was terminated [85].

6.7. Complement Factor I
GT005

CFI is a regulator of the alternative pathway. With the assistance of its cofactors, it
cleaves C3b into pro-inflammatory ic3b, which is subsequently cleaved into inert c3dg.
Thus, the protein is crucial for modulating the activation of the alternative pathway. Impor-
tantly, experimental investigations confirmed the ability of AAV-containing CFI cDNA to
induce CFI protein expression in human RPE lines and murine retina, thereby stimulating
the development of GT005 by Gyroscope Therapeutics.

The multicenter, randomized FOCUS phase I/II trial (NCT03846193), which is cur-
rently recruiting patients (65 anticipated), is evaluating this agent among individuals with
GA secondary to dry AMD [86]. Interim data for 31 patients demonstrated a significant in-
crease in vitreous CFI and a significant reduction in C3 and its cleavage products following
administration of GT005. No SAEs were reported in the treatment cohort [87].

Additional multicenter, randomized phase II trials, entitled HORIZON (NCT04566445)
and EXPLORE (NCT04437368) are evaluating a two-dose single injection of GT005 in
patents with GA from dry AMD. The HORIZON and EXPLORE trials will include patients
previously genotyped for rare CFI genetic variants, enabling elucidation of the interaction
between the therapeutic’s effects and the presence of CFI mutations on the advancement of
GA. Anticipated recruitment is currently 250 and 75 patients, respectively.
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6.8. Membrane Attack Complex (MAC)
AAVCAGsCD59 (HMR59)

Regulators of the complement cascade are emerging targets for investigational com-
pounds. AAVCAGsCD59, also denoted HMR59, is an intravitreally injected AAV vector
developed by Hemera Biosciences that induces the formation of CD59, thereby preventing
the binding of C9 required for the formation of a complete MAC [88]. Pre-clinically, HMR59
demonstrated efficacy in attenuating laser-induced CNV among murine models [89].

The interim results from a non-randomized phase I trial involving 17 eyes with dry
AMD (NCT03144999) have indicated promise, with acceptable tolerability and no dose-
limiting toxicity. While adverse events were limited, it is important to note that four eyes
developed mild inflammation that subsequently resolved with topical steroid therapy or
observation. Two of these four patients additionally required topical medication to reduce
intraocular pressure. Encouragingly, although not powered to illustrate efficacy, findings
from the investigation revealed that 9 of 11 patients had decreased GA progression relative
to historical controls [90]. As such, a multicenter, randomized phase II trial is currently
planned (NCT04358471) to evaluate the therapeutic’s effect on the expansion of the GA area.

6.9. Properdin
CLG561

Properdin is a positive regulator of the alternative complement pathway, preventing
the degradation of C3 and C5 convertases. Thus, CLG561, an anti-properdin antibody, was
developed as a potential therapeutic by Alcon Research [91]. Results from a phase I trial
(NCT01835015) showed IVT doses of CLG561 up to 10 mg were safe and well-tolerated,
with no systemic or ocular ADEs reported [92].

Subsequently, a multicenter, randomized phase II trial (NCT02515942) was conducted
to evaluate CLG561, both individually and in combination with LFG316 (tesidolumab),
against sham in 114 participants with GA. Twelve total injections were administered per
group, with injections occurring every 28 days. Change in GA lesion size from baseline
to day 337 was the primary outcome. Neither CLG561 monotherapy (p = 0.1019) nor
CLG561 plus LFG316 (p = 0.5987) significantly reduced GA lesion growth relative to sham
at day 337.

7. Challenges and Future Directions

Translation of experimental research for dry AMD is partially impeded by experi-
mental models that are incapable of elucidating and replicating the complex pathogenic
processes in human eyes [36,93]. As the disease is a multifactorial process, it is essential
for these models to incorporate variables such as oxidative stress, free radicals, and perox-
idation to ensure that results are applicable to a clinical environment, a process that has
hitherto remained elusive.

In recent years, several experimental animal models have been established to identify
characteristics of dry AMD similar to the pathology observed in humans. Traditionally,
rodents have been preferred to primates because of their short life cycle, rapid disease
progression, and genetic similarity to humans. One challenge associated with the rodent
model is the crucial differences in the anatomical structures of the eye. While dry AMD
primarily affects central vision through degeneration of the fovea and macula, these struc-
tures are absent in rodents [36,94,95]. Apart from anatomy, other key AMD pathology
such as drusen, RPE atrophy, and CNV are not exhibited in rodent models [95,96]. These
differences preclude a comprehensive understanding of the mechanism of AMD, thereby
hindering the discovery of novel therapeutics. Advancements in this arena are currently
being propelled by the development of three-dimensional in vitro models using human
cells to represent the pathology entwined within BM and the RPE layer [97]. Such an
innovation would provide essential insights into the biomechanical performance of the
retina and replace current in vivo animal models that provide an incomplete understanding
of the disease.

15



Biomedicines 2022, 10, 1884

Nevertheless, even where experimental research may be translated into the develop-
ment of clinical compounds, modulating the complement cascade creates challenges for
a myriad of reasons. Interference in this immunogenic process may result in innumerable
adverse effects, an essential consideration for therapeutics administered over an extended
period for the management of chronic diseases. To ameliorate this concern, pharmaco-
logic inhibition should exclusively target the dysregulated components of the complement
cascade, thus limiting the associated systemic effects. However, extensive exploration re-
mains to delineate the mechanisms of disease progression in order to successfully produce
such compounds.

Furthermore, there is notable intrapopulation variation in the expression of genetic risk
factors contributory to the pathogenesis of dry AMD [15,20,46,98,99]. Because complement
dysregulation comprises merely a single component of this multifactorial condition, the
selection of individuals possessing a particular predisposition to complement-mediated
disease progression would enable the development of personalized treatments for patients
who would extract the most benefit. Identifying specific genetic variants associated with
increased risk (e.g., rs1061170 variant of CFH) or calculating aggregate genetic risk pro-
files (from multiple variants) to stratify patients are potential approaches to facilitating
more efficacious clinical trials. Alternatively, investigational compounds targeting path-
ways implicated in extracellular matrix remodeling, lipid metabolism, or oxidative stress
would be of greater suitability for individuals not possessing these critical genetic risk
factors [100–103].

Clinically, patient adherence to a structured treatment regimen is a substantial chal-
lenge that persists across the ophthalmic landscape [104,105]. To circumvent this barrier,
innovative modalities of ocular delivery such as biodegradable polymeric implants, col-
loids, and hydrogels are currently being explored as potential solutions [106–109]. These
sophisticated alternatives have the capacity to rapidly accelerate the adoption of dry
AMD therapeutics.

8. Conclusions

Despite the absence of available therapeutics for patients with GA secondary to
dry AMD, there remains significant hope that one of the numerous clinical trials will
produce an effective treatment option. The probable association of the complement cascade
with the pathogenesis of dry AMD, as evidenced by genetic, experimental, and clinical
investigations, emphasizes the integral participation of inflammation in the development
and progression of the disease. This pathway offers a prolific target for the synthesis of
novel therapeutics. As a continued exploration of the linkages between the complement
cascade and GA secondary to dry AMD occurs, our understanding of the disease will
expand beyond its current state, enabling further identification of treatments for patients.
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Abstract: Geographic atrophy (GA) secondary to age-related macular degeneration is a common
cause of blindness worldwide. Given the recent approval of the first therapy for GA, pegcetacoplan,
we critically appraise methodological aspects of the phase 3 clinical trials published so far in this
disease in relation to their design, analysis and interpretation. We reviewed some of the key at-
tributes of all phase 3 clinical trials in GA available in the main public registry of clinical trials as
of 20 May 2023. The topics discussed included types of endpoints, eligibility criteria, p-value and
effect size, study power and sample size, the intention to treat principle, missing data, consistency of
results, efficacy–safety balance and application of results. Five phase 3 clinical trials have reported
results, either partially or completely: GATHER1, DERBY/OAKS, CHROMA/SPECTRI, SEATTLE
and GATE. Although there are many similarities between these trials in terms of endpoints or broad
eligibility criteria, they differ in several aspects (metric of the primary endpoint, sample size, type of
adverse events, etc.) that can influence the results, which are discussed. Readers should understand
key methodological aspects of clinical trials to improve their interpretation. On the other hand,
authors should adhere to clinical trial reporting guidelines to communicate what was done and how
it was done.

Keywords: age-related macular degeneration; clinical trials; endpoints; geographic atrophy; statistics

1. Introduction

Geographic atrophy (GA) is the advanced form of dry age-related macular degen-
eration (AMD; Figure 1). It is characterized by the progressive loss of photoreceptors,
retinal pigment epithelium (RPE) and choriocapillaris [1]. As such, areas affected by GA
correspond to absolute scotomata [2], which will affect best-corrected visual acuity (BCVA)
if the fovea is involved [3]. Nonetheless, even if atrophy surrounds it (the so-called foveal
sparing), patients experience difficulties in reading, driving and recognizing faces, which
impairs their quality of life [4,5]. The estimated worldwide prevalence of GA is 5 million,
which will probably grow in the next decades due to increases in life expectancy. No
treatment was available for this condition until 17 February 2023, when Apellis Pharmaceu-
ticals announced that the Food and Drug Administration (FDA) had approved Syfovre®

(intravitreal pegcetacoplan 15 mg) based on a slower progression of atrophy in the DERBY
and OAKS phase 3 randomized controlled clinical trials.

We reviewed published phase 2/3 and 3 clinical trials in GA to highlight some aspects
of their design, analysis, and interpretation (Table 1). Phase 1 and 2 trials have specific
aims (dose finding, study of pharmacokinetics, etc.), and will not be addressed here. The
purpose of this manuscript is to critically appraise key issues in clinical trials to aid in their
interpretation using examples from the field of GA.
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Figure 1. Geographic atrophy on multimodal imaging. (A) color fundus photography; (B) infrared;
(C) fundus autofluorescence; (D) fluorescein angiography; (E) extrafoveal spectral domain optical
coherence tomography. The perifoveal, multifocal areas of RPE atrophy are hyperreflective in (B),
hypoautofluorescent in (C), seen as window defects in (D), and as RPE and outer nuclear layer loss
with secondary retinal thinning and choroidal hypertransmission in (E). Scattered drusen are also
present. RPE: retinal pigment epithelium.

Table 1. Topics discussed.

Design Analysis Interpretation

Primary, secondary, and
composite endpoints
Eligibility criteria

p-value and effect size
Study power/sample size
Intention to treat and
treatment adherence
Missing data
Consistency of results

Efficacy–safety balance
Application of results to my
patients

Phase 3 Clinical Trials in Geographic Atrophy

There have been many trials on GA conducted for the past 15 years, but only a few
reached phase 3 and have been posted in www.clinicaltrials.gov (accessed on 11 April 2023;
Table 2). Only those with available complete or preliminary results released on the primary
endpoint will be discussed: GATHER1 (NCT02686658) [6], DERBY (NCT03525600) and
OAKS (NCT03525613, the preliminary results of which have been reported in different
Meetings between 2021 and 2023 and are available at the Apellis website [7]), CHROMA
(NCT02247479) and SPECTRI (NCT02247531) [8], SEATTLE (NCT01802866) [9] and GATE
(NCT00890097) [10].
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Table 2. Summary of phase 2/3 or 3 clinical trials in GA secondary to age-related macular degeneration.

Trial Sponsor Patients (Total n) Drug, Route MoA
Primary

Endpoint
Results

SAGA,
Sep/23 Alkeus

≥60 years
At least one eye

with GA
(ongoing;

planned n = 300)

ALK-001, oral Slowing vitamin
A dimerization

Difference in
growth rate Study ongoing

GATHER1/2, [6]
Jul/23 IVERIC bio

≥50 years
Non-foveal GA,

but atrophy
≤ 1500 μm from

foveal center
(n = 286)

Avacincaptad
pegol (Zimura®),

IVI

Complement
regulation
(anti-C5)

Difference in
growth rate at 12
months after the

square root
transformation *

(% reduction in
treated vs. sham)

2 mg: 27.4%
(p = 0.0072)
4 mg: 27.8%
(p = 0.0051)

DERBY-OAKS,
[7] Jan/23 Apellis

≥60 years
GA area ≥ 2.5

and ≤17.5 mm2

(n = 1.258)

Pegcetacoplan
(Syfovre®), IVI

Complement
regulation
(anti-C3)

Difference in
growth rate at

12 months

(% reduction in
treated vs. sham)

DERBY:
Monthly: 12%

(p = 0.0528)
EOM: 11%

(0.0750)
OAKS:

Monthly: 22%
(p = 0.0003)
EOM: 16%
(p = 0.0052)

TOGA, Nov/20 MEDARVA
Foundation

≥55 years
GA ≥ 0.5 and ≤7

disc areas
(n = 286)

Doxycycline
(Oracea®), oral Antiinflammatory

Difference in
growth rate at

months 6 and 30
Not published

CHROMA-
SPECTRI, [8]

Jan/18
Roche

≥50 years
Well demarcated

GA area
(n = 1.881)

Lampalizumab,
IVI

Complement
regulation

(anti-Factor D)

Difference in
mean change in

GA area at
week 48

(lampalizumab
minus sham)
CHROMA:

q4w: −0.02 mm2

(p = 0.80),
q6w: +0.05 mm2

(p = 0.59);
SPECTRI:

q4w: +0.16 mm2

(p = 0.048
favoring sham),
q6w: +0.09 mm2

(p = 0.27)

SEATTLE, [9]
May/16 Acucela Inc.

≥55 years
Clinical diagnosis

of GA (n = 508)

Emixustat
hydrochloride

(ACU-4429), oral

Visual cycle
modulation
(anti-RPE65)

Difference in
growth rate over

24 months

Treated: 1.69 to
1.84 mm2/y

Sham-treated:
1.69 mm2/y

(p ≥ 0.81)

GATE, [10]
May/12 Alcon

≥55 years
GA area ≥ 1.25
and ≤20 mm2

(n = 768)

AL-8309B
(tandospirone),
topical ocular

Neuroprotective
(5-HT1A agonist)

Difference in
mean annualized
lesion growth rate
up to 30 months

AL-8309B 1.0%:
1.73 mm2/y

AL-8309B 1.75%:
1.76 mm2/y

Vehicle:
1.71 mm2/y

Date under trial name is its estimated study completion date. Available on https://clinicaltrials.gov/, accessed
on 20 May 2023. BCVA: best-corrected visual acuity; EOM: every other month; GA: geographic atrophy; IVI:
intravitreal injection; MoA: mechanism of action; q4w: treatment every 4 weeks; q6w: treatment every 6 weeks;
y: year. * This is based on subtracting the square root of the area of atrophy at the end of study from the square
root of the area of atrophy at baseline divided by the time between visits in years to determine GA growth.

Briefly, in GATHER1, intravitreal injections of 2 mg or 4 mg avacincaptad pegol (Zimura®,
IVERIC Bio Inc., Cranbury, NJ, USA), a C5 inhibitor, were administered monthly [6]. In
DERBY/OAKS, pegcetacoplan 15 mg (Syfovre®, Apellis Pharmaceuticals, Waltham, MA,
USA), a C3 inhibitor upstream of C5, was administered monthly or every other month
(EOM) by intravitreal injections [7]. CHROMA and SPECTRI used 10 mg lampalizumab
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(F. Hoffmann-La Roche Ltd., Basel, Switzerland), a complement factor D inhibitor, deliv-
ered by intravitreal injection every 4 or 6 weeks [8]. In SEATTLE, emixustat hydrochloride
(formerly ACU-4429, Acucela, Inc., Seattle, WA, USA), an inhibitor of the visual cycle
isomerhydrolase RPE65, was administered orally once daily at 2.5 mg, 5 mg or 10 mg
doses [9]. Finally, in GATE AL-8309B (tandospirone; Alcon, Fort Worth, TX, USA), a neu-
roprotective 5-HT1A agonist, was topically administered twice daily at concentrations of
1.0% or 1.75% [10]. All trials compared these drugs to sham treatment.

2. Design

2.1. Primary, Secondary and Composite Endpoints

The primary endpoint is the main result measured at the end of the study. A positive
result in the primary endpoint is a prerequisite to accept the new intervention as effective,
and it is also used as the reference for sample size calculations. Secondary endpoints
evaluate additional effects of therapy. Composite endpoints combine two or more outcomes
in a single endpoint to increase the number of events and decrease sample size requirements,
trial length or costs.

All included phase 3 trials used the difference in the anatomical outcome between
study arms, GA growth, as the primary endpoint. Fundus autofluorescence (FAF) was
the imaging method used in all studies to measure the area of atrophy, but in future it
may be replaced by optical coherence tomography (OCT), because this provides additional
information [11], like outer nuclear layer thickness and early fluid detection. Of note, GA
is a surrogate endpoint, a measurement used as a substitute of a clinically meaningful
endpoint that measures directly how a patient feels, functions or survives [12]. Nonetheless,
it has already been accepted by the FDA as a primary endpoint [13].

All trials used mixed-effects models to account for the repeated measurements of atro-
phy taken in each participant throughout the study, and all but one measured the primary
endpoint in mm2/year (area). Instead, GATHER1 used square root transformation [14]
to express the results in mm/year (linear growth), which also decreases the association
between baseline area of atrophy and growth. While randomization should achieve balance
between study arms in baseline area of atrophy and other potential predictors of growth
(location of atrophy, multifocality, etc.), imbalances may occur by chance. To decrease
this source of potential residual confounding, CHROMA/SPECTRI, DERBY/OAKS and
SEATTLE included different baseline covariates in the mixed-effects models, providing an
adjusted estimate of growth.

Secondary endpoints have included mainly functional outcomes, like changes in BCVA
in standard and low-luminance conditions, low-luminance deficit, macular sensitivity
on microperimetry, reading speed or patient-reported outcome measures (PROM) via
questionnaires of quality of life related to vision [15]. Arguably, functional endpoints are
more relevant to patients and are preferrred by regulatory agencies [13]. However, they
have higher intra-subject variability than structural outcomes, and current tests show a
slow deterioration in the typical duration of a phase 3 trial (1.5–2 years), which makes
detection of changes on visual function caused by therapy difficult.

No composite endpoints have been used so far. A combination of functional endpoints
may increase the sensitivity to detect visual changes in GA. Together with the development
of new functional tests, this area deserves further research.

The time to a given untoward outcome is common in other fields, but rare in GA
trials (Figure 2A). These endpoints are usually analyzed with time-to-event modeling,
like proportional hazards or parametric models, and plotted with Kaplan–Meier graphs
(Figure 2B). The results are usually summarized as hazard ratios, which express the relative
risk of experiencing the event in treated vs. control arms, given that event has not already
occurred up to that point. Of note, the effect of therapy could also be expressed by the
added time free of the event in the treatment arm using accelerated failure time models, [16]
which may be relevant in, for example, incident subfoveal atrophy (Figure 2B). This metric
is also more intuitive for the patient.
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Figure 2. Alternative endpoints. (A) In extrafoveal lesions, time to, say, subfoveal atrophy should
be delayed in treated (blue line) vs. untreated (red line) eyes. (B) From conventional Kaplan–Meier
curves, one can derive the hazard ratio, the risk of progression to subfoveal atrophy by comparing
treated vs. untreated eyes (vertical black line); alternatively, one can estimate the time gained without
subfoveal atrophy from therapy (horitzontal green line), which is possibly a more intuitive metric.

2.2. Eligibility Criteria

Inclusion and exclusion criteria define the set of characteristics that make patients
eligible to participate in the trial. Eligibility criteria are the basis used to determine the
extent to which the study results can be applied to other patients (i.e., generalizability).

The percentage of screening failures and the reasons for exclusion provide impor-
tant data in this regard. The percentage of screening failure was 65% in GATHER1,
59% in CHROMA/SPECTRI and 47.5% in SEATTLE, while data are not yet available
for DERBY/OAKS and were not available for GATE. When reported, the main reason for
failure was ineligible GA area, suggesting that clear definitions and education on measuring
the area of atrophy can minimize patient inconvenience and trial costs.

Regarding specific criteria, GATHER1 and CHROMA/SPECTRI included patients
50 years or older with GA (Table 2). This is surprising, considering that atrophy takes
years to ensue, and therefore some patients could have had atrophy developing before their
fifties, making alternative diagnosis more likely. In one study, more than 5% of patients
with a diagnosis of dry AMD had variants in genes known to cause an inherited retinal
disease when genetic testing was conducted [17], suggesting that selection of older patients
is prudent to decrease the chance of mistakenly including non-GA conditions.

Careful thought should be given to inclusion of eyes with subfoveal atrophy. The
advantage of excluding these eyes is that extrafoveal GA lesions progress faster [18] and
the effects of therapy can therefore be established in less time and with a smaller sample.
Additionally, differences in prevention of BCVA loss by incident subfoveal atrophy can
presumably be established, as long as a large enough number of eyes experience this event
(Figure 2). The drawbacks include a longer recruitment period and application of results
to a subgroup of all patients with GA, probably less than 50% [19]. GATHER1 is the only
phase 3 trial that excluded subfoveal lesions, and its results seem to support this strategy
because avacincaptad pegol decreased growth by almost 30% at 12 months [6]. Similar
results have been found in subgroup analyses in DERBY/OAKS with pegacetacoplan [7].
Including both locations of atrophy implicitly assumes that the same disease pathway
operates in subfoveal and extrafoveal GA, which is a matter of debate [20,21].

3. Analysis

3.1. p-Value and Effect Size

The p-value is one of the most widely used and poorly understood statistics. It is the
probability of finding a result as extreme as that obtained or greater if the null hypothesis is
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true. As such, it is a conditional probability: conditional on the null hypothesis being true.
Although they are related, the p-value does not convey direct information on the effect
size, which is key for medical practice. For this, one should look at absolute (difference) or
even relative (ratio) metrics between trial arms and their confidence intervals (CI), which
provide information regarding the likely magnitude of the effect of therapy.

In CHROMA/SPECTRI, SEATTLE and GATE, the mean progression of GA was the
same or slightly larger in the treated group, and therefore p-values were very high or
not reported at all. CHROMA/SPECTRI pre-specified a subgroup analysis in carriers of
the complement factor I (CFI) risk allele, based on results of the small (n = 129) phase 2
MAHALO [22]. In MAHALO, CFI was one of four variants in the complement (with CFH,
C2/CFB and C3) preselected for subgroup analyses. The researchers found a 49% faster
growth in CFI carriers than in noncarriers in the sham group, and a 44% reduction in GA
growth in CFI+ patients treated with lampalizumab as compared to sham. However, in
the phase 3 trials, CHROMA/SPECTRI treatment did not slow GA progression, either
overall or in CFI carriers [8]. Chance may explain the MAHALO findings, since the faster
progression in CFI carriers could not be replicated in other studies [23], its biological basis
is uncertain, and the analyses were not adjusted for multiple comparisons. Additionally,
26.4% of treated eyes (23/87) discontinued the study, and the main imputation method used
to complete the missing data (the last observation carried forward) can induce bias [24].
Those results underscore the limitations of subgroup analyses in small samples.

On the other hand, GATHER1 and DERBY/OAKS reported positive results. As of
April 2023, only pegcetacoplan has been FDA approved for GA, because results of the
second, pivotal, trials required for approval of avacincaptad pegol, GATHER2, are not
available yet. In GATHER1, treatment reduced progression of GA at 12 months from
0.40 mm (sham) to 0.29 mm (avacincaptad pegol 2 mg), a 27.4% reduction that was sta-
tistically significant at a p-value = 0.0072. The growth in the control arm was similar to
that reported in untreated extrafoveal lesions in other studies [25], the effect was clinically
relevant, the p-value was well below 0.05, and similar results were observed with the 4 mg
dose (with no apparent dose–response relationship), which together provide convincing
evidence of a real effect of therapy.

The 12-month results of DERBY/OAKS were difficult to interpret. OAKS revealed a
reduction in growth compared to sham of 22% in the monthly and 16% in the EOM arms
that was statistically significant (p = 0.0003 and 0.0052, respectively). However, DERBY
lacked statistical significance, with a reduction of 12% in the monthly (p = 0.0528) and 11%
in the EOM (p = 0.0750) arms [7]. How to proceed when the result of one of the pivotal trials
is positive and the other is not? The results of both studies suggested a positive effect of
the drug on GA progression, a dose–response relationship and the prespecified combined
analysis showed a 17% reduction in the monthly (p < 0.0001) and a 14% reduction in the
EOM (p = 0.0012) arms, with p-values well below 0.05. Additionally, growth was slower
in the treated than in the untreated fellow eyes in the same patients (while growth in the
sham treated eyes was similar to that of untreated fellow eyes in the same patients), and the
results were in line with those from the phase 2 trial FILLY [26]. This supports a real effect
of therapy on growth despite borderline results in OAKS and highlights the importance of
looking at the whole evidence when results of a particular study seem inconclusive, which
will be also discussed later on.

A related but different matter is effect size, used to assess if the difference is clinically
meaningful. The p-value says if the effect of the therapy is probably real, while effect size
helps to determine if it matters to patients. The point estimates (mean effects) of C3 or
C5 inhibitors on GA progression at 12 months range from approximately −10% to −30%,
depending on the drug, frequency of administration, GA location, etc. They represent the
most likely value, but 95% CI provides a range of likely values in which the true effect
may lie. Narrow 95% CI are desirable because they provide more precise estimates of the
effect. For example, GATHER1 reported a mean difference between avacincaptad pegol
4 mg and sham of 0.124 mm/year with 95% CI between 0.038 and 0.209. These 95% CI
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were wide, reflecting the uncertainty caused by the relatively small number of patients.
The drug effect on decreasing GA progression could be as small as 0.038 mm/year or as
large as 0.209 mm/year, and it is probably real (p = 0.0072): if the drug is truly no different
from sham, the chance of finding this difference is 0.72%.

The standardized mean difference (SMD) is used for measuring effect size in a common
scale. It is the difference in mean change between treated and placebo arms divided by the
pooled standard deviation [27]. SMD of 0.2, 0.5 and 0.8 are regarded as small, medium and
large, respectively. Using the published results in GATHER1, the SMD of avacincaptad
pegol vs. sham at 12 months was 0.15 (2 mg) and 0.18 (4 mg). Other metrics have been
discussed elsewhere [27].

3.2. Study Power/Sample Size

The power of a study is the probability of showing a difference between treatments
when it truly exists. For a given level of significance or false positive rate (typically set at
a two-sided α = 0.05 or 5% in superiority trials), power increases when the difference in
the primary endpoint between study arms increases, when the variability of the primary
endpoint is low and when sample size is large. In addition, an allocation ratio (the distri-
bution of trial participants to treatment or control arms) of 1:1 requires a smaller sample
than other ratios (2:1, 3:1, etc.), but this comes at the expense of being less attractive to
patients in placebo-controlled trials, and a decreased ability to detect adverse events of the
new therapy.

A summary of the assumptions used to calculate the sample size is provided in Table 3.
Assumptions for sample size calculations in GATHER1 with avacincaptad pegol were
derived from the phase 2 trial FILLY with pegcetacoplan [6]. Sample size assumptions
from DERBY/OAKS were not yet available, and GATE did not report them in its main
publication. The total sample size ranged from 286 in GATHER1 to 975 in SPECTRI, a
ratio of 3.4. The estimated annual growth rates in the control group differed modestly
between trials, but effect sizes with reductions of 20–30% of GA growth and estimated
yearly discontinuations near 15% were common.

Table 3. Summary of assumptions used to calculate sample size.

GATHER1 CHROMA/SPECTRI * SEATTLE

Power (1-β), % 90 88 80

Approximate α (unadjusted) 0.025 ** 0.0495 0.05

Growth in the control group (SD), mm2/y 0.33 (0.20) *** 2.08 (1.53) 1.75 (1.20)

Difference between trial arms (SD), mm2/y 0.10 (0.20) *** 0.42 (1.53) 0.56 (1.20)

Randomization ratio 1:2:2 2:1:2:1 1:1:1:1

Expected yearly drop-out rate, % 15–20 15 16.7

* Overall patient population; ** one-sided test; *** mm/year; SD, standard deviation.

3.3. Intention-to-Treat (ITT) Principle

The ITT analysis specifies that patients (or eyes) are analyzed in the treatment group
in which they were originally randomized, regardless of the treatment they eventually re-
ceived [28]. That means that if someone was randomized to receive an intravitreal injection,
but they received the sham procedure, they will be analyzed in the active treatment group.
Simply stated, it is the indication or intention to treat a subject with a given treatment
(defined by randomization) that matters. This is the standard approach to data analysis
in phase 3 trials, because it includes all patients, preserves the benefits of randomization
(balancing known and unknown factors that may affect response to treatment between
groups), and provides a conservative estimate of the effect of treatment, which is closer
to what would be observed if it were administered to the population as a whole. The
per-protocol (PP) analysis population includes only cases fully adherent to the protocol [28];
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as such, PP shows the maximal effect of therapy, i.e., under optimal compliance. Finally,
the as-treated population analyzes patients according to treatment actually received [28].
Unfortunately, PP and as-treated analyses can induce selection bias and confounding.

Except for GALE, where this information was not provided, all trials acknowledged
following the ITT principle. In some trials, a modified ITT analysis was used, meaning that
patients were included in the ITT analysis if they met certain prerequisites, like having
received at least one intravitreal injection and having a post-treatment visit available. How-
ever, a modified ITT may mean different things in different trials, and the reader must pay
attention to how it is defined. In SEATTLE and GALE treatment was self-administered for
24 months. In this scenario, incomplete adherence to treatment or crossovers are a concern,
and ITT becomes important to minimize bias. In future trials with self-administered thera-
pies, it would be important to monitor non-compliance and compare the results from ITT
and PP analyses. In the other trials, therapy was administered by medical personnel, and
thus compliance is known, although non-adherence, crossovers and missing data could
also compromise results.

3.4. Missing Data

Pivotal phase 3 trials in ophthalmology usually follow several hundred patients for
18–24 months. Therefore, missing data is unavoidable. This has two consequences: (1) loss
of power (in superiority trials, it is more difficult to show a beneficial effect of therapy, even
if it truly exists); and (2) biased results if those who discontinue are different from those
who remain in the study or if they withdraw for reasons related to the therapy. Keeping
a high visit rate is a challenge, particularly for studies ongoing in the 2020–2022 period
(SAGA, GATHER1/2 and DERBY/OAKS) due to the COVID-19 pandemic. Minimizing
missing data during the study is paramount, and when this occurs, several statistical
methods can be used to impute values and try to decrease its impact. These range from the
simple last-observation-carried-forward, in which a missing follow-up value is replaced by
the previously observed value, to sophisticated multiple imputation procedures, where
an average of the imputed values from multiple imputed datasets is estimated, while
acknowledging the uncertainties in the estimated value.

Important visits at which every effort should be made to collect all data are baseline,
the visit where the primary endpoint is measured, and the end-of-study visit. Missing data
can also affect exams within a visit; for example, a missing FAF image. Discontinuation was
very variable between studies and ranged from 7.9% in CHROMA/SPECTRI to 37.0% in
SEATTLE. In SEATTLE, the main reason for this was incident adverse events, which gener-
ally increased with increasing drug dose. In DERBY/OAKS, 11.4% of patients discontinued
the study before month 12, while the percent of missed injections was 11.9% (roughly half
of them for COVID-19-related reasons). On the other hand, 29.9% of participants in GALE
did not finish the study, but the percentage was similar between study arms. Even in
this situation, bias can occur because patients leaving the study may be different to those
who remain for reasons related to the treatment. Note that patients who discontinue are
included in the ITT/modified ITT analyses, sometimes using imputation methods, and
sensitivity analyses may be used to evaluate the robustness of the results under different
assumptions [22].

3.5. Consistency of Results

Although for regulatory purposes, the key results are those from pivotal phase 3 trials,
all available evidence should be taken into account to determine the effects of a given
therapy. This includes data from phase 2 trials or, rarely, external evidence in cases in
which the therapy is already approved for another indication and tested for the condition of
interest. Some of the methods that can be used to quantitatively integrate this information
include meta-analyses and Bayesian approaches.

A meta-analysis combines the results of many studies on the same disease and end-
point to provide the most precise estimate of the effect of therapy [29]. Essentially, it is
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a weighted average of the effects of therapy across studies. A cumulative meta-analysis
performs successive meta-analyses, one each time a new study is added, which makes
it possible to determine the effect of the most recent study on the overall estimate. This
would have been useful in the case of pegcetacoplan, where the primary endpoint results in
OAKS were statistically significant, but those of DERBY were not. An estimated cumulative
meta-analysis of the phase 2 FILLY [26], and the phase 3 OAKS and DERBY shows that,
while the results of the latter attenuated the benefits of the drug, they remained statistically
significant (Figure 3).

 

Figure 3. Estimated cumulative meta-analysis of the effects of pegcetacoplan 15 mg every other
month on the growth of geographic atrophy at 12 months in the FILLY (phase 2), OAKS and DERBY
(phases 3) clinical trials. A modest but real effect is shown when considering all results. CI: confidence
interval; SMD: standardized mean difference.

Bayesian methods [30] are less well known and are rarely used in ophthalmology
trials. These approaches require that one expresses a plausible distribution of the effects of
therapy before the current study based on what is known up to that point (the so-called
prior), for example the results of a phase 2 trial. Then, one uses Bayes’s theorem to update
that prior belief with data from recent evidence (the phase 3 trials) to provide a posterior
distribution, or a range of likely values were the true effect of therapy lies.

4. Interpretation

4.1. Efficacy–Safety Balance

Recent episodes of intraocular inflammation with an otherwise effective antiangiogenic
drug in patients with exudative AMD (eAMD) [31] underscore the importance of evaluating
both efficacy and safety to establish the effects of an intervention. Table 4 shows a summary
of the most commonly observed side effects in the active arm of published GA phase 3 trials.
It should be noted, however, that these events were not necessarily more frequent in treated
than in placebo arms. We focus the rest of this section on studies in which at least one trial
has reported positive results.

The combined results of OAKS and DERBY at 24 months showed an increased rate
of new-onset eAMD in treated eyes. There was a dose–response relationship that roughly
doubled the risk of eAMD from sham to EOM and from EOM to monthly dosing: 3.1%,
6.7% and 12.2%, respectively. The rates were slightly lower in patients without fellow eye
eAMD. The percentage of eAMD cases in the avacincaptad pegol arm was also larger than
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the sham-treated group in the small GATHER1 trial, suggesting that these drugs do increase
exudative events. Cumulative events of intraocular inflammation at 24 months were 2.1%
in EOM and 3.8% with monthly dosing, with no reports of occlusive or nonocclusive
vasculitis. The rate of endophthalmitis was approximately 1:3000 injections (similar to that
reported with conventional antiangiogenic therapy) [32], which is reassuring, considering
that these therapies downregulate the innate immune system. Simultaneous treatment of
GA with pegcetacoplan and eAMD with antiangiogenic therapy was allowed in DERBY
and OAKS, and preliminary results seem to suggest that combined therapy is safe and
efficacious. Nonetheless, the increased risk of short-term decrease in BCVA from eAMD
must be discussed with the patient when considering treatment with pegcetacoplan for the
prevention of long-term vision loss.

Table 4. List of the most common adverse events reported in published phase 3 clinical trials in
geographic atrophy in the study treatment arms of each study. For trials with more than one active
treatment arm, the results from the two dosing regimens or drug concentrations are pooled.

GATHER1 DERBY/OAKS * CHROMA/SPECTRI SEATTLE GATE

Ocular

Conj. hemo.
(24.7%)

eAMD (9.3%)
Increased IOP

(6.7%)

eAMD (9.4%) **
IOI (3%)

Endophthalmitis
(1.2%)

Conj. hemo. (29.6%)
Increased IOP (11.3%)

Eye pain (10%)

Delayed DA
(55.4%)

Chromatopsia
(17.6%)

Visual impairment
(15.4%)

Reduced VA
(32.1%)

Eye irritation
(9.1%)

Cataract (8.1%)

Non-ocular
UTI (9.3%)
Fall (6.7%)

Nasoph. (6%)
Not reported

URTI (8.6%)
Fall 8.6%)

Bronchitis (5.5%)

Fall (9.7%)
Nasoph. (9.2%)
Hypertension

(9.6%)

Not reported

Conj. hemo.: conjunctival hemorrhage; DA: dark adaptation; eAMD: exudative age-related macular degeneration;
IOI: intraocular inflammation; IOP: intraocular pressure; nasoph: nasopharyngitis; URTI: upper respiratory tract
infection; UTI: urinary tract infection; VA: visual acuity. * Pending detailed reporting; ** As determined by the
investigator.

4.2. Application of Results to My Patients

It is essential to determine whether the results of the trial can be applied to my patients,
because the intervention may be influenced by demographic, biological or socioeconomic
factors. A good place to start is reviewing “Table 1” of the trial manuscript, which will
usually describe the characteristics of the participants. Other considerations also apply,
some of which are discussed here in the context of pegcetacoplan, the only approved
therapy as of 11 April 2023.

Since many conditions mimic GA secondary to AMD [33], a first step is confirming
that the patient does indeed present this disease. Many disorders can cause macular RPE
atrophy, but in none of them has C3 upregulation been demonstrated to play a pathogenic
role, and the effect of pegcetacoplan is unknown in these cases. The efficacy and safety
of the drug in patients below 60, in non-Caucasians (who represented less than 10% of
participants in the phase 3 trials) and with different complement-related genetic variants
need to be studied and considered carefully. Results were better in extrafoveal than
subfoveal lesions, although the p-values for interaction between treatment and atrophy
location are not known by the authors. In terms of safety, the diagnosis in the fellow eye
may play a role on the risk of incident eAMD in pegcetacoplan-treated eyes, and the added
burden of compliance with two intravitreal drugs may jeopardize results.

Another issue to consider will be adherence to treatment, which is a common reason
of poor translation of results from clinical trials [34]. This will depend on both patients and
practitioners. The costs of therapy and the organization of healthcare services, public and
private, will be determinants of adherence. The open-label extension GALE (NCT04770545),
phase 4 and real-world evidence studies will inform the impact of compliance on drug
effectiveness.

31



Biomedicines 2023, 11, 1548

5. Discussion

Approval of medical therapies is based on sound, rigorous clinical trials. We reviewed
some points related to their design, analysis and interpretation, and additional information
on similar topics can be found elsewhere [35,36].

Overall, some of the trials surveyed did not report information on important as-
pects of the study. Adherence to the CONSORT reporting guidelines [37] will improve
communicating of what was done, allowing a better interpretation of the results.

As can be seen in Table 5, there were differences between trials in terms of the pop-
ulation included, the analytical approach, the quantity of missing data at the end of the
study or the type of adverse events. This is not unexpected, since the design and analysis
of the trials are adapted to the nature of the intervention. However, key aspects in the
interpretation of any study include the need to assess the application of the results to the
particular patient and the judicious evaluation of both efficacy and safety.

Table 5. Summary of some of the topics discussed.

GATHER1 DERBY/OAKS CHROMA/SPECTRI SEATTLE GATE

Metric of PE mm/year mm2/year mm2/year mm2/year mm2/year

Adjusted PE No Yes Yes Yes No

Atrophy location Extrafoveal Any Any Any Any

Intention to treat Yes Yes Yes Yes No?

Discontinuation, % 20.1 11.4 7.9 37.0 29.9

Specific adverse events eAMD eAMD Increased IOP Delayed DA Reduced VA

DA: dark adaptation; eAMD: exudative age-related macular degeneration; IOP: intraocular pressure; PE: primary
endpoint; VA: best-corrected visual acuity.

Readers should also bear in mind that small studies have less precision and wider
confidence intervals (Figure 3), and thus can only report statistically significant results if
the effect size is very large. When combined with publication bias (the trend of publishing
studies with positive results), published small trials tend to overestimate the effects of
therapy [38]. This overestimation of effect occurred, for example, in the lampalizumab and
pegcetacoplan trials.

Geographic atrophy is a notable exception in research in macular diseases, inasmuch
as the primary endpoint in all phase 3 clinical trials conducted thus far has been based on
an anatomic change, which is a surrogate endpoint. In the case of the DERBY/OAKS trials,
the positive effect of pegcetacoplan on the growth of area of atrophy was observed a few
months after starting treatment, while its beneficial effect on visual function may take a
few years. In addition, this therapy can increase the risk of short-term visual acuity loss
due to incident eAMD. This is a key issue, considering that patients with this condition
are elderly subjects with a relatively short life expectancy, estimated as 6.4 years in one
study [39]. Adherence to therapy will also play an important role and will be influenced
(among other things) by the cost of therapy, which may be close to 2000 USD/injection.
All things considered, the benefits of therapy from the patient’s perspective are, at least,
debatable. In this context, PROMs may provide critical information, while economic
evaluation through cost-utility (estimation of cost-per-QALY (quality-adjusted life year,
one year lived in perfect health)) and cost-effectiveness analysis (comparison of costs and
outcomes with and without treatment) will provide a useful perspective of the effects of
this intervention for all those involved.

In summary, we reviewed some methodological aspects of phase 3 clinical trials. When
applied to GA, similarities and differences between studies were noted. Poorly reported
topics were highlighted, paving the way for improvement in future studies.
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Abstract: Quantitative autofluorescence (qAF8) level is a presumed surrogate marker of lipofuscin
content in the retina. We investigated the changes in the qAF8 levels in non-neovascular AMD. In this
prospective cohort study, Caucasians aged ≥50 years with varying severity of non-neovascular AMD
in at least one eye and Snellen visual acuity ≥6/18 were recruited. The qAF8 levels were analysed in
the middle eight segments of the Delori pattern (HEYEX software, Heidelberg, Germany). The AMD
categories were graded using both the Beckman classification and multimodal imaging (MMI) to
include the presence of subretinal drusenoid deposits (SDD). A total of 353 eyes from 231 participants
were analyzed. Compared with the age-matched controls, the qAF8 values decreased in the eyes
with AMD (adjusted % difference = −19.7% [95% CI −28.8%, −10.4%]; p < 0.001) and across the
AMD categories, (adjusted % differences; Early, −13.1% (−24.4%, −1%), p = 0.04; intermediate
AMD (iAMD), −22.9% (−32.3%, −13.1%), p < 0.001; geographic atrophy −25.2% (−38.1%, −10.4%),
p = 0.002). On MMI, the qAF8 was reduced in the AMD subgroups relative to the controls, (adjusted
% differences; Early, −5.8% (−18.9%, 8.3%); p = 0.40; iAMD, −26.7% (−36.2%, −15.6%); p < 0.001;
SDD, −23.7% (−33.6%, −12.2%); p < 0.001; atrophy, −26.7% (−39.3%, −11.3%), p = 0.001). The qAF8
levels declined early in AMD and were not significantly different between the severity levels of
non-neovascular AMD, suggesting the early and sustained loss of function of the retinal pigment
epithelium in AMD.

Keywords: age-related macular degeneration; quantitative autofluorescence; subretinal drusenoid
deposits; hyperreflective foci; drusen; geographic atrophy

1. Introduction

Bisretinoid fluorophores in the phagocytosed photoreceptor outer segments are by-
products of the visual cycle that accumulate as lipofuscin within the human retinal pigment
epithelium (RPE). Lipofuscin is a major contributor of fundus autofluorescence (FAF).
An age-related non-linear increase in the amount of autofluorescence in RPE has been
observed, with significant variations in the same age-group [1]. Delori et al. confirmed
that lipofuscin fluorescence increases linearly until age 70 in healthy eyes, then declines,
probably due to the loss of RPE cells [2].

Excessive lipofuscin could adversely affect the essential RPE functions and contribute
to the pathogenesis of age-related macular degeneration (AMD) [3–5]. The phototoxic and
proinflammatory effects of lipofuscin may cause RPE cell death in AMD eyes [6,7]. For
example, hyper-autofluorescence, seen around the border of geographic atrophy (GA), may
be a sign of excessive lipofuscin that precedes atrophy or a displacement or stacking up of
RPE cells with the accumulated lipofuscin [8]. The presence of lipofuscin in drusen also
suggests that it may be involved in drusen biogenesis [9]. By contrast, the loss of lipofuscin
from RPE cell death is seen as hypo-autofluorescence, as is typically seen in GA.
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Quantitative fundus autofluorescence (qAF8) enables the in vivo quantification of
these FAF signals compared with an internal standard. It has been concluded that eyes with
increased qAF8 levels may benefit from anti-lipofuscin therapies [5,10,11]. Studies have
reported qAF8 levels in AMD eyes and its correlation with factors such as age, sex, ethnicity,
smoking status, type and volume of drusen [12–15]. These reports consistently showed
either normal or reduced qAF8 levels in AMD eyes compared with age-matched controls.
It is unclear whether the reduced qAF8 levels are associated with the loss of function and
integrity of RPE cells or because less lipofuscin is produced due to abnormalities in the
visual cycle [16]. As subretinal drusenoid deposits (SDD) are associated with a prolonged
rod-intercept time, it may be a surrogate for impaired visual cycle.

Deciphering the relation of qAF8 to the RPE and the visual cycle is important as there
are interventional trials for GA aimed to modulate the visual cycle or reduce lipofuscin.
Examples include oral LBS-008 (Tinlarebant), a small molecule retinol binding protein
4 (RBP4) antagonist that is being evaluated in Stargardt Disease. Its effect on AMD is
unknown. Another RBP4 inhibitor, fenretinide, showed a correlation with a reduction
in the GA growth rate, but did not delay the progression of GA [17]. Another phase
three trial on ALK-001, a chemically modified vitamin A, is also being investigated for
GA (NCT03845582). Furthermore, retinylamine, which lowers the concentration of all-
trans retinal, has also been considered for AMD [18]. Another visual cycle modulator,
Emixustat (NCT01802866), which inhibits RPE-specific protein RPE65 was shown to reduce
the growth rate of small sized atrophy due to Stargardt disease but failed to show a benefit
in GA [19]. The results of these studies show that further work is required to understand
how anti-lipofuscin drugs will benefit eyes with AMD.

Further studies dissecting the qAF8 levels in ageing and various stages of AMD
may provide new insight in AMD therapies. Using multimodal imaging, evaluating the
differences of qAF8 levels in eyes with and without SDD may indirectly provide information
on the relation of qAF8 and the visual cycle. In addition, the relation of qAF8 with the
worsening health of RPE cells may be interrogated by its associations with optical coherent
tomography (OCT) features, such as hyperreflective foci (HRF), incomplete and complete
RPE and outer retinal atrophy (iRORA and cRORA, respectively) [20].

The aims of this study were to: (i) evaluate whether qAF8 levels vary with AMD pro-
gression; (ii) study whether qAF8 levels vary in eyes with and without SDD to investigate
the relation of qAF8 with the visual cycle and (iii) interrogate whether OCT risk features of
RPE cell death influence the qAF8 levels.

2. Materials and Methods

This single centre, prospective cohort study (PEONY study) was approved by the
London-Chelsea Research Ethics Committee London REC 19/LO/0931. Written informed
consent was obtained from all participants and the study followed the tenets of the Decla-
ration of Helsinki.

2.1. Setting

The National Institute of Health and Research Clinical Research Facility at a tertiary
care hospital in London, UK.

2.2. Participants

Caucasians aged ≥50 years with varying severity of non-neovascular AMD in at least
one eye and age-matched controls with healthy maculae were recruited for this study
between August 2020 and July 2022. The inclusion criteria for non-neovascular AMD in
at least one eye were a Snellen visual acuity of ≥6/18 with media clarity for qAF8 and
other imaging. The exclusion criteria included any condition that, in the opinion of the
investigator, could affect or alter visual acuity or retinal imaging, such as vitreous opacities,
epiretinal membrane and other comorbid conditions such as diabetic retinopathy.
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2.3. Study Assessments

Age, gender and lens status were recorded. The multimodal imaging obtained for
this study included near infrared reflectance (NIR), fundus autofluorescence (FAF), qAF8,
en-face SD-OCT scans (97-line scans, 6 × 6 mm grid), enhanced depth imaging OCT (EDI-
OCT), OCT angiography. These were conducted on Spectralis HRA + OCT, Heidelberg
Engineering, Germany.

2.4. Image Acquisition

Two trained operators acquired the images after mydriasis. A standard operating
procedure was followed. In summary, with room lights were turned off and the NIR
image was recorded first. In the qAF8 mode, the image was refocused to ensure a uniform
signal over the entire field. During the set-up and focusing in the qAF8 mode, the fundus
was exposed for 20 s to reduce visual pigment absorption. Each image was acquired in
high-speed video mode, at least 2 images were recorded, each being 12 frames. All video
images were examined for image quality and at least 9 of the 12 frames were selected. The
selected frames were aligned and the mean image saved. The image quality was graded
based on the criteria defined by von der Emde et al. (poor, acceptable or excellent) and all
images with quality acceptable or above were included [21].

2.5. Image Analysis

The qAF8 images were analysed using the HEYEX software. The inter-operator
agreement of qAF8 on five participants was measured first (kappa-0.89). The qAF8 levels
were measured from the qAF8 segments, which refer to the middle ring of the Delori grid
centered on the fovea that divides the area between 9◦ to 11◦ eccentricity from the fovea
into eight segments. Vessels were automatically excluded from the analysis by the software.
The threshold setting was manually adjusted if necessary. Phakic eyes were subsequently
corrected for normative age-related optical media density [13,22]. No age-adjustment for
ocular media absorption was applied for pseudophakic eyes [22].

The normalised grey values from the middle eight segments of the qAF8 image were
averaged to provide the main outcome measure of this study (qAF8).

2.6. Definition of Various AMD Categories

The qAF8 levels were compared across the various stages of AMD on colour pho-
tographs based on the Beckman classification [23]. The stages included: (i) no evidence of
AMD or normal aging was defined as the presence of small drusen or druplets of <63 μm
diameter; (ii) early AMD included eyes with a medium drusen, between 63 μm and 124 μm
in diameter, with no pigmentary changes; (iii) intermediate AMD (iAMD) was defined as
eyes with a drusen diameter of ≥125 μm or medium drusen with pigmentary changes; and
(iv) eyes with GA [23]. This allowed us to investigate whether the qAF8 levels varied with
a visible progressive loss of integrity of RPE on the colour photographs.

Next, qAF8 was compared in the AMD categories classified by the multimodal imaging
(MMI). Participants with a minimum of 5 SDD on different line scans on OCT confirmed
on NIR were identified as a separate category, irrespective of the size of the drusen present.
Eyes with SDD were further divided into stages: stage 1, defined as a diffuse deposition
of granular hyperreflective material between the RPE-Bruch membrane band and the
ellipsoid zone (EZ); stage 2, mounds of accumulated material sufficient to deflect inwardly
the contour of the EZ; and stage 3, the presence of a conical appearance and breaking
through the EZ [24]. AMD eyes without SDD were grouped based on their drusen size on
the OCT, as reported by Kim et al. [25,26]. On the en-face OCT, a large drusen was defined
as a drusen with a diameter ≥145 μm; the medium drusen diameters were between 100 μm
and 144 μm; and the small drusen had diameters <100 μm on the OCT. Accordingly, the
multimodal imaging classification of AMD included: (i) early AMD on the OCT, defined
as maximum druse diameter <100 μm with no SDD or atrophy; (ii) intermediate AMD
defined as having more than 1 druse with diameter 100–145 μm or at least 1 druse (>145 μm)
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without SDD or atrophy (cRORA), but may have HRF or iRORA; (iii) eyes with SDD; and
(iv) eyes with atrophy (cRORA). We also investigated the relation of the drusen volume
with the qAF8 values. The OCT scans were segmented by in-built automated Heidelberg
software and manually corrected where necessary.

Lastly, we compared the qAF8 values in the AMD eyes with varying degress of RPE
cell loss identified on the OCT. These included comparing the qAF8 in eyes with: (i) no
HRF, iRORA or cRORA; (ii) only HRF with no iRORA or cRORA; (iii) presence of iRORA
with no cRORA; and (iv) cRORA.

2.7. Statistical Analysis

The data were summarised using mean (SD) or median (IQR) for continuous variables
and number (%) for categorical variables. The statistical differences in the loge Mean qAF8
levels between the controls and individual AMD groups by multimodal imaging OCT and
Beckman classification were compared after adjustment for the potential confounders of
age, sex and lens status (pseudophakic vs. phakic). The stage of SDD, qAF8 and drusen
volume were summarised based on the varying severity of RPE cell loss in AMD. The
associations after adjusting for age, sex and lens status were quantified with odds ratio
(95% CI) and p-value. Generalised Estimating Equations (GEE) with an exchangeable
working correlation structure were used to account for the within-participant correlation
among those with data from both eyes [27,28]. The qAF8 levels were loge-transformed to
avoid estimating misleading associations from outliers. Model coefficient estimates were
therefore interpreted in relation to the relative percentage increase rather than the absolute
increase in the qAF8 values. Where log-transformations were applied to the independent
variable qAF8 in the GEE models, the model estimates were interpreted in relation to the
relative percentage increase in the independent variable. Spearmans correlation coefficient
for clustered data, using the within-cluster resampling (WCR)-based method and standard
errors based on fixed denominator, was used to test the correlation between age and mean
qAF8 levels [29].

3. Results

3.1. Participant and Imaging Characteristics

The analysis sample included 105 eyes from 63 controls and 248 eyes from 176 AMD
participants (Figure S1). These participants had a mean age of 70.3 years (SD 8.5), 138 were
females (59.7%) and 60 (17.0%) eyes were pseudophakic (Table 1).

Table 1. Participants and imaging characteristics in AMD categories and age-matched controls.

AMD vs. Controls

Variable
Overall, N = 353 Eyes of

231 Participants
Controls, N = 105 Eyes of

63 Participants
AMD, N = 248 Eyes of

176 Participants

Participant level a

Number of participants with bilateral eyes 122 (52.8%) 42 (66.7%) 72 (40.9%)

Age, years 70.3 (8.5) 64.2 (8.2) 72.4 (7.5)

Age, years

<60 30 (13.0%) 20 (31.8%) 11 (6.3%)

60–69 65 (28.1%) 24 (38.1%) 44 (25.0%)

70–79 104 (45.0%) 15 (23.8%) 92 (52.3%)

≥80 32 (13.9%) 4 (6.3%) 29 (16.5%)

Gender

M 93 (40.3%) 28 (44.4%) 68 (38.6%)

F 138 (59.7%) 35 (55.6%) 108 (61.4%)
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Table 1. Cont.

AMD vs. Controls

Variable
Overall, N = 353 Eyes of

231 Participants
Controls, N = 105 Eyes of

63 Participants
AMD, N = 248 Eyes of

176 Participants

Eye level b

Pseudophakic eyes 60 (17.0%) 7 (6.7%) 53 (21.4%)

Beckman AMD classification

Normal 105 (29.7%) 105 (100.0%) 0 (0.0%)

Early 59 (16.7%) 0 (0.0%) 59 (23.8%)

iAMD 161 (45.6%) 0 (0.0%) 161 (64.9%)

GA 28 (7.9%) 0 (0.0%) 28 (11.3%)

AMD classification based on
multimodal imaging

Normal 105 (29.7%) 105 (100.0%) 0 (0.0%)

Early 47 (13.3%) 0 (0.0%) 47 (19.0%)

iAMD 76 (21.5%) 0 (0.0%) 76 (30.6%)

SDD 97 (27.5%) 0 (0.0%) 97 (39.1%)

cRORA 28 (7.9%) 0 (0.0%) 28 (11.3%)

Median qAF8 (IQR) 184.0 (132.2, 246.4) 241.6 (185.4, 294.4) 163.5 (122.6, 216.6)

Analysis in AMD eyes c; n (%)

Stage of SDD

0 151/248 (60.9%) 0 (NA%) 151/248 (60.9%)

1 5/248 (2.0%) 0 (NA%) 5/248 (2.0%)

2 15/248 (6.0%) 0 (NA%) 15/248 (6.0%)

3 77/248 (31.0%) 0 (NA%) 77/248 (31.0%)

Indicators of RPE integrity

Absence of HRF, iRORA or cRORA 153/248 (61.7%) 0 (NA%) 153/248 (61.7%)

Presence of HRF without evidence of
iRORA or cRORA 16/248 (6.5%) 0 (NA%) 16/248 (6.5%)

Presence of iRORA without any evidence
of cRORA 51/248 (20.6%) 0 (NA%) 51/248 (20.6%)

Presence of cRORA 28/248 (11.3%) 0 (NA%) 28/248 (11.3%)

Drusen volume in those without cRORA
(N = 220 eyes) 0.44 (0.36, 0.54) NA 0.44 (0.36, 0.54)

a Participant level characteristics were based on total cohort of 231 participants. The number of participants across
healthy and AMD do not add up to 231 (total number of participants in the cohort) due to bilateral eligibility in
the cohort where eyes from the same participant may belong in both groups. b Eye level characteristics based
on total analysed sample of 353 eyes. c Analysis in AMD eyes based on 248 eyes with AMD only, except drusen
volume which has been analysed in 220 AMD eyes without cRORA. Abbreviations: AMD—age related macular
degeneration; cRORA—complete retinal pigment epithelium and outer retinal atrophy; GA—Geographic atrophy;
HRF—Hyperreflective foci; iAMD—intermediate AMD; iRORA—incomplete retinal pigment epithelium and
outer retinal atrophy; IQR—Interquartile range; qAF8—quantitative autofluorescence; RPE—Retinal pigment
epithelium; SDD—subretinal drusenoid deposits.

3.2. Comparison of qAF8 Levels in AMD versus Control Eyes Aged ≥50 Years

The spearman correlation coefficient between age and qAF8 values in controls ≥50 years
was ρWCR = −0.21; p = 0.08, in AMD eyes ≥50 years was ρWCR = −0.05; p = 0.49 (Figure S2)
and in ≥65 years was ρWCR = −0.05; p = 0.54. Compared with the controls ≥50 years, the
qAF8 values were significantly reduced in eyes with any AMD (241.6 [IQR 185.4–294.4]
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vs. 163.5 [IQR 122.6–216.6]; unadjusted difference= −25.2% [95% CI −33.0%, −16.5%];
p < 0.001; GEE model). The participant and imaging characteristics in AMD categories are
presented in Table S1.

3.3. Comparison of qAF8 Levels in AMD Categories Based on Beckman Classification versus
Control Eyes from Participants Aged ≥50 Years

There was a significant reduction in qAF8 in the AMD eyes versus control (−19.7%
[95% CI −28.8%, −10.4%]; p < 0.001, Table 2). Statistical differences were found among
all of the Beckman subgroups relative to the control eyes, in both the univariate analysis
and following the adjustment for age, gender and lens status (adjusted % differences; Early
AMD, −13.1% (−24.4%, −1%), p = 0.04; iAMD, −22.9% (−32.3%, −13.1%), p < 0.001; and
GA −25.2% (−38.1%, −10.4%), p = 0.002). Significant differences were identified comparing
early AMD with iAMD (% adjusted difference −11.4% [95% CI −0.10%, −21.3%]; p = 0.048,
while the comparison between GA and early AMD failed to reach statistical significance in
both the univariate and adjusted analysis (% adjusted difference −14.0% [95% CI −28.7%,
3.6%]; p = 0.11). No statistically significant differences were found between iAMD and GA.

Table 2. Parameters associated with log-qAF8 mean adjusted for age, gender and lens status using
GEE models.

Characteristics N
Coefficient in Log-qAF8

Units
qAF8 Difference in % p-Value

Controls vs. AMD 353

Controls - -

AMD −0.22 (−0.34–−0.11) −19.7% (−28.8%, −10.4%) <0.001

Beckman classification 353

Normal - -

Early −0.14 (−0.28–−0.01) −13.1% (−24.4%, −1%) 0.04

iAMD −0.26 (−0.39–−0.14) −22.9% (−32.3%, −13.1%) <0.001

GA −0.29 (−0.48–−0.11) −25.2% (−38.1%, −10.4%) 0.002

AMD classification based on
multimodal imaging 353

Normal -

Early without SDD −0.06 (−0.21–0.08) −5.8% (−18.9%, 8.3%) 0.40

iAMD without SDD −0.31 (−0.45–−0.17) −26.7% (−36.2%, −15.6%) <0.001

SDD −0.27 (−0.41–−0.13) −23.7% (−33.6%, −12.2%) <0.001

cRORA −0.31 (−0.50–−0.12) −26.7% (−39.3%, −11.3%) 0.001

Stage of SDD in those with SDD 97

Stage 1 or 2 -

Stage 3 −0.05 (−0.28−0.18) −4.9% (−24.4%, 19.7%) 0.67

Stage of SDD 248

0 -

1 0.01 (−0.17–0.19) 1% (−15.6%, 20.9%) 0.88

2 0.05 (−0.22–0.33) 5.1% (−19.7%, 39.1%) 0.71

3 −0.05 (−0.17–0.07) −4.9% (−15.6%, 7.3%) 0.38

Drusen volume in those without cRORA, per
0.1-unit increase 220 −0.01 (−0.05–0.02) −1.4% (−4.6%, 1.9%) 0.40

Indicators of RPE integrity 248

Absence of HRF without evidence of iRORA
or cRORA -
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Table 2. Cont.

Characteristics N
Coefficient in Log-qAF8

Units
qAF8 Difference in % p-Value

Presence of HRF without evidence of iRORA
or cRORA −0.18 (−0.43–0.07) −16.5% (−34.9%, 7.25%) 0.16

Presence of iRORA without any evidence
of cRORA −0.16 (−0.28–−0.03) −14.8% (−24.4%, −3.0%) 0.01

Presence of cRORA −0.13 (−0.30–0.05) −12.2% (−25.9%, 5.1%) 0.15

Abbreviations: AMD—age related macular degeneration; cRORA—complete retinal pigment epithelium and
outer retinal atrophy; GA—Geographic atrophy; GEE—Generalised estimating Equation; HRF—Hyperreflective
foci; iAMD—intermediate AMD; iRORA—incomplete retinal pigment epithelium and outer retinal atrophy;
qAF8—quantitative autofluorescence; RPE—Retinal pigment epithelium; SDD—subretinal drusenoid deposits.

3.4. Comparison of qAF8 Levels in AMD Categories Based on MMI versus Control Eyes from
Participants Aged ≥50 Years

The qAF8 levels were found to be reduced in the eyes with AMD compared to the
normal eyes, while the iAMD, SDD and GA groups are in close correspondence (Figure 1).
In the adjusted analysis, differences were found between the OCT AMD subgroups relative
to the controls, with the exception of early AMD (adjusted % differences; Early AMD,
−5.8% (−18.9%, 8.3%); p = 0.40; iAMD, −26.7% (−36.2%, −15.6%); p < 0.001; SDD, −23.7%
(−33.6%, −12.2%); p < 0.001; and cRORA, −26.7% (−39.3%, −11.3%), p = 0.001, Table 2).
Significant differences were found when comparing early AMD to the other categories of
AMD based on the MMI classification (iAMD; % adjusted difference of −21.9% [95% CI
−32.6%, −9.5%]; p = 0.001), SDD; −19.0% [95% CI −30.4%, −5.7%]; p = 0.006), cRORA
−22.0% [95% CI −36.1%, −4.8%]; p = 0.01). No significant differences were found when
comparing the non-early categories of AMD. Figure 2 shows example qAF8 images of the
participants with the same age across the different AMD groups.

Figure 1. Mean qAF8 values in multimodal imaging categories of AMD versus age-matched controls.
The multimodal imaging AMD classification shown on the x-axis. Comparison was with age-matched
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controls. Early-drusen diameter <100 μm and no SDD, intermediate—drusen diameter 100–144 μm or
1 drusen 145 μm or more and no SDD, SDD-eyes with SDD with no cRORA and final group-cRORA.
Abbreviations: AMD—age related macular degeneration; cRORA—complete retinal pigment epithe-
lium and outer retinal atrophy; iAMD—intermediate AMD; qAF8—quantitative autofluorescence;
SDD—subretinal drusenoid deposits.

Figure 2. Multimodal imaging showing qAF8 changes across degeneration (AMD) categories in
participants with same age. (A)—Controls; (B)—Early AMD; (C)—Subretinal drusenoid deposit;
(D)—Intermediate AMD; (E)—Multifocal geographic atrophy. Images (i), (ii) and (iii) show the qAF8
image, fundus autofluorescence and IR + OCT images, respectively, for all groups. Abbreviations:
AMD—age related macular degeneration; cRORA—complete retinal pigment epithelium and outer
retinal atrophy; GA—Geographic atrophy; iAMD—intermediate AMD; IR- Infrared reflectance;
OCT—Optical Coherence Tomography; qAF8—quantitative autofluorescence; SDD—subretinal
drusenoid deposits.

3.5. Comparison of qAF8 Levels in AMD Eyes with and without Risk Factors of Progression to
Geographic Atrophy or cRORA

Table S2 shows that an increase in the qAF8 levels was associated with a reduction in
the odds of presenting with HRF, iRORA or cRORA (OR 0.91 [95% CI 0.85–0.97] per 10%
increase in qAF8; p = 0.006). An increasing drusen volume in those without cRORA was
associated with an increase in the odds of presenting with HRF, iRORA or cRORA (OR 2.00
[95% CI 1.47–2.73] per 0.1 unit increase in drusen volume; p < 0.001).

4. Discussion

Our study shows that the qAF8 levels are variable among the controls [2,30,31].
The mean qAF8 levels significantly decreased in AMD eyes (all AMD categories

taken together) compared with the age-matched controls. The decrease in qAF8 may
be explained by a change in the configuration of bisretinoids produced in AMD that
may be less autofluorescent [32]. Alternatively, we can infer that the photodegradation
of bisretinoids may be more rapid than the accumulation of photooxidised bisretinoids
in AMD [32].

We also observed that RPE cell dysfunction appears early in AMD. Each AMD cate-
gory was associated with reduced qAF8 compared to the age matched controls, with no
significant differences in the qAF8 levels between them. These observations reflect early
RPE dysfunction. Exocytosis may play a role [33]. As more RPE cell death occurs, more
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and more new RPE cells may undergo dysfunction, so the mean qAF8 may not be different
between the AMD groups [16].

We also found that decreased qAF8 values are associated with eyes at risk of con-
tinuing RPE cell death [34,35]. Bird hypothesised that the reduced ability of RPE cells
to degrade the outer segments may reduce lipid availability to the photoreceptor cells to
produce outer segments and the shortening of outer segments would follow [36]. In turn,
there may be reduced shedding and decreased phagosomal load in the RPE and reduced
lipofuscin formation.

The qAF8 levels did not vary significantly with the drusen volume in eyes with
AMD [37]. Nonetheless, the drusen volume was found to be increased in people with HRF,
iRORA and cRORA, in keeping with the fact that the RPE overlying the drusen tends to thin
and disintegrate, leading to the appearance of HRF and consequent low qAF8 values [38].

Another hypothesis is that reduced qAF8 levels may suggest abnormal visual cycle
as the spatial location of lipofuscin reflects those of the rods [2]. However, there was no
statistical difference in the qAF8 levels between the AMD eyes with and without SDD. As
SDDs are markers of a delayed rod intercept time, our findings do not suggest that rod
dysfunction or changes in the visual cycle influences the qAF8 levels [39].

Although anti-lipofuscin interventions may be useful to reduce the toxicity of lipofus-
cin on the RPE cells, our study implies that very early intervention is required to prevent
RPE dysfunction in people aged less than 70 years. After 70 years, there seems to be
a normal decline in the RPE cell function based on the qAF8 values. Although late onset
Stargardt disease can be confused with GA, there were no eyes with GA and high qAF8 in
this study.

Our study has several strengths. Firstly, our study is the largest study on qAF8 in
AMD to date, and we included a large proportion of eyes with SDD and a wide age-range,
particularly above 70 years. Both the Beckman and multimodal classifications were used to
validate our findings. The participants with early AMD were grouped separately, rather
than together with the healthy cohort, to understand the differences between them and
healthy eyes. The multimodal classification allowed for the deep phenotyping of AMD.
Thus, we could evaluate the changes in qAF8 in eyes with SDD and varying degrees of
RPE loss. Our study is strengthened by a uniform and validated methodology of image
acquisition and analysis and the use of robust statistics with adjustment for age and gender.

However, our study has a few limitations. The intrinsic biologic limitations of qAF8
imaging cannot be ignored [16,40]. We had a large percentage of phakic eyes that were
adjusted for the transmission factor, and this may have influenced the qAF8 levels. Addi-
tionally, we used only the middle qAF8 segments, which is not representative of the entire
macula. Nonetheless, including other segments has its own limitations; therefore, the most
validated measurement of qAF8 was used [41].

In conclusion, we show that there is a decline in qAF8 levels in eyes with AMD
compared with age-matched controls. We have shown various lines of evidence that qAF8
is reduced during early AMD progression. The qAF8 levels seem related more to the
loss of function and integrity of RPE cells rather than being due to abnormalities in the
visual cycle.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11020560/s1, Figure S1. Flowchart showing the
analysed participant cohort; Figure S2. Correlation between Age and qAF8 levels in AMD and
age-matched controls; Table S1. Participant and imaging characteristics in AMD categories based
on the Beckman and OCT classification; Table S2. Age, gender and lens status adjusted associations
between stage of SDD, qAF8 levels and drusen volume on risk factors of RPE cell death in AMD eyes.
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Abstract: Age-related macular degeneration (AMD) is the leading cause of irreversible visual impair-
ment worldwide. The development of AMD is associated with inflammation, oxidative stress, and
progressive proteostasis imbalance, in the regulation of which c-Jun N-terminal kinases (JNK) play a
crucial role. JNK inhibition is discussed as an alternative way for prevention and treatment of AMD
and other neurodegenerative diseases. Here we assess the retinoprotective potential of the recently
synthesized JNK inhibitor 11H-indeno[1,2-b]quinoxalin-11-one oxime sodium salt (IQ-1S) using
senescence-accelerated OXYS rats as a model of AMD. The treatment with IQ-1S (50 mg/kg body
weight intragastric) during the period of active disease development (from 4.5 to 6 months of age)
improved some (but not all) histological abnormalities associated with retinopathy. IQ-1S improved
blood circulation, increased the functional activity of the retinal pigment epithelium, reduced the
VEGF expression in the endothelial cells, and increased the expression of PEDF in the neuroretina.
The result was a decrease in the degeneration of photoreceptors and neurons of the inner layers.
IQ-1S significantly improved the retinal ultrastructure and increased the number of mitochondria,
which were significantly reduced in the neuroretina of OXYS rats compared to Wistar rats. It seems
probable that using IQ-1S can be a good prophylactic strategy to treat AMD.

Keywords: age-related macular degeneration; c-Jun N-Terminal Kinase Inhibitor IQ-1S; OXYS rats

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of irreversible visual
impairment and blindness in industrialized countries, and is defined as a chronic, mul-
tifactorial, and progressive central retinal disease. The prevalence of AMD is increasing
dramatically as the proportion of the elderly in the population continues to rise [1]. AMD is
a multifactorial disease involving a complex interplay of genetic, environmental, metabolic,
and functional factors. Clinically, AMD is classified into dry (atrophic) AMD and wet
(exudative) AMD depending on the presence of choroidal neovascularization. Most AMD
starts as the dry type, and in 10–20% of individuals it progresses to the wet type. Although
the introduction of anti-angiogenesis therapy has helped to prevent blindness and restore
vision in wet AMD, there remains no effective treatment for the patients with dry (~90% of
all cases) AMD [2]. The dry form is characterized by progressive degeneration of the retinal
pigment epithelium (RPE) and photoreceptor cells that is due to age-related changes in
the retina [3,4]. The etiology of AMD remains largely unknown, but it has been suggested
that an equilibrium between proangiogenic vascular endothelial growth factor (VEGF)
and antiangiogenic neurotrophic pigment epithelium-derived factor (PEDF) is important
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for regulation of retinal physiology and for pathophysiology, including late AMD [5–7].
Anti-VEGF treatment has turned out to be a good way to control neovascular wet AMD
more effectively, but there is no effective treatment for the dry form.

It is also obvious that the development of this complex degenerative disease is as-
sociated with inflammation, oxidative stress, and progressive proteostasis imbalance in
the endoplasmic reticulum (ER stress). Representatives of the family of stress-induced,
mitogen-activated protein kinases (MAPs) play an important role in the processes of in-
flammation and the production of cytokines, apoptosis, neurodegeneration, proliferation,
and the differentiation of cells. Among them are c-Jun N-terminal kinases (JNK), which
modulate various cellular processes, including cell proliferation, apoptosis, autophagy, and
inflammation. Three different genes encode three isoforms of the protein: JNK1, JNK2,
and JNK3. JNK1 and JNK2 are expressed ubiquitously throughout the body, while JNK3
expression is seen mainly in the brain, heart, and testicles [8]. There is strong evidence that
alterations in JNK signaling play a crucial role in the pathogenesis of neurodegenerative
diseases, because the sustained activation of JNK leads to synaptic dysfunction and even
neuronal apoptosis. Violations of signaling in JNK-controlled pathways are observed in the
development of various neurodegenerative diseases [9]. As studies on various retinal cell
cultures and animal models indicate, JNK signaling may contribute to the pathogenesis of
AMD [10]. This is indicated by the fact that mice lacking JNK1 exhibit decreased inflamma-
tion, reduced choroidal neovascularization (CNV), lower levels of choroidal VEGF, and
impaired choroidal macrophage recruitment in a murine model of wet AMD [11]. Wherein
hypoxia-induced JNK1 activation promotes retinal VEGF production and pathological
angiogenesis in a murine model of retinopathy of prematurity [12].

It is natural that pharmacological JNK inhibition is discussed as an alternative avenue
for prevention and treatment of AMD as well as other neurodegenerative diseases [13].
To date, a number of non-protein synthetic JNK inhibitors have been described, includ-
ing SP600125, AS601245, IQ-1S, SR-3306, and SU3327, as well as protein and non-protein
molecules that inhibit JNK signaling [7,14–19]. Some of them have demonstrated neuropro-
tective activity in animal models of stroke [20–24]. Among them is the recently synthesized
JNK inhibitor 11H-indeno[1,2-b]quinoxalin-11-one oxime sodium salt (IQ-1S), whose ability
to inhibit JNK has been shown in silico [19,25,26], and neuroprotective properties were
demonstrated in models of cerebral ischemia [20,27,28].

The aim of this study was to evaluate the retinoprotective potential of IQ-1S using
senescence-accelerated OXYS rats, characterized by developing of a retinopathy that by the
clinical, morphological, and ultrastructural signs corresponds to AMD in humans [29–31].
The first clinical manifestations of retinopathy are detected during ophthalmoscopic ex-
aminations in ~20% of OXYS rats at 5–6 weeks of age, and at the age of 3–4 months signs
of retinopathy are recorded in all animals. Pathological changes progress and reach pro-
nounced stages, suggesting loss or significant deterioration in visual acuity, by the age of
14–18 months. Retinopathy that develops in OXYS rats corresponds to the “dry” form of
AMD, and is manifested by the signs for this disease: dystrophic changes and thinning
of the retina, impaired microcirculation in the choroid, changes in neurotrophic supply,
accumulation of lipofuscin and amyloid β, and structural characteristics of AMD [7,14,32].
At the same time, neovascularization develops with age in some (∼10–20%) OXYS rats,
like in humans. To assess the therapeutic potential of IQ-1S, we used OXYS rats aged
4.5 months. As we showed earlier, at this age OXYS rats exhibit the pronounced signs
corresponding to the first stage of the disease (according to the Age-Related Eye Disease
Study grade protocol—http://eyephoto.ophth.wisc.edu (acessed on 28 November 2022)):
appearance of drusen and other pathological changes in the retinal pigmented epithelium
(RPE), and partial atrophy of the choroid capillary layer [33]. Here we examined the effect
of IQ-1S on the AMD-like pathology development based on a structural analysis of the
retina and expression of VEGF and PEDF.
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2. Materials and Methods

2.1. Animals

The OXYS rat strain was developed at the Institute of Cytology and Genetics (ICG),
SB RAS (Novosibirsk, Russia), from a Wistar stock as described earlier [34]. Males of
4-month-old OXYS rats, and age-matched Wistar rats, were obtained from the Breeding
Experimental Animal Laboratory of the ICG SB RAS (Novosibirsk, Russia). The animals
were kept under standard laboratory conditions (22 ± 2 ◦C, 60% relative humidity, and
12 h light/12 h dark cycle) and had ad libitum access to standard rodent feed (PK-120-1,
Laboratorsnab, Ltd., Moscow, Russia) and water. To assess the influence of oral IQ-1S
administration on the progression of the AMD-like pathology, we randomly assigned
4-month-old male OXYS rats to one of two groups (10 rats per group). One group was
given intragastric administration of 50 mg of IQ-1S per kilogram of body weight in 2 mL of
1% starch mucus for 45 days (from age 4.5 to 6 months). The second group of OXYS rats
received only starch mucus. As controls, we also used a group of 10 Wistar rats (parent
strain, healthy rats). All experimental procedures were in compliance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC). The animal study
was approved by the Commission on Bioethics of the Siberian State Medical University
(Protocol No. 4 008/4/06/2022 dated 20 June 2022). Every effort was made to minimize
the number of animals used and their discomfort. The IQ-1S-treated and untreated OXYS
rats and Wistar rats were euthanized by an overdose of isoflurane inhalation anesthesia;
the posterior wall of both eyes were carefully removed.

2.2. IQ-1S

The sodium salt of 11H-indeno[1,2-b]quinoxalin-11-one oxime (IQ-1S) (M314 series)
was synthesized as described previously [19]. The chemical structure of IQ-1S was con-
firmed by the methods of mass spectrometry and nuclear magnetic resonance; sample
purity was 99.9%. To prepare the IQ-1S emulsion, a weighted amount of IQ-1S powder,
corresponding to the proper dose for the animal, was aseptically pounded with a pestle
with 20 μL of Tween 80; 2.0 mL of physiologic sodium chloride solution was then added to
create a suspension.

2.3. Histological Examination

For histological and immunohistochemical assays, the samples were fixed in 10%
neutral formaldehyde in 0.1 mol/L phosphate buffer (pH 7.4) and embedded in paraffin
according to the standard method [35]. Serial frontal sections (4 to 5 μm thick) were
made, stained with H&E, and examined with a photomicroscope (Axiostar Plus, Carl
Zeiss, Germany). Morphometric parameters were measured by quantitative image analysis
performed with Axiovision software, version 4.8 (Zeiss, Thornwood, NY, USA). Evaluation
was performed by examining five sections of the retina for each animal at a magnification
of 10 × 100, using a frame area of 900 μm2. The specific area of the choroidal vessels
(open, with stasis, aggregation of blood cells, or thrombosis), and the specific area of
the RPE layer, were measured, and their ratio to the total area of the choroid or retina,
respectively, was calculated. Separately, the number of ganglionic neurons with central
and total chromatolysis, and nuclear pyknosis per 200 corresponding cells of the layer, was
counted. The percentage of photoreceptors with nuclear pyknosis per 1000 photoreceptors,
the number of layers in 10 fields of view of each retinal slice, and the distribution density
of the photoreceptor nuclei in the eyepiece frame of 900 μm2 were calculated, these were
then recalculated for an area of 1 mm2 of the slice; the percentage of radial glial cells and
neurons in the inner nuclear and ganglionic layers per 200 corresponding retinal cells
was calculated.

2.4. Immunohistochemical Examination (Retinal Immunohistochemistry Staining)

Slides containing intact tissue were placed in a thermostat at 37 ◦C for 30 minutes. The
slide was then simultaneously deparaffinized by placing xylene-xylene-100% ethanol-100%
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ethanol-95% ethanol-90% ethanol-80% ethanol-70% ethanol. After rinsing, the slides were
immersed in 3% H2O2 for 10 min. Then buffer with citric acid was added to the glass slide
and heated to boiling. The sections were blocked with 5% BSA and then incubated at 37 ◦C
for half an hour. The sections were then incubated with primary antibodies to VEGF (Fine
Biotech Co., Ltd., Wuhan, China), PEDF (Abcam, Waltham, MA, USA), and p53 (Novus
Biologicals, Centennial, CA, USA), colored at 4 ◦C overnight. Then, after incubation for
30 min at +25 ◦C with the secondary antibody, the sections were washed in two portions of
the buffer solution. To detect staining, sections were incubated with an aqueous solution of
chromogen (AEC Chromogen/Substrate Kit, Novus Biologicals, USA) for 10 min at +25 ◦C,
after which they were washed with two portions of tap water and counterstained with
Mayer’s hematoxylin. The immunohistochemical reaction was assessed as positive when
reddish-brown staining was detected in the cytoplasm or on the membrane of the studied
cells. Five rats were used and five sections of each rat were counted. The amount of all
immunopositive structures as a percentage of the total number of structures in the retinal
section was calculated.

2.5. Electron Microscopic Examination

Retinal samples of untreated and IQ-1S treated OXYS rats and Wistar rats (n = 5
per group) were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH
7.2) for 1 h, washed with 0.1 M sodium cacodylate buffer, and post-fixed in 1% osmium
tetroxide in the same buffer for 1 h. After that, the samples were washed with water
and incubated in a 1% aqueous solution of uranyl acetate in the dark at RT for 1 h. The
samples were then dehydrated using a graduated series of ethanol and acetone mixtures,
and embedded with a mixture of epon-araldite resins. First, semi-thin sections, 1 μm thick,
were made on an ultratome and stained with toluidine blue, then ultra-thin sections were
made. Ultra-thin sections were stained with uranyl acetate and lead citrate, and then
examined under a transmission electron microscope (JEM 100 SX; Jeol, Tokyo, Japan) at
the Interdepartmental Joint Center for Microscopic Analysis of Biological Objects, Institute
of Cytology and Genetics, Siberian State University, Department of the Russian Academy
of Sciences. On electron micrographs of the associative and ganglionic layers of the retina
(45 photos per group of animals), all organelles located in these areas were stained using the
software Adobe Photoshop. For each photograph, the following parameter was determined:
the specific total area of each type of organelle located in the electron-transparent areas
of neurons.

2.6. Statistics

Statistical analysis was carried out using the Statistica 10 software package (Statsoft,
St Tulsa, OK, USA), implementing the methods of variation statistics. To assess the signif-
icance of differences when comparing mean values, the nonparametric Mann–Whitney
test was used. The data are presented as median and interquartile range 25th and 75th
percentiles (Me (Q25%–Q75%)) or as the mean± standard deviation of the mean (SD).
Differences were considered statistically significant at p < 0.05.

3. Results

3.1. IQ-1S Attenuates Pathological Changes in the Retina of OXYS Rats

Consistent with our previous observations, by the age of 6 months there were alter-
ations in all layers of the untreated OXYS rats’ retinas. Thus, aberrations of RPE cells
flattening, with a variable size and shape of their nuclei, typical to AMD, as well as some
decrease in the thickness of the photoreceptor layer were identified (Table 1). In the RPE
cells, we found pathological changes in the ultrastructure typical for the OXYS rats: disinte-
gration of microvilli, disappearance of basal striation, accumulation of a large number of
phagolysosomes, lipofuscin, and the presence of individual cells with marginal condensa-
tion of chromatin in the nucleus, which is one of the signs of the development of apoptosis
(Figure 1).
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Table 1. Effects of IQ-1S on the morphometric parameters of the Retina of OXYS Rats.

Parameters Wistar OXYS OXYS + IQ-1S

Specific area of Open choriocapillaris, % 32.9 (24.6; 39.0) 12,1 (10.4; 15.0) * 20.0 (15.6; 20.8) *+

Specific area of choriocapillaris with
stasis and thrombosis, % 1.71 (1.26; 1.86) 22.23 (15.59; 20.81) * 10.0 (6.3; 11.0) *+

Specific area of the layer RPE, % 6.57 (6.28; 7.30) 3,12 (2.99; 3.17) * 4.83 (4.53; 5.19) *+

Photoreceptors with nuclear pyknosis, % 0.40 (0.32; 0.40) 23.5 (17.5; 24.3) * 8.3 (7.8; 8.8) *+

Number of rows of photoreceptor nuclei 12.0 (11.3; 13.0) 10.0 (10.3; 11.8) * 10.0 (9.0; 10.8) *

Numerical density of photoreceptors,
nuclei per mm2 39,505 (35,022; 40,943) 24,935 (24,935; 26,485) * 32,958 (26,873; 33,918) *+

p53 immunopositive neurons in the
ganglion layer, % 0 6.00 (3.42; 8.2) * 1.67 (1.00; 2.00) *+

p53 immunopositive neurons in the inner
nuclear layer, % 0 4.47 (4.0; 7.0) 2.00 (1.94; 2.6)

p53 immunopositive neurons in the outer
nuclear layer, % 0 0 0

*—significant differences (p < 0.05) between the strains; +—a significant effect (p < 0.05) of IQ-1S within the strain.
Data are presented as median and interquartile range—25th and 75th percentiles (Me (Q25%–Q75%)). IQ-1S was
given at 50 mg per day from 4.5 to 6 months.

Figure 1. Treatment with IQ-1S improved the structural and functional parameters of RPE in 6-month-
old OXYS rats. Electron micrographs show examples of normal ultrastructural signs of RPE in Wistar
rats (A), untreated (B), and IQ-1S treated (C) OXYS rats. RPE images from untreated OXYS rats (B) show
evidence of RPE cell disorganization-nuclear chromatin condensation (arrow) and microvilli destruction
(black arrows) in OXYS rats. RPE cells from OXYS rats treated with IQ-1S (C) have normal nuclear and
cytoplasmic ultrastructure. The presence of microvilli (MV) on their surface indicates that the cells are
functionally active.

The degree of damage to photoreceptor cells in the untreated OXYS rats was significant.
Photoreceptor cells died mainly due to necrosis, with the development of nuclear pyknosis,
perikaryon edema, cell lysis, and proliferation of scleral processes in Muller cells, as
evidenced by a significant decrease in the density of the photoreceptor cell nuclei and an
increase in the percentage of pyknosis among this population (Figure 2, Table 1).

The degree of damage to neurons in the inner layers of the retinas of the OXYS rats
was lower than in the photoreceptor layer. At the same time, both in the inner nuclear and
ganglionic layers of the retinas of the OXYS rats, the frequency of apoptosis was higher than
in the Wistar rats, as evidenced by an increase in cells with signs of pyknosis. Increased
apoptosis in ganglionic neurons, and in the inner nuclear layer, was confirmed by the
presence of cells positive for the apoptosis-related marker, p53 protein, which were not
identified in the outer nuclear layer (Figure 3, Table 1).

50



Biomedicines 2023, 11, 395

Figure 2. Outer nuclear layer of OXYS rats without correction (A) and on the background of IQ-
1S treatment (B). In OXYS rats, pronounced changes in the nuclear part of the photoreceptors
were observed: nuclear pyknosis (black arrows), perikaryon edema (dashed arrows), and nuclear
lysis (white arrow). On the background of treatment with IQ-1S, the edema phenomena leveled
out, a greater preservation of photoreceptor nuclei was observed. However, pyknosis phenomena
took place.

Figure 3. Immunostaining did not reveal p53-positive cells in the retinas of Wistar rats (A) and
revealed them among neurons in the ganglionic and inner nuclear layers of the retina of OXYS
rats (white arrows) (B). Treatment with IQ-1S significantly decreased the number of p53-positive
cells in the retinas of OXYS rats (C). The electron micrographs show ultrastructural features of the
normal structure of an associative neuron (AN) in Wistar rats (D) and examples of morphological
manifestations of apoptosis in retinal neurons of OXYS rats: (E) nuclear invagination and marginal
chromatin condensation (dashed arrows) in the associative neuron; (F) division of the nucleus of
the ganglionic neuron (GN), marginal condensation of chromatin in the nucleus (dashed arrows).
(A–C): representative images of immunohistochemistry. Additional staining with hematoxylin.
(D–F): electron diffraction pattern.
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These aberrations occur against the background of significant changes in the vessels
of the choroid. Along with vessels with normal blood supply, we observed the appearance
of a certain number of capillaries with signs of partial occlusion. In contrast to the choroids
of Wistar rats, in the choroids of the OXYS rats, blood flow disturbances were revealed: the
aggregation of blood cells, the stasis, and the thrombosis of small vessels. As a result, the
specific area of open functional vessels in the OXYS rats was 2.7 times less, and the number
of vessels with sludge, erythrocyte stasis, and thrombosis was 13 times greater than in the
Wistar rats (p < 0.05). An ultrastructural study confirmed the development of obliteration of
the choroidal vessels, and revealed the destruction of the connective tissue components of
the Bruch’s membrane in the form of an increase in osmiophilia and granular disintegration
of collagen structures (Figure 4).

Figure 4. The electron micrographs show examples of normal ultrastructural features of the chori-
oretinal complex of a Wistar rat (A), untreated (B,C) and an IQ-1S-treated (D) OXYS rat. Stasis, sludge
of the blood vessels of the OXYS rat’s choroid (white arrow), destructive changes in the structure of
the Bruch’s membrane, and capillary endothelium (dashed arrow) are presented. During treatment
with IQ-1S, the structure of the Bruch’s membrane was intact, however, its thinning and increased
osmiophilia were sometimes observed ((D), white dot-dotted arrow).
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Treatment with IQ-1S significantly prevented thrombus formation in retinal vessels,
which improved microcirculation and, consequently, led to the greater preservation of the
RPE cells and photoreceptors. At the age of 6 months, the number of rows in the outer
nuclear layer in the retinas of the OXYS rats (Table 1) was slightly, but significantly, less
than in the Wistar rats. At the same time, the numerical density of photoreceptor nuclei
was 1.5-fold less. The IQ-1S treatment did not affect the thickness of the photoreceptor
layer and increased the density of photoreceptors; however, it remained somewhat lower
than in Wistar rats. Importantly, the treatment with IQ-1S reduced the proportion of
photoreceptors with signs of apoptosis approximately threefold, and also significantly
reduced the proportion of the p53+ neurons in the ganglion layer and at the trend level
in the inner nuclear layer. Additionally, IQ-1S improved the condition of the Bruch’s
membrane. However, electron microscopic examination showed that the majority of
animals which received IQ-1S still had a decrease in the Bruch’s membrane thickness
and increased osmiophilia. Besides, RPE cells in IQ-1S-treated OXYS rats remained more
flattened than in Wistar rats, but the presence of microvilli on their surface indicated that
the cells were functionally active (Table 1, Figure 1).

Next, we assessed the influence of IQ-1S treatment on the ultrastructural state of the
associative and ganglion neurons in the retinas of the OXYS rats. At the age of 6 months,
substantial changes in the structural organization of cellular organelles were observed in
the neurons of untreated OXYS rats in comparison with the Wistar rats (Figure 5, Table 2).

An electron microscopic study (Table 2) revealed a significant decrease in the number
of mitochondria in the retinal neurons: the specific area of mitochondria in the cytoplasm of
associative and ganglion neurons in 6-month-old OXYS rats was less than in the Wistar rats
(p < 0.01 for both). Treatment with IQ-1S significantly increased this parameter (p < 0.03
for both cell types); however, the specific area of mitochondria in the cytoplasm of both
associative and ganglionic neurons in the retinas of the OXYS rats remained significantly
lower than in the Wistar rats (p < 0.03 and p < 0.001, respectively). Both associative and
ganglion neurons of the OXYS rats have a smaller specific area of rough endoplasmic
reticulum cisterns (ER, p < 0.01 for both). At the same time, mitochondria swell, the
cristae are destroyed in them, the cisterns of the endoplasmic reticulum segregate, lose
ribosomes, expand, which leads to the formation of vacuoles and is accompanied by an
increase in the specific area of vacuoles in both associative and ganglionic neurons in
the OXYS rats (p < 0.02 and p < 0.01, respectively). Treatment with IQ-1S increased the
specific area of the rough ER in both types of neurons (p < 0.03), but only in associative
neurons reached the level of the Wistar rats, while in ganglionic neurons it remained half as
much (p < 0.01). Both associative and ganglion neurons in the retinas of the OXYS rats did
not have significant differences in the specific area of the Golgi apparatus and lysosomes
compared to the Wistar rats. Treatment with IQ-1S also did not affect the Golgi apparatus,
however, it led to a decrease in the specific areas of vacuoles in both the associative and
ganglion cells (p < 0.03 for both), but the indicator remained higher in the OXYS rats than
in the Wistar rats.
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Figure 5. IQ-1S treatment improved the ultrastructure of neurons of the inner layers of the retinas in
6-month-old OXYS rats. The electron micrographs show examples of the ultrastructure of neurons
of the inner layers of the retina of Wistar rats (A), untreated OXYS rats (B,C), and IQ-1S-treated
OXYS rats (D). In the cytoplasm of the associative retinal neurons of untreated OXYS rats, there is
an expansion of the perinuclear space (dashed arrows), destruction of most organelles, an increase
in the size of preserved mitochondria, which have external signs of damage to the inner membrane
of the cristae - local formation of electron-dense granules, tubular cristae (black arrow). (B). A focal
destruction of organelles, a vacuolization, and a formation of multivesicular bodies (dot-dotted arrow)
occur in most of the ganglion neurons; an expansion of granular ER cisterns (black arrows), an increase
in the number of lysosomes (white dashed arrows), and a destruction of mitochondria are observed
in the preserved parts of the cytoplasm (black dashed arrows) in the retinas of untreated OXYS rats
(C). Treatment with IQ-1S leads to a greater preservation of organelles, including mitochondria (black
arrows), but some of them increase in size; swelling and destruction of cristae are observed in them
(dashed arrow). The cisterns of the granular ER are fragmented and expand, but do not lose their
connection with the ribosomes (dot-dotted arrow) (D).
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Table 2. Effects of IQ-1S on the specific areas of organelles in the cytoplasm of associative and
ganglion neurons (according to electron micrographs).

Organelles Type of neurons Wistar OXYS OXYS + IQ-1S

Rough ER, %
Associative 20.41 (17.59; 29.72) 8.67 (3.89; 8.86) * 16.22 (12.69; 16.69) +

Ganglion 43.85 (41.17; 59.28) 13.5 (13.09; 15.69) * 21.50 (16.24; 26.09) *+

Mitochondria, %
Associative 16.29 (16.13; 16.66) 3.51 (3.19; 3.79) * 9.23 (7.02; 14.43) *+

Ganglion 16.98 (16.72; 17.49) 3.55 (2.26; 5.21) * 7.41 (6.53; 7.80) *+

Golgi apparatus, %
Associative 1.26 (1.18; 1.39) 0.64 (0.53; 0.83) 1.75 (1.16; 2.06)

Ganglion 1.86 (1.43; 2.93) 1.66 (0.79; 1.77) 1.41 (1.09; 2.92)

Lysosomes, %
Associative 0.49 (0.35; 0.73) 0.31 (0.27; 0.37) 0.39 (0.02; 0.77)

Ganglion 0.58 (0.55; 1.02) 0.56 (0.27; 0.80) 0.64 (0.02; 1.39)

Vacuoles, %
Associative 0.08 (0.06; 0.1) 2.40 (1.73; 2.4) * 1.00 (0.8; 1.09) *+

Ganglion 0.19 (0.04; 0.36) 3.18 (2.37; 3.4) * 1.12 (0.98; 1.16) *+

*—significant differences (p < 0.05) between the strains; +—a significant effect (p < 0.05) of IQ-1S within the strain.
Data are presented as median and interquartile range—25th and 75th percentiles (Me (Q25%–Q75%)). IQ-1S was
given at 50 mg per day from 4.5 to 6 months.

3.2. IQ-1S Improved the Expression of VEGF and PEDF in the Retina of OXYS Rats

At the next stage, we evaluated the effect of IQ-1S on the expression of key regulators
of angiogenesis, the main pro-angiogenic VEGF, and the most potent natural angiogenesis
inhibitor and PEDF (Figure 6). VEGF immunohistochemical staining was weak in choroidal
vessels in all animal groups, but was slightly elevated in the control OXYS rats and was
not detectable in the IQ-1S treated OXYS rats. At the same time, VEGF immunoreactivity
is pronounced in intraretinal vessels, where VEGF-positive cells were twice as many in
the OXYS rats compared to the Wistar rats (p < 0.001). Treatment with IQ-1S significantly
reduced this parameter (p < 0.029), but it still remained higher than in the Wistar rats
(p < 0.028). VEGF immunoreactivity was also strongly detected in ganglion neurons, where
the number of VEGF+ cells was twice as high in the OXYS rats as in the Wistar rats and
was significantly reduced by IQ-1S treatment (p < 0.01 for both), and, as a result, did not
differ from that in Wistar rats. At the same time, immunohistochemical staining did not
reveal VEGF+ cells among associative neurons of all groups of rats.

We did not find PEDF+ cells in both the choroid and intraretinal vessels. PEDF
immunoreactivity was clearly observed in the ganglion and association neuron cells in rat
retinas, with PEDF+ cell density in both types of neurons being significantly lower in the
OXYS rats than in the Wistar rats (p < 0.01). IQ-1S treatment increased the proportion of
PEDF+ cells among both types of neurons (p < 0.01 for both).
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Figure 6. Detection and quantitative analysis of elements immunopositive to VEGF (D–F) and PEDF
(A–C) in the retinas of Wistar rats (A,D), untreated OXYS rats (B,E), and IQ-1S-treated OXYS rats
(C,F). Ganglionic neurons of the ganglionic layer (GL) and associative neurons of the inner nuclear
layer (INL) were immunoreactive to PEDF in the neuroretina (white arrows). Vascular endothelium
(black arrows) and ganglionic neurons (dashed arrows) were VEGF-immunopositive structures.
IQ-1S treatment improved PEDF (C) and VEGF (F) expression in the retina of OXYS rats. Expression
of VEGF in intraretinal vessels (1) and ganglion neurons (2) of Wistar rats, control rats, and OXYS rats
treated with IQ-1S (G). The data are presented as the amount of VEGF- and PEDF-positive cells as a
percentage of the total number of structures studied in the entire area of the retinal section (M ± SD).

4. Discussion

The aim of this study was to evaluate the retinoprotective potential of the JNK signaling
pathway inhibitor IQ-1S using OXYS rats as an AMD model. As we have shown earlier, the
clinical signs of AMD-like pathology against the background of structural and functional
changes in RPE cells, and disorders of choroidal microcirculation, develop in 100% of
the eyes of OXYS rats by the age of ~3–4 months [29,30,36]. Thus, it can be argued that
at the time of the start of the treatment with the drug, the OXYS rats already had the
corresponding clinical and pathomorphological signs of the disease. Here we have shown
that at the age of 6 months, the main morphological signs of AMD-like pathology were
expressed well in the retina of the OXYS rats from the control group. IQ-1S treatment
started at 4 months of age significantly suppressed the progression of AMD-like pathology
in the OXYS rats.

Retinopathy in the OXYS rats, consistent with dry AMD in humans, was character-
ized by progressive RPE degeneration and choroidal involution with secondary loss of
photoreceptors. We have previously shown that destruction of RPE cells is the primary
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change in the development of retinopathy in OXYS rats, and begins as early as 20 days of
age. It is manifested by a decrease in the area of RPE cells, an increase in the proportion
of multinucleated cells, and a violation of their hexagonal shape. The progression of an
AMD-like pathology in OXYS rats is accompanied by the excessive accumulation of beta-
amyloid (Aβ) and lipofuscin in RPE cells, as well as a violation of cell morphology, their
hypertrophy, and reactive gliosis [30,31,37]. In the present study, using light and electron
microscopy, typical pathological changes in the morphology and ultrastructure of the RPE
in 6-month-old OXYS rats were detected in the form of flattening of aberrational cells
and destruction of microvilli. Treatment with IQ-1S significantly improved the structural
and functional parameters of RPE. In treated animals, we observed a high preservation of
cytoplasmic organelles, including the basal labyrinth and microvilli, which is a sign of the
functional activity of the RPE. The specific area of the RPE was significantly higher than in
the group without treatment, but did not reach the Wistar rat values.

There is growing evidence that changes in the choroid and choroidal microcirculation
that occur with age may play a critical role in the pathogenesis of AMD, and localized
choroidal dysfunction and abnormal hemodynamics are an important disease mechanism
for AMD [38,39]. The manifestation of clinical signs of AMD in OXYS rats at the age of
three months occurs against the background of age-related changes in blood flow in the
choroidal vessels [30]. Here we have shown that pronounced signs of partial occlusion
were observed in both choroidal and intraretinal vessels of 6-month-old OXYS rats. The
violation of hemodynamics in the vessels of the choroid was accompanied by changes in the
vascular wall, a fibrosis, and a violation of the structure of the Bruch’s membrane, which
was manifested by increased osmiophilia and granular breakdown of collagen structures.
These data are consistent with the data of Zarbin M.A. [40]: under conditions of retinal
aging, changes occur in the functioning of the Bruch’s membrane proteins, accumulation
of collagen glycosylation products, which leads to disruption of the RPE functioning, its
destruction, and the death of photoreceptors. Treatment with IQ-1S significantly improved
the state of retinal vessels, led to the preservation of the three-layer structure of the Bruch’s
membrane, which contributed to greater preservation of neurons in the retinas of OXYS rats.
At the same time, some thinning of the membrane and an increase in its electron density
were still observed, and blood flow disturbances in the choroid of OXYS rats persisted: the
number of open choriocapillaries was reduced, and the number of choriocapillaries with
signs of occlusion was increased compared to Wistar rats.

It is hypothesized that the JNK pathway may play a key role in the development of
AMD due to its role in stress responses and involvement in apoptosis, inflammation, and
VEGF production. JNK1 is a critical factor in hypoxia-induced retinal VEGF production and
may contribute to hypoxia-induced pathological angiogenesis [12]. We have previously
shown that the first signs of retinopathy in OXYS rats develop upon suppression of both
proangiogenic VEGF and antiangiogenic neurotrophic PEDF proteins [36,41]. In the present
study we revealed signs of higher expression of VEGF in intraretinal and choroidal vessels,
as evidenced by an increase in the proportion of VEGF-positive cells. Nonetheless, we
did not reveal signs of neovascularization in the retinas of 6-month-old untreated OXYS
rats. Treatment with IQ-1S significantly decreased the proportion of the VEGF-positive
endothelial cells, to the level of Wistar rats.

PEDF is multimodal and has neurotrophic, anti-angiogenic, anti-inflammatory, and
antioxidant properties that can protect the cells of the inner retina and retinal ganglion
cell layer from death caused by ischemia and cytotoxic agents [42]. Although there are a
lot of data on the inhibition of VEGF production via the JNK-dependent pathway in the
literature, we did not find data on the effect of JNK1 inhibitors on the expression of PEDF,
as well as convincing data on its regulation via the JNK signaling pathway. At the same
time, IQ-1S treatment not only reduced the number of VEGF-positive endothelial cells in
retinal vessels in OXYS rats, but also increased the percentage of PEDF-positive associative
and ganglion neurons, which was significantly reduced in untreated OXYS rats. Perhaps
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this effect of the drug is achieved by improving blood flow, reducing retinal tissue hypoxia,
which also mediates the neuroprotective activity of IQ-1S.

Destructive changes in the RPE can lead to an increase in the death of photoreceptors,
which according to morphological manifestations corresponds to necrosis, and is observed
in the retina of untreated OXYS rats. At the same time, in the neurons of the inner layers
of the retina of untreated OXYS rats, we observed an increase in perikaryon edema and a
significant destruction of organelles. In addition, immunohistochemically in the neurons
of this region of the retina of the control OXYS rats, we registered the activation of the
p53-dependent apoptosis pathway. There are data in the literature on the role of JNK3 in
p53 phosphorylation [43], which was indirectly confirmed in our study, since treatment
with the JNK3 inhibitor IQ-1S significantly reduced the number of p53-positive associative
and ganglion neurons in the retinas of OXYS rats, thus contributing to their survival.

There is growing evidence that mitochondrial dysfunction plays a critical role in the
pathogenesis of AMD [44]. Mitochondrial dysfunction was considered the most likely
cause of accelerated aging in OXYS rats. It was first identified in the liver [45], then in
the muscles [46], the myocardium [47], and recently in brain structures [48]. Here we
showed for the first time that the development of an AMD-like pathology in OXYS rats
occurs against the background of disturbances in the ultrastructure of mitochondria and a
significant decrease in their number in the neural retina: the specific area of mitochondria
in the cytoplasm of associative and ganglionic neurons in 6-month-old OXYS rats was
significantly less than in Wistar rats. IQ-1S treatment improved mitochondrial ultrastructure
and increased their number.

Along with a decrease in the specific area of mitochondria in OXYS rats at the age of
6 months, a significant decrease in the specific area of granular ER was revealed, while
cisternae preserved in the cytoplasm of neurons underwent pronounced ultrastructural
changes: loss of ribosomes from the membrane surface, and segregation of cisternae with
the formation of small cavities that expanded and served as a site for the formation of
vacuoles. The observed changes are characteristic of a phenomenon called granular EPR
stress [49]. At the same time, ER stress itself can stimulate cell death by modulating JNK
activity [50]. IQ-1S reduced the manifestations of ER stress, which, together with the
limitation of mitochondrial damage, led to a decrease in vacuolization and contributed to
slowing down the destruction of neurons in the inner layers of the retina.

Collectively, our data support that the increase of the JNK-signaling pathway may
play an important role in the pathophysiology of AMD. It seems probable that use of the
JNK3 inhibitor IQ-1S can be a good prophylactic strategy to maintain retinal health and to
treat AMD. However, for this, it is necessary to conduct a detailed study of the mechanisms
of IQ-1S action.
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Abstract: Age-related macular degeneration (AMD) is a degenerative and progressive disease of the
macula, the part of the retina that is responsible for central vision. AMD shares some risk factors
with diabetes mellitus (DM), but little is known about the risk of DM in individuals with AMD. With
the goal of establishing novel perspectives, this study aimed to investigate the association between
AMD and the risk of DM using the Korean Nationwide Health Insurance Database. Individuals aged
≥ 50 years who underwent a national health screening program in 2009 were enrolled. Participants
were categorized by the presence of AMD and visual disability (VD). The Cox hazard regression
model was used to examine hazard ratios (HRs) of DM with adjustment for potential confounders.
Stratified analyses by age, sex, and comorbidities (hypertension or dyslipidemia) were also performed.
During a mean follow-up of 8.61 years, there were 403,367 (11.76%) DM incidences among the final
3,430,532 participants. The crude HR (95% confidence interval (CI)) was 1.16 (1.13–1.20) for AMD.
After adjusting for potential confounders, AMD was associated with a 3% decreased risk of DM (aHR
0.97, 95% CI 0.95–1.00), but no significant association with the risk of DM was found in AMD with
VD (aHR 1.03, 95% CI 0.93–1.14). In summary, we did not find an increased risk of DM in individuals
with AMD. A 3% decreased risk of DM in patients with AMD is not clinically meaningful. Our study
suggests that the association between AMD and the risk of DM is weak, considering the potential
confounders. Further studies examining this association are needed to extend our knowledge.

Keywords: age-related macular degeneration; diabetes mellitus; visual disability

1. Introduction

Age-related macular degeneration (AMD) is a degenerative and progressive disease of
the macula, the part of the retina that is responsible for central vision [1]. Since the number
of people with AMD worldwide is expected to increase to 288 million by 2040 [2], it is
important to identify comorbid conditions and health problems among those affected.

AMD is associated with traditional risk factors for cardiovascular disease, such as
aging, cigarette smoking, obesity, elevated levels of cholesterol, and hypertension [3–9],
each of which also is a risk factor for diabetes mellitus (DM). Previous studies have focused
on the risk of AMD in individuals with DM [10–13], suggesting a link through chronic
inflammation and oxidative stress. However, little is known about the risk of DM in people
with AMD.
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Notably, AMD is the leading cause of blindness in developed countries, particularly
in patients over 60 years of age [2]. Visual disability (VD) is associated with a broad range
of chronic conditions, including cardiometabolic, neuropsychiatric, and musculoskeletal
disorders [14,15]. A nearly twofold risk of type 2 DM among people aged 65 or older with
visual impairment was reported in a US claims database study [14]. In addition, a recent
prospective study highlighted the role of the neighborhood environment in DM risk in
people with visual impairment [16]. Environmental barriers in accessing healthcare service,
proper nutrition, and recreational resources that promote positive lifestyle behaviors may
contribute to the increased risk of type 2 DM in people with visual impairment. These
findings suggest an association between AMD, the leading cause of visual disability, and
the risk of DM. With the goal of establishing novel perspectives, we aimed to investigate
the association between AMD, which is further categorized by VD status, and the risk of
DM incidence using the Korean nationwide claims database.

2. Materials and Methods

2.1. Data Source and Study Setting

The National Health Insurance (NHI) in Korea is a mandatory social health insurance
program and provides universal coverage to 97% of the Korean population. Due to their
low-income status, the remaining 3% are covered by Medicaid, which is funded by the
general Korean tax. The National Health Insurance Service (NHIS) is a public corporation
that administers to both NHI enrollees and Medicaid beneficiaries. For every individual
aged 40 or above, the NHIS provides a biennial national health screening that consists
of a self-questionnaire on health behavior (smoking, drinking, and past medical history),
anthropometric measurements (blood pressure, body mass index), and laboratory test
findings (fasting glucose, serum lipid levels) [17]. Therefore, the NHIS database is an
eligibility database (age, sex, disability type and severity, socioeconomic variables, income
level, and type of eligibility), a medical treatment database (based on medical bills claimed
by medical service providers for medical expenses), and a health screening database (results
of national health screening). The NHIS database has been widely used in epidemiologic
studies in Korea [18].

2.2. Study Population

A total of 4,470,729 participants aged ≥50 years underwent general health screenings
in 2009. To extract a homogeneous group of individuals devoid of DM or any glucose
metabolism disorders, we excluded participants with DM with the following criteria:
(1) history of antidiabetic medication prescription (metformin, sulfonylurea, thiazolidine-
dione, sodium-glucose cotransporter-2 (SGLT-2) inhibitor, dipeptidyl peptidase-4 (DPP-4)
inhibitor, alpha-glucosidase, and/or insulin) before health screening in 2009 (n = 576,759);
(2) history of type 1 DM (n = 37,877) or gestational DM (n = 58); and (3) serum fasting glu-
cose level of 126 mg/dL or above (n = 188,875) at health screening in 2009. We also excluded
patients who were diagnosed with DM (n = 17,392) or died (n = 13,628) within 1 year from
health screening in 2009. Participants with missing data on at least one variable used in the
analysis (n = 205,608) were also excluded. As a result, a total of 3,430,532 participants were
included in the final analyses.

2.3. Definition of Age-Related Macular Degeneration

Individuals with AMD were identified based on the International Classification of
Diseases, 10th Revision (ICD-10), code for AMD (H353) by an ophthalmologist within
1 year before the health screening examination. This operational definition of AMD has
been used in previous epidemiologic studies on AMD [19,20].

2.4. Definition of Visual Disability

According to the National Disability Registration System (NDRS) in Korea, VD refers
to a visual loss or visual field defect. Registration for disability requires submission of
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validated documentation of the results of disability diagnosis by a specialist physician [21].
For instance, a best-corrected visual acuity (BCVA) of 0.02 or less using the Snellen visual
acuity chart is a minimum requirement to register for VD. In Korea, the severity of dis-
ability is graded from 1 (most severe) to 6 (least severe) according to predefined criteria
(Supplementary Table S1), and welfare benefits, including disability pension, are deter-
mined based on that severity score [22]. Therefore, almost all individuals with disability
apply for registration and are included in the National Disability Registration System
in Korea.

2.5. Study Outcomes and Follow-Up

The study endpoint was incidence of DM, followed by the period of time analyzed.
Newly diagnosed DM was defined as a prescription of antidiabetic medication that was
linked to a DM ICD-10 code (E11–E14). The participants were followed from the date of
health screening examination in 2009 to the date of DM incidence or death or until the end
of the study period (31 December 2019), whichever came first.

2.6. Covariates

During the health screening, the participants provided information on lifestyle be-
haviors using standardized questionnaires [17]. Smoking status was categorized as non-,
ex-, and current smoker. Alcohol consumption was categorized as none, mild, and heavy.
Heavy drinking was defined as ≥30 g of alcohol consumption per day. Individuals were
considered to have regular physical activity if they exercised strenuously ≥ 1 time/week
for at least 20 min per session. Household income was dichotomized by the lowest 20 per-
centile according to the health insurance premium determined by income status and not by
health status in the social health insurance system in Korea. Body mass index (BMI) was
calculated as weight in kilograms divided by height in meters squared.

Fasting serum glucose level, serum hemoglobin level, and estimated glomerular fil-
tration rate (eGFR) were also assessed. Hypertension was defined as any of the following:
systolic blood pressure ≥ 140 mmHg, diastolic blood pressure ≥ 90 mmHg, or treat-
ment with an antihypertensive medication that was linked to hypertension ICD-10 codes
(I10–I13 and I15), and resulted in at least one claim in 1 year. Dyslipidemia was defined
as total cholesterol ≥ 240 mg/dL or a history of a lipid-lowering medication that was
associated with an ICD-10 code (E78). Finally, the Charlson Comorbidity Index (CCI) was
calculated based on the diagnosis code [23].

2.7. Statistical Analysis

The comparison of baseline characteristics by the presence of AMD and VD was
conducted using Student’s t-test for continuous variables or the chi-square test for cate-
gorical variables. The incidence rates of DM were calculated as incident cases divided by
100,000 person-years. The Cox hazard regression model was used to examine the hazard
ratios (HRs) of DM. Multivariable analyses were serially adjusted for age and sex (Model
2); household income, area of residence, BMI, smoking, alcohol consumption, and regular
exercise (Model 3); and fasting serum glucose level, serum hemoglobin level, eGFR, hy-
pertension, dyslipidemia, and CCI (Model 4). These variables are based on the method
used in previous studies [10,24–26]. P for trend was calculated among the HRs of control,
AMD without VD, and AMD with VD groups. Finally, to evaluate the potential effects of
modification by age, sex, and comorbidity status, P for interaction was calculated using
stratified analysis.

Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary,
NC, USA). A p-value < 0.05 was considered statistically significant.

2.8. Ethics Statement

This study was approved by the Institutional Review Board of the Samsung Medical
Center (SMC 2022-03-060). Anonymized and de-identified information was used for analy-
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ses; therefore, informed consent was not required. The database is open to all researchers
whose study protocols are approved by the official review committee.

3. Results

3.1. Baseline Characteristics

A total of 3,430,532 participants were enrolled in the final analysis. At baseline,
38,726 (1.13%) participants had AMD, and 2723 (7.03% of AMD) had visual disability
(Table 1). The AMD group was older with larger proportions of women and nonsmokers
and had higher prevalence of hypertension and dyslipidemia compared with the non-AMD
group (all p < 0.001). In addition, the AMD group had lower alcohol consumption, total
cholesterol level, and lower income and resided less frequently in urban areas than the
non-AMD group (all p < 0.001).

Table 1. Baseline characteristics of the study population according to the presence of age-related
macular degeneration.

Age-Related
Macular Degeneration

Age-Related
Macular Degeneration

Absent
(n = 3,391,806)

Present
(n = 38,726)

p-Value
Without VD
(n = 36,003)

With VD
(n = 2723)

p-Value

Mean age, years 60.09 ± 8.19 67.06 ± 8.56 <0.001 67.02 ± 8.57 67.61 ± 8.50 <0.001
Sex, male 1,588,565 (46.8) 15,889 (41.0) <0.001 14,623 (40.6) 1266 (46.5) <0.001
Smoking <0.001 <0.001

Nonsmoker 2,294,086 (67.6) 28,673 (74.0) 26,724 (74.2) 1949 (71.6)
Ex-smoker 519,477 (15.3) 5950 (15.4) 5515 (15.3) 435 (16.0)

Current smoker 578,243 (17.1) 4103 (10.6) 3764 (10.5) 339 (12.5)
Alcohol consumption <0.001 <0.001

None 2,208,593 (65.1) 29,238 (75.5) 27,174 (75.5) 2064 (75.8)
Mild 978,072 (28.8) 8041 (20.8) 7495 (20.8) 546 (20.1)

Heavy 205,141 (6.1) 1447 (3.7) 1334 (3.7) 113 (4.2)
Regular physical activity 709,047 (20.9) 7861 (20.3) 0.004 7295 (20.3) 566 (20.8) 0.012

Anthropometrics
Body mass index, kg/m2 23.94 ± 2.95 23.85 ± 2.99 <0.001 23.85 ± 2.99 23.80 ± 3.01 <0.001

WC, cm 81.57 ± 8.19 82.05 ± 8.23 <0.001 82.02 ± 8.22 82.46 ± 8.29 <0.001
Systolic BP, mmHg 125.82 ± 15.68 127.55 ± 15.68 <0.001 127.58 ± 15.66 127.24 ± 15.88 <0.001
Diastolic BP, mmHg 77.76 ± 10.14 77.54 ± 9.94 <0.001 77.55 ± 9.93 77.48 ± 10.07 0.052

Comorbidity
Hypertension 1,414,845 (41.7) 21,292 (55.0) <0.001 19,851 (55.1) 1441 (52.9) <0.001
Dyslipidemia 857,795 (25.3) 11,906 (30.7) <0.001 11,100 (30.8) 806 (29.6) <0.001

Laboratory findings
Glucose, fasting, mg/dL 94.63 ± 11.55 94.58 ± 11.47 0.463 94.58 ± 11.48 94.68 ± 11.36 0.628
eGFR, mL/min/1.73 m2 83.13 ± 33.27 80.71 ± 35.12 <0.001 80.70 ± 35.16 80.78 ± 34.53 <0.001
Total cholesterol, mg/dL 202.30 ± 37.37 201.40 ± 37.94 <0.001 201.47 ± 37.94 200.39 ± 37.91 <0.001

Triglycerides a, mg/dL 117.49
(117.43–117.56)

116.97
(116.38–117.55) 0.227 116.81

(116.21–117.42)
119.03

(116.80–121.31) 0.049

HDL-C, mg/dL 56.13 ± 31.35 55.95 ± 33.58 0.072 56.09 ± 33.92 54.13 ± 28.62 0.004
LDL-C, mg/dL 120.70 ± 38.57 120.79 ± 38.57 0.665 120.79 ± 38.37 120.75 ± 41.21 0.898

Hemoglobin, mg/dL 13.67 ± 1.45 13.41 ± 1.42 <0.001 13.40 ± 1.42 13.43 ± 1.41 <0.001
Urban residency 1,545,555 (45.6) 15,781 (40.8) <0.001 14,664 (40.7) 1117 (41.0) <0.001

Income of lowest 20% 727,814 (21.5) 6931 (17.9) <0.001 6407 (17.8) 524 (19.2) <0.001
CCI 1.00 ± 1.15 1.47 ± 1.35 <0.001 1.47 ± 1.35 1.49 ± 1.33 <0.001

Data are expressed as the mean ± standard deviation or number (%). VD, visual disability; WC, waist cir-
cumference; BP, blood pressure; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; CCI, Charlson Comorbidity Index. a Geometric mean
(95% confidence interval).

The AMD with VD group was older with larger proportions of men and current
smokers and lower prevalence of hypertension and dyslipidemia compared with the AMD
without VD group (all p < 0.001).
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3.2. Risk of DM by AMD

During the mean 8.61 years of follow-up, there were 403,367 new cases of DM (11.76%).
After considering the covariates, AMD was associated with a 3% decreased risk of DM
incidence (aHR 0.95, 95% CI (0.95–1.00), p = 0.041; Table 2). Further analysis that specified
AMD by VD status showed that AMD without VD was associated with a 3% lower risk for
DM (aHR 0.97, 95% CI (0.94–1.00)), and no significant association with DM was found in
AMD with VD (aHR 1.03, 95% CI (0.93–1.14)).

Table 2. Association between age-related macular degeneration and the risk of diabetes mellitus
according to visual disability status.

Subjects
(N)

Case
(n)

IR Per 1000
Person-Years

Model 1
(Crude)

HR (95% CI)

Model 2
aHR (95% CI)

Model 3
aHR (95% CI)

Model 4
aHR (95% CI)

Non-AMD 3,391,806 398,308 13.6 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)

AMD 38,726 5059 15.8 1.16
(1.13–1.20) 1.00 (0.97–1.03) 1.01 (0.98–1.04) 0.97 (0.95–1.00)

p-Value <0.001 0.939 0.420 0.041
AMD without

VD 36,003 4684 15.7 1.16
(1.12–1.19) 1.00 (0.97–1.03) 1.01 (0.98–1.04) 0.97 (0.94–1.00)

AMD with VD 2723 375 16.9 1.25
(1.13–1.38) 1.06 (0.95–1.17) 1.06 (0.96–1.17) 1.03 (0.93–1.14)

† p for trend <0.001 0.756 0.312 0.087

IR, incidence rate; PY, person-years; HR, hazard ratio; aHR, adjusted hazard ratio; CI, confidence interval. † p for
trend was calculated by the (adjusted) hazard ratios among the control, AMD without VD, and AMD with VD
groups. Model 2 was adjusted for age and sex. Model 3 was adjusted for age, sex, income, area of residence, body
mass index, smoking, alcohol consumption, and regular exercise. Model 4 was adjusted for age, sex, income,
area of residence, body mass index, smoking, alcohol consumption, regular exercise, fasting serum glucose level,
serum hemoglobin level, eGFR, hypertension, dyslipidemia, and CCI.

3.3. Stratified Analyses

No significant interactions were found in stratified analyses according to age, sex, and
comorbidities (hypertension or dyslipidemia) (Figure 1).
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Figure 1. Forest plot of analyses stratified by age, sex, and comorbidity. HRs were adjusted for age,
sex, income, area of residence, BMI, smoking, alcohol consumption, regular exercise, hypertension,
dyslipidemia, CCI, fasting glucose level, serum hemoglobin level, and eGFR. Non-AMD group
was reference (Ref). BMI, body mass index; CCI, Charlson Comorbidity Index; eGFR, estimated
glomerular filtration rate; HR, hazard ratio; CI, confidence interval.

4. Discussion

Here, we investigated the association between AMD and the risk of DM. The inclusion
of more than three million participants from the NHIS database enabled us to adjust for
various confounders. Therefore, we had enough data to detect significant differences, even
with stratified analyses. Our study revealed that AMD was associated with a 3% decreased
risk of DM, which is not clinically important. No significant effect modifiers were found.
Therefore, the association between AMD and the risk of DM is weak.

At baseline, the differences in demographic, socioeconomic, and lifestyle behavior
variables between AMD and non-AMD group were noted. Old age, the strongest risk factor
of AMD [1], and higher prevalence of hypertension, one of the moderate and consistent risk
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factors of AMD [1], were associated with AMD in univariate analysis. Large proportions
of nonsmokers and nondrinkers and less frequent urban residency in the AMD group
may be attributed to older age in the AMD group (67.06 ± 8.56 years) than the non-
AMD group (60.09 ± 8.19 years). For total cholesterol level, although the difference was
significant (p < 0.001) due to the large sample size, it was not clinically important. The
smaller proportion of those in the lower 20% income in the AMD without VD group than
the AMD with VD group can be explained by the limited access to healthcare service.

There are several pathophysiological mechanisms that suggest a possible link between
AMD and DM. Chronic inflammation and oxidative stress may explain the link between
AMD and the risk of DM. Oxidative stress triggers outer blood retinal barrier degeneration
that leads to AMD [27,28], and oxidative stress is a causative factor in the development of
insulin resistance [29,30]. In vitro overstimulation of interleukin 17 receptor C (IL17RC), of
which a high level is detected on the surface of peripheral blood cells from patients with
AMD, was shown to cause PI3K/Akt/GSK3 insensitivity, high GSK3 activity associated
with insulin resistance, and type 2 DM [31]. A transcriptome-wide association study found
that the BCAR1, CFDP1, and TMEM170A genes overlap with significant genome-wide
association study signals of type 2 DM [32], supporting the potential link between AMD
and DM. In addition, the two diseases share common risk factors, such as aging, obesity,
and unhealthy lifestyle [33,34].

To our knowledge, this is the first study to report DM risk in people with AMD. Several
epidemiologic studies have focused on the risk of AMD in DM patients, and the results of
those studies are inconsistent [10–13,26,35,36]: higher risk of neovascular AMD [11] or late
AMD [12] was reported in some studies, whereas no increased risk of AMD [13,35] was
reported in another. Here, our study suggests a slightly lower risk of DM in AMD patients,
contrary to our expectations. The reason for this negative association is not clear; however,
one possible explanation is that about 17% of participants with a previous history of DM
were excluded from our study population. Excluding participants with a DM diagnosis
before baseline decreased the likelihood of individuals with AMD who were 50 years of
age or older developing DM, as participants with a high likelihood of developing DM were
eliminated before analysis. A report from using the Korean NHIS database (2003–2012)
showed that the average age at diagnosis of DM was 64 ± 15 years [37]. According to the
Korean Retina Society, the average age at diagnosis of AMD was 69.7 ± 8.0 years [38].

Since the association between AMD and DM was nullified in our final Model 4 in
which covariates were serially adjusted from Model 1 (crude), other confounders may
explain the association. Therefore, shared risk factors among AMD and DM may explain
the association between AMD and DM rather than a common pathophysiology.

Another possible explanation is that lifestyle modification (smoking cessation, physical
activity, diet, and nutritional support) prescribed in individuals with AMD may have
preventive effects on the development of DM [39]. However, these observations do not
fully explain the null or even negative association, and further studies are needed to
replicate our finding and to investigate pathophysiological mechanisms.

It is also noteworthy that AMD patients with VD have a slightly higher risk of DM
than AMD patients without VD (aHR 1.03, 95% CI (0.93–1.14); aHR 0.97, 95% CI (0.94–1.00),
respectively). The strength of our study includes the use of the NDRS in our analysis.
VD is associated with an increased risk of DM [14,15], regardless of AMD pathogenesis.
Visual impairment is associated with physical inactivity [40–42], which may have adverse
consequences for people with VD. Further functional consequences, including social isola-
tion, daily activity restriction, poor quality of life, and frailty, can also result from visual
impairment [43–50], especially in the elderly population. Limited access to information
and healthcare facilities in people with visual impairment [51] may also contribute to this
association. In addition, visual impairment significantly affects nutritional status, with a
higher prevalence of obesity [52]. Further studies are needed to explain these findings.

Several limitations should be considered in interpreting our results. First, AMD might
be underdiagnosed, especially during the early stages. Most AMD patients in Korea are
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diagnosed early without symptoms that can be identified from the claims database. Since
we used the operational definition based on an ICD-10 code and not retinal photographs,
the association between AMD and DM might be weaker in our findings than the actual
association. Therefore, unmeasured confounders could be possible. Second, our results
cannot be extended to other ethnic groups, considering the ethnic differences in genetic
factors related to AMD [53,54]. Finally, other possible confounders, such as nutrition and
dietary factors [55,56], were not controlled.

In summary, we did not find an increased risk of DM in individuals with AMD. Our
study suggests that the association between AMD and the risk of DM is weak, considering
the potential confounders. Further studies examining this association are needed to extend
our knowledge.
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Abstract: Abstract: BackgroundTo investigate associations and predictive factors between macular
neovascularization (MNV) lesion variants and drusen types in patients with treatment-naïve neovas-
cular age-related macular degeneration (AMD). Methods: Multimodal imaging was retrospectively
reviewed for druse type (soft drusen, subretinal drusenoid deposits (SDDs) or mixed) and MNV
type (MNV 1, MNV 2, MNV 1/2 or MNV 3). The Consensus on Neovascular AMD Nomenclature
(CONAN) classification was used for characterizing MNV at baseline. Results: One eye of each
eligible patient was included (n = 191). Patients with predominant SDDs had an increased adjusted
odds ratio (aOR) for MNV 2 (23.4453, p = 0.0025) and any type of MNV 3 (8.7374, p < 0.0001). Patients
with MNV 1/2 had an aOR for predominant SDDs (0.3284, p = 0.0084). Patients with MNV1 showed
an aOR for SDDs (0.0357, p < 0.0001). Eyes with SDDs only without other drusen types showed an
aOR for MNV 2 (9.2945, p < 0.0001). Conclusions: SDDs represent a common phenotypic characteristic
in AMD eyes with treatment-naïve MNV. The aOR for eyes with predominant SDDs to develop
MNV 2 and MNV 3 was much higher, possibly due to their location in the subretinal space. The
predominant druse type may help to predict which type of MNV will develop during the course of
AMD.

Keywords: subretinal drusenoid deposits; SDDs; reticular pseudodrusen; spectral domain opti-
cal coherence tomography; OCT; MNV; macular neovascularization; CNV; age-related macular
degeneration; AMD

1. Introduction

With the availability of high-resolution retinal imaging, the classification of macular
neovascularization (MNV) and drusen has evolved. Based on anatomical localization
and multimodal imaging, including fluorescein angiography and spectral domain optical
coherence tomography (SD-OCT), a revised classification scheme was proposed by Freund
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et al. [1]. This classification system built upon Grossniklaus’ and Gass’ original observa-
tions from histopathologic slides of neovascular age-related macular degeneration (AMD)
differentiating between vessels confined to the sub-retinal pigment epithelium space, de-
scribed as type 1 MNV, and vessels proliferating above the retinal pigment epithelium in
the subneurosensory, subretinal space, described as type 2 MNV [2]. Gass had recognized
that a distinction between type 1 and type 2 MNV based on biomicroscopic and fluorescein
angiographic findings “is not always easy and in some cases impossible” [3]. Incorporating
findings from fluorescein angiography and OCT for grading neovascular AMD, higher
incidences of intraretinal neovascularization, described as type 3 MNV, and mixed types 1
and 2 were found compared with those reported in prior studies using fluorescein alone [4].
A new nomenclature was proposed by the Consensus on Neovascular Age-Related Macular
Degeneration Nomenclature (CONAN) Study Group in 2020 [5].

Optical coherence tomography has improved our understanding of not only MNV
types, but has also expanded and refined distinctions between drusen types. The clinical
appearance of reticular pseudodrusen, first described in 1990 [6], could be linked to ag-
gregations containing typical drusen-associated material located in the subretinal space,
which were termed subretinal drusenoid deposits [7]. Subretinal drusenoid deposits have
a high prevalence in AMD, which has been underestimated prior to the SD-OCT era [7].
Subretinal drusenoid deposits have been recognized as an additional feature of early and
both forms of late AMD, called geographic atrophy/complete retinal pigment epithelium
and outer retinal (cRORA) and neovascular AMD [8–10]. Late AMD is associated with
vision loss [11]. The latest report of the Age-Related Eye Diseases Study 2 concluded that
subretinal drusenoid deposits significantly contribute to the development of late AMD
stages, especially in patients who already present subretinal drusenoid deposits at an early,
low-disease-severity stage [11]. Subretinal drusenoid deposits mainly seemed to contribute
to the development of geographic atrophy [11]. However, soft drusen and subretinal
drusenoid deposits were also found to be risk factors for MNV [12]. There are published
data suggesting that patients with subretinal drusenoid deposits are more likely to develop
macular type 3 MNV [13,14].

The purpose of this study was to assess the predictive odds ratios between drusen
type and MNV lesion variants in patients with treatment-naïve neovascular AMD [5].

2. Materials and Methods

2.1. Ethics

Ethics Committee approval was obtained from the Local Ethics Committee of the
Canton of Zurich (approval number: PB_2016-00264). This study adheres to the tenets of
the 1964 Declaration of Helsinki and its later amendments.

2.2. Study Design

This is a single-center, retrospective, observational study conducted at the Department
of Ophthalmology of the University Hospital of Zurich (USZ), Switzerland.

2.3. Data Collection

All fluoresceine angiographies (FA) performed between 2011 and 2013 at the University
Hospital of Zurich were screened for the presence of treatment-naïve macular neovascular-
ization (MNV). Inclusion criteria for this study were the presence of treatment-naïve MNV
secondary to AMD as evidenced by multimodal imaging, including FA, spectral-domain
optical coherence tomography (SD-OCT), fundus autofluorescence (FAF) imaging and by
clinical examination in patients aged ≥50 years. All neovascular lesion types, including
polypoidal choroidal vasculopathy (PCV), were evaluated. Eyes with PCV were included
only when structural signs of AMD were also present. Eyes with central serous chori-
oretinopathy (CSC) with or without PCV were excluded. In patients with no available
baseline images of the study eye prior to the development of MNV, druse type was evalu-
ated in the fellow eye provided there was no evidence of MNV. Only one eye per participant
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was selected and included in the study. If both eyes of the same patient were eligible, one
eye was chosen randomly.

Exclusion criteria included patients with bilateral MNV at baseline, eyes with predom-
inantly fibrotic lesions and those with such poor image quality that reliable classification of
MNV and drusen was not possible.

Patients with bilateral MNV at baseline were excluded from the study as there would
not be any pre-conversion images or a non-neovascular fellow eye to allow the grading of
drusen type.

Neovascularizations that were confined to the space under the retinal pigment ep-
ithelium (RPE) were defined as MNV 1. PCV was considered an aneurysmal variant of
MNV 1 and therefore subsumed under MNV 1. Neovascularizations proliferating above
the RPE, in the subneurosensory, subretinal space, were defined as MNV 2. Cases with
mixed type 1 and 2 lesions were recorded as a separate subgroup termed MNV 1/2. Cases
with multiple lesion types including any type 3 lesion (MNV 1/3 and MNV 2/3) were
summarized under MNV 3.

Descriptive statistics regarding the participant demographics are listed in Table 1.

Table 1. Demographic data.

Total patients screened (nscreen) 1990 (3980 eyes)

Patients identified as suitable (npatient) 268 (536 eyes)

Patients removed due to fibrovascular scarring or poor
image quality (ndropped) 77 (154 eyes) (29%)

Patients included (npatient) 191 (382 eyes) (71%)

Eyes included (1 per patient) (n) 191 eyes

Localization OD/OS 97 (51%)/94 (49%)

Gender female/male 117 (61%)/74 (39%)

Age mean (years) ± SD 77.9 ± 7.8

BCVA mean ± SD 56.6 ± 21.2 ETDRS letters

Glaucoma 22 (12%)

Arterial hypertension 92 (48%)

Diabetes mellitus 17 (9%)
Legend: OD, oculus dexter; OS, oculus sinister; SD, standard deviation of the arithmetic mean; BCVA, best-
corrected visual acuity, ETDRS, Early Treatment Diabetic Retinopathy Study.

FA images were obtained with either a fundus camera system (Carl Zeiss AG, Oberkochen,
Germany) or the Heidelberg Viewing Module (version 6.0.9.0) included in our Spectralis
SD-OCT device (version 1.9.10.0; Heidelberg Engineering GmbH, Heidelberg, Germany).
Indocyanine green angiography (ICGA) and FAF images were obtained from all patients
using the confocal scanning laser ophthalmoscope (CSLO) (Heidelberg Retina Angiograph,
HRA2, Heidelberg Engineering, Heidelberg, Germany).

2.4. Image Grading and Analysis

Neovascular lesions were subtyped according to CONAN criteria [1,5]. See Figures 1 and 2
for examples [1,4].
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Figure 1. Multimodal imaging example of a type 2 macular neovascularization.

Figure 2. Multimodal imaging example of a type 3 macular neovascularization.

Drusen types were categorized into soft drusen and SDDs. SDDs were considered
present when there was OCT evidence of ≥5 definite SDDs above the RPE in >1 B-scan,
with consistent changes in either the near-infrared imaging or the blue light channel, as
previously described [7]. Soft drusen were determined from color fundus photographs
and confirmed by SD-OCT. If both types of drusen were present, the predominance of
either soft drusen or SDDs was determined by two experienced graders; in the case of
discordance among the readers, a senior retina specialist was consulted (SAZ) (see Table 2).

Table 2. Descriptive statistics of drusen types and MNV types.

Total MNV 1 MNV 2 MNV 3 MNV Mixed 1/2

Eyes included (n) 191 (100%) 80 (42%) 23 (12%) 49 (26%) 39 (20%)

Soft drusen only 38 (20%) 34 (43%) 0 (0%) 1 (2%) 3 (8%)
Predominant soft drusen 43 (23%) 32 (40%) 1 (4%) 4 (8%) 6 (15%)

SDD only 39 (20%) 3 (4%) 14 (61%) 13 (27%) 9 (23%)
Predominant SDD 71 (37%) 11 (14%) 8 (35%) 31 (63%) 21 (54%)

Legend: n, number of included eyes; SDD, subretinal drusenoid deposit; MNV, macular neovascularization.
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The druse type that occupied the greater number of subfields in the Early Treatment
Diabetic Retinopathy Study (ETDRS) macular grid was determined as the predominant
druse type.

2.5. Statistical Analysis

Data were organized in Microsoft Excel (Microsoft Corp., Redmond, WA, USA) and
statistically analyzed using SPSS software version 23 (SPSS Inc., Chicago, IL, USA) and
R.app v4.1.0 GUI 1.76 for MacOS (The R Foundation for Statistical Computing c/o Institute
for Statistics and Mathematics, 1020 Vienna, Austria). Descriptive statistics, such as the
mean and standard deviation (SD), were computed. The number of neovascular AMD
lesions as identified by the anatomic classification system was recorded.

Adjusted odds ratios (aORs), as a predictor between druse type and MNV type, were
calculated in R using binary logistic regression. As the characteristic structural changes in
AMD are age-related, age will not be normally distributed in our dataset. The statistical
feature “age” will additionally contribute to the odds ratios (ORs). As we wanted to
evaluate the effect of drusen on MNV development alone, we adjusted the ORs for age.
The statistical significance level (α) was defined as 0.05. Statistical analysis results with a
p-value less than 0.05 were interpreted as statistically significant.

3. Results

A total of 3980 eyes with treatment-naïve neovascular AMD were screened. Among
these, 536 eyes met the eligibility criteria. Of those, 154 eyes were excluded due to advanced
fibrovascular scarring and/or poor image quality precluding a reliable classification of
MNV and drusen type. Eventually, 382 eyes of 191 patients were eligible. Only 1 eye per
patient was included, resulting in 191 study eyes (n = 191) (Table 1). If both eyes were
eligible, one eye was chosen randomly. Patients with the predominant druse type of SDD
had higher aORs for MNV 2 and MNV 3 (Table 3). Patients with MNV 1 were less likely to
have predominant SDDs (Table 3). No clear predictor for any druse type was found for
mixed MNV 1/2 lesions. Patients with soft drusen showed the highest overall aOR with
MNV 1 lesion (Table 3).

History of diabetes, arterial hypertension and glaucoma did not show statistically
significant correlations (Phi/Cramer-v) with neither MNV type nor druse type (Table 4).
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Table 3. Predictors (aOR adjusted for age) between druse and MNV type.

aOR 95% CI p

MNV 1

Soft drusen only 19.0008 7.0019; 66.9073 <0.0001
Predominant soft drusen 27.9873 13.0180; 64.5909 <0.0001

SDD only 0.0806 0.01867; 0.2395 <0.0001
Predominant SDD 0.0357 0.0155; 0.0768 <0.0001

MNV 2

Soft drusen only n.s. n.s. 0.8700
Predominant soft drusen 0.0427 0.0023; 0.2165 0.0025

SDD only 9.2945 3.6536; 24.9841 <0.0001
Predominant SDD 23.4453 4.6190; 429.4434 0.0025

MNV 3

Soft drusen only 0.0661 0.0037; 0.3243 0.00853
Predominant soft drusen 0.1145 0.0376; 0.2849 <0.0001

SDD only n.s. n.s. 0.3198
Predominant SDD 8.7374 0.5105; 26.5916 <0.0001

MNV 1/2 mixed

Soft drusen only 0.2816 0.0650; 0.8484 0.0455
Predominant soft drusen 0.3284 0.1364; 0.7268 0.0084

SDD only n.s. n.s. 0.6690
Predominant SDD 0.3284 0.1364; 0.7268 0.0084

Legend: 95% CI, 95% confidence interval; aOR, adjusted odds ratio; MNV, macular neovascularization; NA, not
applicable; n.s., not statistically significant; p, probability of binary logistic regression (defined significant when
p < 0.05; SDD, subretinal drusenoid deposit.

Table 4. Correlations (Phi/Cramer-V) between MNV type and druse type with systemic factors.

Coeff. 95% CI p

MNV type vs. Glaucoma 0.0757 0.0000; 0.0966 0.9063
MNV type vs. Hypertension 0.1153 0.0000; 0.1677 0.5471

MNV type vs. Diabetes 0.0726 0.0000; 0.0887 0.9221
Druse type vs. Glaucoma 0.0788 0.0000; 0.1048 0.8828

Druse type vs. Hypertension 0.1091 0.0000; 0.1321 0.6556
Druse type vs. Diabetes 0.1269 0.0000; 0.1591 0.4171

Legend: 95% CI, 95% confidence interval; Coeff., correlation coefficient of Phi/Cramer-V correlation for catego-
rial/nominal data; MNV, macular neovascularization; n.s., not statistically significant; p, Pearson’s Chi-squared
p-value (defined as significant when p < 0.05); SDD, subretinal drusenoid deposit.

4. Discussion

The subretinal space is an unusual location for the extracellular deposition of material,
and not only changes in the sub-RPE location, but also changes anterior to the RPE cells,
may play an important role in AMD pathogenesis. The presence of SDDs seems to be
associated with thin choroidal thickness [15,16]. Eyes with sub-RPE predominant soft
drusen show the highest overall odds ratio for developing neovascular AMD [17]. We
observed the same trend in our data (Table 3). However, subretinal SDDs clearly seem to
be associated with late AMD, including complete outer retinal atrophy (cRORA) as well
as MNV in AMD [11,18–20]. There seemed to be debate as to whether SDDs could be
linked to an AMD MNV subtype [21]. Cohen et al. were the first to observe a correlation
between SDD and the MNV 3 subtype [13]. Marsiglia et al. demonstrated that patients
with MNV 1 were less likely to have SDDs and that patients with MNV 3 were more
likely to have SDDs in their non-neovascular fellow eye [14]. They did not observe an
association between SDDs and MNV 2, which might be due to the low number of only
10 eyes with MNV 2 in their series [14]. Applying the CONAN Study Group criteria
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for MNV classification to this dataset, we could demonstrate that, in AMD patients with
treatment-naïve MNV, SDDs were more likely to be a risk factor for MNV 2 and MNV 3 as
compared with soft drusen (Table 3). MNV 2 occurs in the subretinal space above the RPE.
MNV 3 originates intraretinally (supra-RPE) and penetrates the RPE only in later stages.
Therefore, SDDs seem to be a plausible risk factor for the development of both the MNV 2
and MNV 3 subtypes. This association is supported by findings from Spaide et al., Rabiolo
et al. and Lee et al., who demonstrated that SDDs would preferably progress to MNV 2
and MNV 3 [16,19,20,22]. We could confirm this finding with MNV 2 and with MNV 3 for
predominant SDDs. Interestingly, we did not find a statistically significant odds ratio for
SDDs only with any type of MNV 3. This might be due to our classification of the presence
of any MNV 3 under one group. Hence, the MNV 3 group in our series also included mixed
lesions, such as MNV 1/3 and MNV 2/3, making it difficult to find a statistical predictor.

Ahmed et al. frequently discovered MNV 2 without the presence of extracellular
deposits [23]. This highlights that SDDs may be difficult to reliably detect. Rabiolo et al.
also recommended using multimodal imaging with at least two different modalities to
reliably detect SDDs [22].

The limitations of this study include its retrospective nature and the fact that graders
were not masked to the original diagnosis of neovascular AMD. The non-neovascular
fellow eye was used to identify the type of drusen in patients with no available baseline
images of the study eye prior to the development of MNV; however, this is supported by
prior studies showing intraindividual symmetry in eyes with AMD [24–27].

5. Conclusions

The anatomical classification of MNV, which incorporates FA and SD-OCT findings,
seems to provide more accurate information about associations between the type of drusen
and type of MNV. Predicting the type of MNV for patients with intermediate AMD might
inform more personalized patient care with respect to monitoring and future treatment.
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Abstract: Purpose: This study seeks to report the clinical and multimodal imaging findings of eight
eyes of seven patients with neovascular age-related macular degeneration (nAMD) who developed
bacillary layer detachment (BALAD). Setting/Venue: The patients were analysed at the Western Eye
Hospital in London, UK. Methods: The approaches of this research include clinical examinations
and multimodal imaging-based description of cases of nAMD with BALAD. Results: We report
multimodal imaging findings of bacillary layer detachment (BALAD) in patients with nAMD. Con-
clusions: A bacillary layer detachment was detected in patients with neovascular age-related macular
degeneration. This multimodal imaging finding is not commonly described in the literature for this
disease.

Keywords: bacillary layer detachment; age-related macular degeneration; neovascular AMD;
anti-VEGF; retinal haemorrhage; myoid; macula; retina; intravitreal injections

1. Introduction

Bacillary layer detachment (BALAD) is a definition introduced for the first time in 2018
by Mehta et al. to describe an optical coherence tomography (OCT) finding in a patient with
Toxoplasmosis chorioretinitis and pachychoroid disease [1]. It is characterized by a splitting
of the photoreceptor layer at the myoid level, resulting in a space posterior to the external
limiting membrane (ELM). Several authors have reported BALAD in various ophthalmic
conditions as well as ocular trauma, multifocal placoid pigment epitheliopathy, pachy-
choroid syndrome, tubercular choroidal granuloma, acute idiopathic maculopathy, type 2
macular telangiectasia, Vogt–Koyanagi–Harada disease, choroidal metastasis, osteoma, and
age-related macular degeneration (AMD) [1–20]. The exact BALAD physiopathology is
unknown. However, inflammation, vascular changes, and choroidal thickening have been
hypothesized as possible underlying mechanisms [2,5,7,11]. This study reports multimodal
imaging findings of BALAD in patients with neovascular age-related macular degeneration
(nAMD).

2. Methods

This study was conducted at Western Eye Hospital in London. Written informed
consent was provided by all patients before participating in the study.

All the patients received a complete ophthalmic examination, including best corrected
visual acuity (BCVA) with refraction using an Early Treatment Diabetic Retinopathy Study
(ETDRS) chart, intraocular pressure (IOP) measurement measured via an iCARE tonometer,
slit lamp evaluation, clinical examination of the posterior pole with a 66D or 90D indirect
fundus-viewing lens, optical coherence tomography (OCT) and optical coherence tomogra-
phy angiography (OCTA) of the macula region using the Spectralis HRA+OCT platform
(Heidelberg Engineering, Heidelberg, Germany), and fundus autofluorescence (FAF) using
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Optos Ultra-widefield (Nikon Co., Ltd., Tokyo, Japan) or Spectralis HRA+OCT platform
(Heidelberg Engineering, Heidelberg, Germany), at baseline. The medical history, ocular
history, and a list of concomitant medications were collected before starting treatment.

The data used were obtained through Medisoft EMR software (Medisoft Limited,
Leeds, UK).

At each follow-up visit, all patients had their BCVA and IOP measured, slit lamp
evaluation, fundus oculi examination with a 66D or 90D indirect fundus-viewing lens, and
OCT scan of the macular region.

3. Findings

3.1. Case 1

An 85-year-old male patient presented to our facility in April 2022, complaining of a
left eye vision drop. The patient was on Timolol eye drops for glaucoma.

The BCVA was 0.1 and 1.0 LogMAR in the right and left eye, respectively. The anterior
segment examination was unremarkable in both eyes.

Fundus examination showed macular drusen in the right eye and a macular yellowish
elevated lesion with retinal haemorrhage in the left eye (Figure 1A). Autofluorescence
imaging (FAF) showed a hypoautofluorescent macular lesion in the left eye (Figure 1B). An
OCT scan was performed, showing a dry macula with drusen in the right eye and a type 2
macular neovascularization (MNV) with subretinal fluid and splitting at the ellipsoid zone
(EZ) creating a hypo-reflective cavity in the left eye; a hyper-reflective band, continuous
with the EZ layer, was observed on the floor of the BALAD (Figure 1C).

The optical coherence tomography angiography (OCTA) scan confirmed the presence
of MNV in the left eye (Figure 2). Based on clinical findings and multimodal imaging, the
patient was diagnosed with left nAMD. Anti-vascular endothelial growth factor (VEGF)
intravitreal injections were commenced, according to a treat and extend (T&E) regimen.
To date, the patient received four intravitreal injections. Since the first injection, the OCT
scan showed a complete resolution of the BALAD (Figure 1D). However, a retinal pigment
epithelium (RPE) tear was noted (Figure 1E). The BCVA did not improve (1.5 logMAR on
the last examination).
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Figure 1. Case 1. Multimodal imaging features of bacillary layer detachment (BALAD) in a patient
with left eye neovascular age-related macular degeneration. (A) Optos Ultra-widefield colour shows
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a macular yellowish elevated lesion with subretinal haemorrhage. (B) Optos Ultra-widefield autoflu-
orescence imaging shows a hypoautofluorescent macular lesion. (C). Heidelberg Spectralis optical
coherence tomography shows a type 2 macular neovascularization with splitting at the ellipsoid zone
creating an hypo-reflective cavity and a hyper-reflective band on the floor of the BALAD. (D) Optical
coherence tomography shows a complete resolution of BALAD after four anti-vascular endothelial
growth factor intravitreal injections. (E) Heidelberg Spectralis optical coherence tomography shows a
retinal pigment epithelial tear.

 

Figure 2. Case 1. Heidelberg Spectralis optical coherence tomography angiography shows a subretinal
neovascular membrane in the left eye.

3.2. Case 2

A 79-year-old male patient with a pigmented lesion along the vascular inferotemporal
arcade presented to our care in August 2017 for the first time.

The anterior segment was within normal limits in both eyes.
The OCT scan showed a macular choroidal lesion with subretinal fluid in the right

eye and macular drusen in the left eye. A right eye ultrasound scan was also performed,
showing a macular choroidal nevus. His BCVA was 0.7 and 0.00 LogMAR in the right and
left eye, respectively.

The right eye lesion was monitored for more than a year until the patient experienced
a sudden right eye vision drop. His right eye BCVA was counting fingers (CF).

Fundus examination showed a right macular yellowish elevated lesion with retinal
haemorrhages on the superior border of the naevus (Figure 3A). FAF showed a hypoaut-
ofluorescent macular lesion (Figure 3B).

An OCT scan was performed showing a type 1 MNV with a haemorrhagic BALAD on
the superior border of the nevus. The BALAD cavitation showed hyper-reflective material.
Hyper-reflective granular foci at the ceiling of the BALAD were reported. The ELM was
visible anterior to the BALAD (Figure 3C).

The OCTA scan confirmed the presence of the right MNV.
Neovascular AMD was diagnosed. The patient started anti-VEGF intravitreal injec-

tions according to a T&E protocol. After four injections, the BALAD showed a partial
response to the treatment (Figure 3D). The BCVA improved to 0.8 logMAR.
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However, the patient decided to stop the treatment for personal reasons.
In the following 8 months, follow-up visits were performed. A progressive increase in

intraretinal fluid, subretinal hyper-reflective material, and subretinal fluid were observed
(Figure 3E).

The BCVA remained stable.

 

Figure 3. Case 2. Multimodal imaging features of bacillary layer detachment (BALAD) in a patient
with right eye neovascular age-related macular degeneration on a choroidal naevus. (A) Optos Ultra-
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widefield colour shows a macular yellowish elevated lesion with intraretinal haemorrhages on the
superior border of a pigmented lesion. (B) Optos Ultra-widefield autofluorescence imaging shows a
hypoautofluorescent macular lesion. (C) Heidelberg Spectralis optical coherence tomography shows
a type 1 macular neovascularization with BALAD. The BALAD cavitation showed hyper-reflective
material. The external limiting membrane is visible anterior to the BALAD. (D) Heidelberg Spectralis
optical coherence tomography shows an improvement in BALAD after 4 intravitreal injections.
(E) Heidelberg Spectralis optical coherence tomography shows increased intraretinal fluid, subretinal
hyper-reflective material, and subretinal fluid eight months after discontinuing the treatment.

3.3. Case 3

A 62-year-old male patient presented to our care in December 2020 with a drop
of vision in the left eye. His BCVA was 0.00 and 0.3 logMAR in the right and left eye,
respectively.

The anterior segment examination was unremarkable in both eyes. An ophthalmologi-
cal assessment showed features of right eye dry AMD and left eye nAMD with BALAD.

Fundus examination showed right macular drusen and a left macular subretinal fluid
with a round yellow border (Figure 4A). FAF was also performed, showing hypoautofluo-
rescence (Figure 4C).

The OCT scan showed a right dry macula with drusen and a left macular type 1 MNV
with a fibrovascular pigment epithelial detachment (PED), subretinal fluid, and a split
at the myoid zone creating an intraretinal space with multiple hyper-reflective foci and
a septa-like arrangement. A hyper-reflective granular band at the anterior border of the
BALAD was reported. The posterior border showed a hyper-reflective thickened band. The
ELM was intact, recognizable, and anterior to the BALAD (Figure 4D,E).

The presence of the left MNV was confirmed by an OCTA scan.
An anti-VEGF intravitreal injection T&E regimen was commenced. However, the

patient was non-compliant.
In March 2022, the patient decided to stop the treatment.
During the T&E treatment, the left eye developed subretinal fibrosis (Figure 4B) and

no signs of visual acuity improvement were noticed in the following visits.
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Figure 4. Case 3. Multimodal imaging features of bacillary layer detachment (BALAD) in a patient
with left eye neovascular age-related macular degeneration. (A) Optos Ultra-widefield colour shows
a macular subretinal fluid with a round yellow border. (B) Spectralis MultiColor shows a yellowish
lesion with subretinal fibrosis. (C) Optos Ultra-widefield autofluorescence imaging shows a macular
hypoautofluorescence lesion. (D,E) Heidelberg Spectralis optical coherence tomography shows a type
1 MNV with fibrovascular pigment epithelial detachment, subretinal fluid, and a split at the myoid
zone creating an intraretinal space with multiple hyper-reflective foci and a septa-like arrangement
and a hyper-reflective granular band at the anterior border of BALAD. The posterior border showed
a hyper-reflective thickened band. The external limiting membrane is recognizable anterior to the
BALAD.
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3.4. Case 4

An 82-year-old male patient presented to our care in June 2019 with a drop of vision
in the right eye. His BCVA was 0.7 and 0.3 logMAR in the right and left eye, respectively.

The anterior segment examination was unremarkable in both eyes. An ophthalmo-
logical assessment showed features of right nAMD with BALAD and left vitreomacular
traction.

Fundus examination showed a right macular yellowish slightly elevated lesion with
subretinal haemorrhage (Figure 5A). FAF revealed a hypoautofluorescent macular lesion
(Figure 5B).

The OCT scan showed a type 1 MNV with subretinal and intraretinal fluid and BALAD
in the right eye. The BALAD cavity presented hyper-reflective granular foci (Figure 5C).

The left eye OCT scan showed vitreomacular traction.
The OCTA scan confirmed the presence of the right MNV.
An anti-VEGF intravitreal injection T&E regimen was commenced.
In October 2021, the patient could not continue the treatment due to hospitalization

related to other health issues.
In April 2022, he presented to our care complaining of deterioration of vision in his

right eye.
The BCVA was CF, and the anterior segment examination was unremarkable. The

OCT scan showed worsening of the BALAD and nAMD features. Thus, the anti-VEGF
intravitreal injections treatment was recommenced.

To date, the OCT scan showed an improvement in the subretinal and intraretinal fluid
and a partial resolution of the BALAD. Hyper-reflective foci were present in the BALAD
cavitation (Figure 5D).

However, no visual gain was observed.
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Figure 5. Case 4. Multimodal imaging features of bacillary layer detachment (BALAD) in a right
eye neovascular age-related macular degeneration patient. (A) Optos Ultra-widefield colour shows
a macular yellowish slightly elevated lesion with retinal haemorrhage. (B) Optos Ultra-widefield
autofluorescence imaging shows a hypoautofluorescent macular lesion. (C) Heidelberg Spectralis
optical coherence tomography shows a type 1 MNV with subretinal and intraretinal fluid and BALAD.
(D) Heidelberg Spectralis optical coherence tomography shows a partial resolution of BALAD after
anti-vascular endothelial growth factor intravitreal injections. Hyper-reflective foci are present in the
BALAD cavitation.
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3.5. Case 5

A 78-year-old female patient was referred to our department with nAMD in both eyes.
She had a long history of different types of anti-VEGF intravitreal injections since 2012.

She showed features of BALAD in both eyes since the initial diagnosis was made. Her
initial BCVA was 0.4 logMAR in both eyes.

The anterior segment examination was unremarkable in both eyes.
Fundus examination showed a macular yellowish elevated lesion in both eyes (Figure 6A,B).

FAF revealed a hypoautofluorescent macular lesion (Figure 6C,D).
The OCT showed a type 1 MNV with a fibrovascular PED, subretinal fluid, and

BALAD in both eyes (Figure 6E,F).

 

Figure 6. Cont.
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Figure 6. Case 5. Multimodal imaging features of bacillary layer detachment (BALAD) in neovascular
age-related macular degeneration patients in both eyes. (A,B) Optos Ultra-widefield colour shows a
macular yellowish slightly elevated macular lesion. (C,D): Optos Ultra-widefield autofluorescence
imaging shows a hypoautofluorescent macular lesion. (E) Heidelberg Spectralis optical coherence
tomography shows a type 1 MNV with subretinal and intraretinal fluid and BALAD in the right eye.
(F) Heidelberg Spectralis optical coherence tomography shows a type 1 MNV with subretinal fluid
and BALAD in the left eye.

The OCTA scan confirmed the presence of MNV (Figure 7A,B).
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Figure 7. Case 5. Heidelberg Spectralis optical coherence tomography angiography shows a subretinal
neovascular membrane in right (A) and left eyes (B).

Over the years, these features have shown improvement phases alternating to worsen-
ing ones.
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The patient is still on treatment with anti-VEGF intravitreal injections (T&E regimen)
for both eyes.

The BCVA has been stable throughout the treatment period. When last examined, it
was 0.63 logMAR in the right eye and 0.32 logMAR in the left eye.

3.6. Case 6

A 79-year-old male patient presented to our facility in February 2019 complaining of
vision distortion in the left eye. His BCVA was 0.2 logMAR in both eyes.

The anterior segment examination was unremarkable. An ophthalmological assess-
ment showed features of right dry AMD and left nAMD with BALAD.

Fundus examination showed right macular drusen and a left macular yellowish
elevated lesion with massive retinal haemorrhage.

FAF revealed a hypoautofluorescent macular lesion in the left eye (Figure 8).

 

Figure 8. Case 6. Heidelberg Spectralis blue autofluorescence shows a left eye macular hypoautofluo-
rescent lesion.

The OCT scan showed a dry macula with drusen in the right eye and a type 1 MNV
with PEDs, intraretinal and subretinal fluid, subretinal haemorrhage, and a haemorrhagic
BALAD in the left eye (Figure 9A).

The OCTA scan confirmed the presence of the left MNV.
A T&E regimen with anti-VEGF intravitreal injection therapy was commenced. The

patient showed an initial good response to the treatment (Figure 9B). Unfortunately, over
the following years, the worsening of the condition was observed despite treatment. Thus,
the patient switched to a different anti-VEGF molecule.

To date, the patient is still on treatment. The left BCVA was 0.4 logMAR when
last examined. The last OCT scan showed intraretinal fluid and an improved BALAD
(Figure 9C).
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Figure 9. Case 6. (A) Heidelberg Spectralis optical coherence tomography shows a type 1 MNV with
fibrovascular pigment epithelial detachment, subretinal and intraretinal fluid, and haemorrhagic
BALAD in the left eye. (B,C) Heidelberg Spectralis optical coherence tomography shows a good
response after a year and two years of intravitreal anti-VEGF treatment, respectively.
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Figure 10 shows Optos Ultra-widefield colour and autofluorescence imaging of the
left eye macular lesion two years after the start of the treatment.

 

Figure 10. Case 6. Optos Ultra-widefield colour and autofluorescence imaging of the left eye after
two years of intravitreal anti-VEGF treatment, showing a yellowish (A) and hypofluorescent (B)
macular lesion. The retinal haemorrhage was fully resolved (A,B).

3.7. Case 7

A 93-year-old male patient with a diagnosis of peripapillary choroidal neovasculariza-
tion in the right eye, for which he has been receiving intravitreal injections for over 7 years,
presented to our facility.

His BCVA was 0.5 and 0.1 logMAR in the right and left eye, respectively. The anterior
segment examination was unremarkable in both eyes.

Fundus examination revealed a right greyish peripapillary lesion and macular drusen
in the left eye. FAF was also performed, showing a right peripapillary hypoautofluorescent
area (Figure 11).

 

Figure 11. Case 7. Heidelberg Spectralis blue autofluorescence shows a peripapillary hypoautofluo-
rescent lesion in the right eye.
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The OCT scan demonstrated a type 1 MNV with PED and BALAD in the right eye.
The ceiling of the BALAD presented hyper-reflective foci. The EZ zone was attenuated at
the floor (Figure 12).

 

Figure 12. Case 7. Heidelberg Spectralis optical coherence tomography shows a peripapillary type 1
MNV with subretinal fluid and BALAD in the right eye.

The OCTA scan confirmed the presence of the right peripapillary MNV (Figure 13).

Figure 13. Case 7. Heidelberg Spectralis optical coherence tomography angiography shows a
peripapillary subretinal neovascular membrane in the right eye.

These features were shown to be partially responsive to the treatment. The BVCA was
stable over the treatment period.
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4. Discussion

The term BALAD was recently introduced to indicate a splitting of the photoreceptor
layer at the myoid level [1]. Assuming that the photoreceptors’ IS myoid is weaker than
the ellipsoid and the junctional complexes of the ELM, it has been postulated that the main
driving factor for developing BALAD could be the intrinsic weakness of the photoreceptors’
IS myoid [1,21,22]. When chorioretinal inflammation and exudation occur, the forces that
promote the attachment of the photoreceptors’ outer segment (OS) to the RPE may be supe-
rior to the tensile strength of the photoreceptors’ IS myoid, resulting in splitting [1,21,22].
In nAMD, an IS photoreceptor shedding occurs due to degeneration. It may predispose
nAMD patients to develop BALAD [23,24].

We examined the clinical and multimodal imaging findings of eight eyes of seven
patients with neovascular age-related macular degeneration who developed bacillary layer
detachment.

As reported in the literature, we had non-haemorrhagic BALAD in seven eyes and
one haemorrhagic BALAD in one eye.

Ramtohul et al. found that there was a twofold risk of the development of fibrosis
through 4 years in eyes presenting with haemorrhagic BALAD [12,20]. The haemorrhagic
BALAD was reported in a case of MNV associated with macular telangiectasia type 2 [12].
It is important to differentiate between haemorrhagic BALAD and a submacular haem-
orrhage because the latter may require additional surgical treatment. As known in the
literature, the resolution of macular haemorrhage in nAMD patients may result in a grad-
ual transformation of the sub-RPE fluid into subretinal fibrosis and severe photoreceptor
loss [20].

In our report, haemorrhagic BALAD showed a hyper-reflective cavity. These find-
ings made the recognition of the retinal layers difficult. The patient showed an initial
good anatomical response, but, over the following years, worsening of the condition was
observed. The patient’s final BCVA was worse than the initial presentation due to the
development of photoreceptor loss and subretinal fibrosis.

The non-haemorrhagic BALAD cavity showed hypo- or hyper-reflective material. In
some cases, the hyper-reflective material may have a septa configuration. Some of our
patients had a septa configuration of non-haemorrhagic BALAD. It is particularly evident
in case reports 1 and 3.

It has been hypothesized that this material in the BALAD cavity consists of inflamma-
tory elements, such as fibrin, and photoreceptor debris [1,21].

We postulated that some NVMs have an intense exudative and inflammatory compo-
nent with consequent strong traction in the photoreceptor layer and formation of BALAD.
It could be sustained by the inflammatory findings in the BALAD cavity.

We reported hyper-reflective granular foci at the ceiling of the BALAD. As reported in
the literature, they could represent the myoid zone fragments and photoreceptors IS and
OS. The ELM was visible superior to the BALAD on OCT scans.

We also observed a hyper-reflective band contiguous to an attenuated EZ on the
floor of the BALAD. These findings have been reported in the literature [10,14–16,20,21].
Ramtohul et al. postulated that floor hyper-reflectivity could be related to the remaining
mitochondria of the residual photoreceptor IS on the RPE–basal lamina–Bruch membrane
complex. Alternatively, they hypothesized that the BALAD floor signal may be attenuated
by the overlying fluid, the myoid fragments, and the OS attached to the RPE–basal lamina–
Bruch membrane complex [21]. To date, a few studies have reported BALAD in neovascular
AMD (nAMD). Thus, the incidence of BALAD in nAMD is not well defined. Sari Yordi et al.
noticed that the bacillary detachment was present in 7.4% (6 of 81) of the eyes reviewed.
It was predominantly associated with type 1 and 2 mixed MNV, higher fluid volumes,
increased EZ attenuation, and sub-RPE disease [15]. Instead, Jae Hui Kim et al. reported
an incidence of bacillary detachment in 4.5% (20 of 442) of the patients examined [16].
In a Korean cohort, Kim et al. observed that the incidence of BALAD was significantly
different in the types of MNV. Type 2 MNV was found to be the most associated with
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BALAD [16]. These results accorded to the findings of Jung et al. [10]. Conversely, in the
study by Ramtohul et al., type 1 MNV was reported to be the most associated with BALAD.
They demonstrated BALAD in association with other MNV subtypes [20]. In our study,
all cases presented a type 1 MNV, except for one patient who presented a type 2 MNV.
Thus, our study is in agreement with the results reported by Ramtohul et al. The role of the
presence of BALAD in the progression of nAMD is uncertain.

Ramtohul et al. hypothesized that the typical presence of extracellular matrix proteins
in the subretinal space and the intra- and/or subretinal haemorrhages in BALAD may
increase the risk of developing macular fibrosis in nAMD, after the fluid resorption. They
found a similar distribution of subretinal fibrosis among the MNV subtypes, anti-VEGF
agents, and treatment protocols [20]. We observed the development of macular fibrosis in
two cases.

However, since anti-VEGF therapy in itself creates a profibrotic environment, at the
moment it is not possible to define the role of BALAD in the development of fibrosis.
Further studies are necessary.

In one of our cases, we noticed a spontaneous retinal pigment epithelial (RPE) tear in
a type 2 MNV after four anti-VEGF intravitreal injections. To the best of our knowledge,
there is no evidence of the relationship between BALAD and RPE rip development in the
literature.

RPE tears have been reported as part of the natural history of nAMD. Risk factors in
patients with AMD receiving anti-VEGF medications include larger lesion linear diameter,
vertical PED dimension, and duration of PED formation. Bird proposed that RPE tears are
a result of hydrostatic pressure from fluid or material accumulating in the sub-RPE space
(in the PED) and eventually causing the rupture of RPE. However, there is a low incidence
of retinal pigment epithelium tears after anti-VEGF intravitreal injections [25–27].

Mehta et al. suggested that a hydrostatic force from the choroid strong enough to split
the photoreceptors was needed to form a BALAD [1].

Based on the probable assumptions of the BALAD formation and RPE tear develop-
ment, we hypothesize that there may be some mutual mechanisms in the development of
both. BALAD could be an additional risk factor for the early development of an RPE rip,
but studies with longer follow-ups of these patients are needed to confirm this hypothesis.

Case series reported in the literature assumed that COVID-19 infection and/or vac-
cination could be a risk factor in developing BALAD, considering the increased systemic
inflammatory response in some patients and infection/vaccination with possible signs of
subclinical ocular inflammation. Raphaela M. Fuganti et al. speculated that the occurrence
of BALAD and a large amount of fibrin accretion in their patient with central serous chori-
oretinopathy (CSC) could be related to the systemic inflammatory condition observed in
patients with COVID-19 [11]. However, this additional risk factor could not be identified in
our study.

Currently, it remains unclear whether BALAD increases the risk of macular atrophy
and fibrosis in long-term follow-up. Furthermore, it is unknown if the patients with BALAD
need a specific follow-up or a specific treatment regimen. The current treatment of nAMD
with BALAD remains the anti-VEGF therapy. Despite this, new treatment modalities
are being developed for the treatment of retinal pathologies. More recently, to overcome
the drawbacks associated with injecting anti-VEGF, researchers have developed novel
ocular pharmacological nanoformulations with multiple bioactive properties for enhanced
treatment of age-related macular degeneration [28]. In conclusion, more studies with longer
follow-ups are necessary for better defining physiopathology, epidemiology, and the actual
role of the presence of BALAD in nAMD.
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Abstract: Acquired vitelliform lesions (AVLs) are associated with a large spectrum of retinal diseases,
among which is age-related macular degeneration (AMD). The purpose of this study was to charac-
terize AVLs’ evolution in AMD patients using optical coherence tomography (OCT) technology and
ImageJ software. We measured AVLs’ size and density and followed their impacts over surrounding
retinal layers. Average retinal pigment epithelium (RPE) thickness in the central 1 mm quadrant
(45.89 ± 27.84 μm vs. 15.57 ± 1.40 μm) was significantly increased, as opposed to the outer nuclear
layer (ONL) thickness, which was decreased (77.94 ± 18.30 μm vs. 88.64 ± 7.65 μm) in the vitelliform
group compared to the control group. We found a continuous external limiting membrane (ELM) in
55.5% of the eyes compared to a continuous ellipsoid zone (EZ) in 22.2% of the eyes in the vitelliform
group. The difference between the mean AVLs’ volume at baseline compared to the last visit for the
nine eyes with ophthalmologic follow-up was not statistically significant (p = 0.725). The median
follow-up duration was 11 months (range 5–56 months). Seven eyes (43.75%) were treated with
intravitreal anti-vascular endothelium growth factor (anti-VEGF) agent injections, in which we noted
a 6.43 ± 9 letter decrease in the best-corrected visual acuity (BCVA). The increased RPE thickness
could suggest hyperplasia contrary to the decreased ONL, which could mirror the impact of the
vitelliform lesion on photoreceptors (PR). Eyes that received anti-VEGF injections did not show signs
of improvement regarding BCVA.

Keywords: vitelliform lesions; optical coherence tomography; image analysis; ImageJ; anti-VEGF

1. Introduction

The vitelliform macular lesion is classically found in Best’s vitelliform dystrophy
but similar lesions can be identified in adults as “acquired vitelliform lesions” (AVLs).
Gass described in 1974 a “peculiar foveomacular dystrophy”, which he further named
“foveomacular vitelliform dystrophy: adult type” [1]. Over time, several terms have
been applied to disorders similar to Gass’ description, such as vitelliform macular lesion,
pseudo-vitelliform macular dystrophy, vitelliform macular degeneration, vitelliform lesion
in adults, pseudo-vitelliform macular degeneration or adult vitelliform macular detachment
in patients with basal laminar drusen [2].

The vitelliform lesion represents an accumulation of lipofuscin, melanosomes, melano-
lipofuscin and outer segment debris in the subretinal space, between the photoreceptors
(PR) layer and retinal pigment epithelium (RPE) [3]. Since AVLs are mainly composed
of pigmented granules of RPE origin, it was speculated by some authors that they might
denote a specific RPE stress response to an unclarified insult [3]. Other authors observed a
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lack of direct apposition between the PR outer segments and RPE, which could be responsi-
ble for a delayed phagocytosis of shedding the outer segment photoreceptor tips, leading
to the accumulation of yellow subretinal vitelliform material [4]. A clinicopathological
case series performed on 14 eyes demonstrated two sources for the vitelliform material:
an internal one, from the PR outer segment discs and an external one, from the RPE [1].
Electron-microscopy-based studies quantified the deposit’s ultrastructure and found that
the largest component was a flocculent accumulation of small heterogeneous shapes (>50%),
the second component was defined as “other”, the third component was RPE granules,
the fourth component was smooth spherical profiles with homogeneous interiors resem-
bling lipid droplets and the fifth component was constituted of PR outer-segments-derived
materials [5].

Vitelliform lesions encompass a wide clinical spectrum of macular pathology such as
degenerative (age-related macular degeneration—AMD), dystrophic (adult-onset foveo-
macular dystrophy—AOFVD), paraneoplastic, toxic (deferoxamine toxicity) as well as
vitreoretinal interface (epiretinal membrane—ERM, vitreomacular traction—VMT) disor-
ders [3,6]. The association between AVLs and cuticular drusen or chronic central serous
chorioretinopathy was also noted [6]. Juliano et al. named the degenerative vitelliform
lesions present in the elderly acquired vitelliform macular degeneration (AVMD). It occurs
in cases without a family history of the disease, compared to an autosomal dominant
inheritance pattern that characterizes the dystrophic vitelliform cases [7].

The relationship between AMD and vitelliform lesions was first noted by Gass.
When AVL is associated with AMD, beside drusen, patients could also display subretinal
drusenoid deposits (SDDs), hyperreflective foci (HRF), subretinal fluid (SRF), pigment ep-
ithelial detachments (PEDs), or macular neovascularization (MNV) [5]. The natural course
of AVLs could be further complicated by choroidal neovascularization or foveal atrophy [3].
Thus, a study was carried out to analyze AVLs’ evolution in AMD eyes and revealed that
12% of AVLs led to type 1 MNV and 44% led to atrophy [5]. Due to the fact that there seems
to be a strong preference of AVL for sub foveal location, it has been suggested that there
might be a relationship with cones and their supporting cells [5]. In AMD, similarly to
Best’s disease and AVMD, lipofuscin accumulates in the lysosomal compartment of the
RPE, which seems to be one of the first and most important steps in the disease etiology [8].

The presence of subretinal fluid (SRF) in AVMD sometimes puzzles the clinician who
must decide if the patient has a dry AMD converted to wet AMD or SRF with a vitelliform
lesion [7,8]. The accumulation of SRF associated with vitelliform lesions was explained by
a mechanical displacement between the RPE and outer retinal layers, which consequently
inhibits the RPE from pumping out liquified lipofuscin debris [7].

Clinically, AVL is found as a slightly elevated yellow lesion, measuring approximately
one-third to one disc diameter (DD) in size, with pigmentations in the form of a spot,
figure or ring [1]. In optical coherence tomography (OCT), AVLs are characterized as a
distinct layer of hyperreflective material between the PR and an irregularly contoured RPE
band [5]. Optical coherence tomography angiography (OCTA)-based studies highlighted
that the accumulation of the vitelliform material displaces the capillary network, inducing
a decreased density of blood vessels at the superficial and deep capillary plexuses as well
as the choriocapillaris [9].

BEST1 gene encodes a basolateral membrane protein called bestrophin 1 specific to RPE
cells. This protein acts as an anion channel, having an important role in the transepithelial
electrical potential and intracellular Ca2+ signaling [10]. Although it is specific for Best’s
disease, a small number of BEST1 variants have been identified in patients with AMD,
such as Thr216Ile and Leu567 alterations, which were found in three out of 259 AMD
patients’ (1.1%) eyes [11]. Another five different alterations were found in five (1.5%) of
321 AMD patients as shown by Lotery A.J. et al. [12]: three patients carried a missense
change (Arg105Cys, Glu119Gln, Val275Ile), while two carried a heterozygous nonsense
mutation (Lys149X). Given the low frequency of mutation found in AMD patients, the
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authors stated that these patients could have been misdiagnosed, being in fact BEST1
mutations that mimic AMD [12].

Regarding AVLs’ evolution, the following scenario was described: an expansion phase
is common to all AVLs, which is followed by either a collapse to complete RPE and outer
retinal atrophy (cRORA), stability or resorption [5]. After reaching maximum expansion,
the lesions that collapsed were completely resorbed after 24 months. Moreover, stable or
resorbing lesions seem to be characterized by slower phases of growth and contraction [5].
Previous authors observed AVL complicated with MNV especially in the collapsing phase
in 12% of study eyes [5].

In cases of AVL and SRF, the current literature offers no consensus regarding the
benefit of anti-vascular endothelial growth factor (anti-VEGF) injections. In the context of a
diagnostic dilemma, some patients receive anti-VEGF injections being mistaken as having
neovascular AMD as opposed to AVL. Previous authors suggested two options: either to
monitor closely and to treat only if the SRF increases and the patient becomes symptomatic
or to give an anti-VEGF injection and determine the response in two weeks [7]. At this
point, if the fluid disappears, there is a high chance of choroidal neovascularization (CNV),
but if the SRF remains stable or slightly decreased, it can be assumed that the patient has
AVMD [7].

The main purpose of the present study was to describe and analyse AVMD in adult
patients using quantitative and qualitative features. A secondary purpose was to evaluate
AVMD’s evolution in time and its response to anti-VEGF therapy.

2. Materials and Methods

2.1. Study Design

We conducted a retrospective, single-center study that was approved by the Ethics
Committee belonging to “Iuliu Hat, ieganu” University of Medicine and Pharmacy (IHUMP),
Cluj-Napoca, Romania (no.273/19.09.2022). The study protocol complied with the rules of
the Declaration of Helsinki.

2.2. Study Sample

We reviewed the OCT images of all consecutive patients who were diagnosed with
macular pathology between 2017 and 2021, in the setting of the Emergency County Hospital,
Clinic of Ophthalmology, Cluj-Napoca. The following combination of keywords were
used in the search process: macular dystrophy or macular degeneration. The following
diagnoses were found: macular atrophy 2 patients, macular degeneration 19 patients,
macular dystrophy 3 patients, AMD 702 patients and maculopathy 34 patients. We further
selected only patients with vitelliform lesions. The SD-OCT diagnosis of vitelliform material
was based on the presence of a homogeneous or non-homogenous hyperreflective material
above the RPE band that could not be classified as drusen or pigment epithelial detachment
(PED). Fifteen patients met this criterion. The clinical stage of the disease applied on OCT
images was determined according to Best’s disease classification: a. pre-vitelliform stage;
b. vitelliform or egg yolk stage; c. pseudohypopyon stage; d. vitelliruptive or scrambled
egg stage; e. atrophic stage, f. cicatricial and choroidal neovascularization [13]. Further on,
13 patients were considered eligible; 2 patients were excluded because of the poor OCT
scans. Finally, a total of 18 eyes belonging to 13 patients with adult vitelliform lesions were
included in the study. Because of the lack of family history enquiry and genetic testing or
electrooculograms, the term “acquired vitelliform lesion” (AVL), was used to describe the
patients with AVMD for the entire study [14].

Patients with an ophthalmologic examination in the same setting between January
2017 and September 2019, with no history of AMD, macular atrophy, macular degeneration
or maculopathy were selected for the control group. Thus, we set up 2 groups of patients:
vitelliform lesion (18 eyes) and control (14 eyes). The algorithm according to which the
2 groups were created is illustrated in Figure 1.
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Figure 1. Flow diagram illustrating the study selection process. OCT = Optical coherence tomography;
No = number.

Inclusion criteria for the vitelliform group were as follows:

1. Patients with a diagnosis of macular dystrophy or macular degeneration.
2. Minimal criterion for diagnosing AVLs was the presence of a macular round, hyper-

reflective lesion on the OCT, above the RPE.
3. Only high-quality (Q) OCT scans > 20 db (Q ranging from 0 = poor to 40 = excellent).

Exclusion criteria for vitelliform group:

1. Subretinal fibrosis, CNV, geographic atrophy (GA), epiretinal membrane, macular hole.
2. Eyes with poor-quality images preventing adequate grading Q < 20.

If a patient was confirmed with bilateral vitelliform lesion, both eyes were included in
the study.

Participants underwent VA testing with a Snellen visual acuity chart, slit lamp biomi-
croscopy and dilated eye fundus examination.

The following baseline clinical characteristics were recorded from the patients’ data
files: age, gender, eye laterality, best-corrected visual acuity (BCVA), follow-up and type of
intravitreal injection. Demographic data and ophthalmic examination were collected from
the hospital’s informatic system. The OCT data were collected from the OCT database.

Patients with at least 2 consecutive examinations and OCT images were further in-
cluded for a detailed vitelliform lesion analysis, in which we studied the lesion’s evolution
in time and we measured its volume.

2.3. Spectral Domain-OCT (SD-OCT) Data Aquisition

OCT was performed using a Spectralis OCT (Heidelberg Engineering, Inc. Heidelberg,
Germany). All frames were reviewed for the presence of AVL by one of the authors (I.D.).
The images were obtained after using the automated eye alignment eye tracking software
(TruTrack< Heidelberg, Engineering). Two scanning protocols were used: 1. “Fast macular”
scanning protocol: 25 horizontal raster lines per eye separated by 240 μm, centered on the
fovea, with a 20 × 20◦ scan and automatic real mean value (ART value) set at 9, was used;
or 2. “Posterior pole” scanning protocol: 61 horizontal raster lines per eye separated by
120 μm, centered on the fovea with a 30 × 25◦ scan and automatic real mean value (ART
value) set at 9. Only images with more than a 20 db signal strength and with individual
retinal layers that could be identified were used for the analysis. ETDRS 1 mm macular
maps were used to report the macular thickness and the central 1 mm ring was defined as
the central thickness.

Segmentation was automatically performed using the Spectralis software version 6.0.
We defined the following parameters: 1. retinal pigment epithelium layer (RPE)—Bruch’s
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membrane complex—between the outer limit of the photoreceptor layer (PR1/2) and
choriocapillaris’ inner boundary; 2. outer retina—between ELM and Bruch’s membrane
but not including the latter; 3. outer nuclear layer (ONL)—between the outer plexiform
layer (OPL) and ELM; 4. inner retina from the ILM to the external limiting membrane
(ELM); 5. total retina thickness—between the internal limiting membrane (ILM). The inbuilt
Spectralis mapping software was used to perform measurements from each SD-OCT scan.

The images were reviewed by one of the authors (I.D.) before data analysis and manual
adjustments to the retinal layer segmentation were made if necessary.

In the OCT, the subretinal drusenoid deposit (SDD) was defined as a hyperreflective
material above the RPE, between the RPE–Bruch membrane band and the ellipsoid zone
(EZ) [5]. Soft drusen was defined as a deposit of material between the RPE–basal lamina
(RPE–BL) and the inner collagenous layer of Bruch’s membrane [5]. Cuticular drusen was
defined as RPE elevations in the form of blunted triangular apices, the bases of which sit
on Bruch’s membrane with apices towards the neurosensory retina [5]. Subretinal fluid
(SRF) appeared as a hyporeflective space located between the external limiting membrane
(ELM) and the RPE–BL band [5]. Hyperreflective foci (HRF) were defined as solitary, small
(<30 μm) or medium level hyperreflective retinal foci [15].

We described AVL’s fate as either: 1. collapsed—meaning a regressed AVL with
cRORA, 2. stable AVL—meaning an AVL that did not completely regress during the
follow-up, or 3. resorbed AVL, seen as a disappeared lesion with preservation of the
surrounding tissue.

2.4. Vitelliform Lesions Analysis using Fiji Software

Images were analyzed using the public domain software, Fiji (version 1.53T, https:
//imagej.nih.gov/ij/ (accessed on 20 March 2022) [16]. Before uploading the OCT images
to ImageJ, the vertical-to-horizontal ratio of the image was changed to 1:1 μm. We analyzed
the non-stretched OCT scans to overcome the erroneous quantification of parameters [17].
First, the OCT image was opened in Fiji software and the scale was set. We measured a
pixel length of 200 μm as given on the scale at the bottom of the OCT scan image, using the
line tool. We further used the “magnifying glass” at 400% to obtain a better view of the
vitelliform lesion and to easily identify its margins. With the help of the “polygon selection
tool”, only the region with the vitelliform lesion was selected using the “crop button”.
As previously defined by other authors, the anterior AVL boundary was considered the
external limiting membrane, while the posterior AVL boundary was the retinal pigment
epithelium–(basal lamina)–Bruch membrane (RPE–(BL)–BrM(RPE+BL–BrM)) complex [5].
If a PED was found, the posterior boundary was the RPE–BL. For each eye, we analyzed
all the scans passing through the AVL and we chose the one passing through the fovea.
On this particular scan, using the “straight line” option, we drew the base width and the
maximum height of the vitelliform lesion. Using the “freehand line” tool we selected the
entire vitelliform lesion to measure its perimeter. We performed 3 measurements for every
parameter/eye and averaged them. The parameters are classified as follows:

2.4.1. Vitelliform Lesion Size

a. Maximum height: defined as the distance between the apex of the lesion and the
RPE (see Figure 2. A: light green line). We defined apex as the vertex located at the
highest point of the AVL or the point furthest from the base.

b. Base width: defined as the distance between either edge of the lesion (see Figure 2A:
dark green line).

Using the “freehand line” tool, the vitelliform lesion was delineated; this represents
the region of interest (ROI) that was added to the ROI manager. If the AVLs were located
on top of a drusenoid PED, we did not include the PED in the measurements. We set the
needed measurements such as area and density characteristics, and then we pressed the
measure button. We further extracted the results.
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c Perimeter: defined as the total length of the vitelliform lesion outside the boundary
(see Figure 2B).

d Area (A) (1): defined as the sum of the areas of each individual pixel, ap, in calibrated
square units, within the borders of the lesion (see Figure 2C):

A = ∑ ap, (1)

Figure 2. OCT images illustrating vitelliform lesion size parameters. (A) Maximum height (green
light line) and base width (dark green line); (B) perimeter; (C) area. The stretched 1 × 1 pixel image
was used for illustrative purposes only, to help visualize the details of the retinal structures.

After the vitelliform lesion was delineated with the “freehand line” tool, we further
analyzed various vitelliform lesion characteristics, as follows.

2.4.2. Vitelliform Lesion Density

For the density parameters, we used the inbuilt Fiji measurements option.

a. Mean gray value: defined as the sum of the gray values of all the pixels in the
selection divided by the number of pixels.

b. Modal gray value: defined as the most frequently occurring gray value within the
selection. Corresponds to the highest peak in the histogram. Uses the heading mode.

c. Min gray value: defined as the minimum gray value within the selection.
d. Max gray value: defined as the maximum gray value within the selection.
e. Integrated density (IntDen): defined as the product of area and mean gray value (2):

IntDen = Area × Mean Gray value, (2)

f Raw integrated density (RawIntdensity): defined as the sum of the values of the pixels
in the vitelliform lesion.

2.4.3. Vitelliform Lesions’ Volume and Evolution

For 6 eyes with follow-up OCT images and an OCT Q over 20 dB, we collected all the
B-scans that passed through the vitelliform lesions. Afterwards, we uploaded the images,
one by one in Fiji, and calculated the area for each one of the segmentations (see Figure 3).
In order to estimate the volume of the lesion, we summed up all the area measurements/eye
and multiplied it with the distance between the sections (120 or 240 μm).

We compared the lesions’ size and density values from the first presentation with the
follow-up. We also compared the thickness of the retinal layers from the vitelliform eyes
with the normal eyes to find out if there was a connection between the vitelliform lesion’s
presence and the surrounding layers.
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Figure 3. SD-OCT B-scans passing through the entire vitelliform lesion of one clinical study eye.

2.5. Statistical Analysis

The results are presented as percentages (%) for the categorical variables and mean ± standard
deviation (SD) for the continuous variables. The normality of the data distribution was
confirmed via the Kolmogorov–Smirnov test. We used the parametric Student’s t-test to
compare the variables with a normal distribution between groups and non-parametric
Mann–Whitney U tests for variables with a non-normal distribution. We used the t-test for
the dependent means to compare the values from baseline to the last visit. In order to per-
form the statistical analysis, the Snellen Visual Acuity was converted into an approximate
ETDRS letter score. Two-side, p-values < 0.05 were considered statistically significant.

3. Results

3.1. General

More than 1500 SD-OCT images were analyzed by one of the authors (D.I.), followed
by a more detailed analysis for 210 SD-OCT images performed by the same author.

A total of 18 eyes belonging to 13 patients (4 (30.8%) females, 9 (69.2%) males) retro-
spectively diagnosed with AVLs were included in the study. The mean age at presentation
was: 79.9 ± 7.1 years (range 67–91). Six patients (33.3%) had bilateral AVLs. The mean
ETDRS score at baseline was 69 ± 18 letters.

At baseline, 16/18 (88.9%) eyes presented a vitelliform stage while 2/18 (11.1%)
presented a vitelliruptive stage. In terms of the OCT features found in our study eyes
containing AVLs, 9 eyes (50%) had associated SDD, 8 eyes (44.4.%) had cuticular drusen,
4 eyes (22.2%) had soft drusen, 9 eyes (50%) had HRF, 5 eyes (27.8%) had SRF, 2 eyes
(11.1%) had PED, and 3 eyes (16.6%) had no other findings, except the vitelliform lesion.
The qualitative analysis showed a continuous ELM in 10/18 eyes (55.5%), a discontinuous
ELM in 6/18 eyes (33.3%) and an indistinguishable ELM in 2/18 eyes (11.1%). EZ was
continuous in 4/18 eyes (22.2%), discontinuous in 13/18 eyes (72.2%) and indistinguishable
in 1/18 eyes (5.5%) (see Table 1 and Figure 4).

Table 1. OCT features of patients with AVLs at baseline and last visit.

Stage of the Disease, n (%) Baseline Last Visit

Vitelliform 16/18 (88.9) 7/9 (77.8)

Pseudohypopyon 0/18 (0) 0/9 (0)

Vitelliruptive 2/18 (11.1) 2/9 (22.2)

Atrophic 0/18 (0) 0/9 (0)

SDD 9/18 (50) 4/9 (44.4)
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Table 1. Cont.

Stage of the Disease, n (%) Baseline Last Visit

Soft drusen 4/18 (22.2) 8/9 (88.8)

Cuticular drusen 8/18 (44.4) 4/9 (44.4)

SRF associated with AVL 5/18 (27.8) 0/9 (0)

HRF 9/18 (50) 3/9 (33.3)

PED 2/18 (11.1) 5/9 (55.5)

ELM

Continuous 10/18 (55.5) 3/9 (33.3)

Discontinuous 6/18 (33.3) 2/9 (22.2)

Indistinguishable 2/18 (11.1) 4/9 (44.4)

EZ

Continuous 4/18 (22.2) 0/9 (0)

Discontinuous 13/18 (72.2) 7/9 (77.8)

Indistinguishable 1/18 (5.5) 2/9 (22.2)
n = number; SDD = subretinal drusenoid deposit, SRF = subretinal fluid; AVL = acquired vitelliform le-
sion; HRF = hyperreflective foci; PED = pigment epithelium detachment; ELM = external limiting membrane;
EZ = ellipsoid zone.

Figure 4. Associated retinal lesions. SD-OCT B-scans passing through the AVLs of clinical study
eyes; (A) the green circles show SDD and the white arrow continuous ELM; (B) the brown circles
show cuticular drusen; (C) the red arrow shows a drusenoid PED and the yellow star the vitelliform
deposit; (D) the yellow star shows the vitelliform deposit, the purple arrow an HRF, the blue arrow
head the RPE thickening; (E) the yellow star shows the vitelliform deposit, the purple square the SRF;
(F) the white arrow indicates a continuous ELM and the black arrow a continuous EZ; (G): the black
arrow indicates a discontinuous EZ and the blue arrow head the RPE thickening; (H) the white arrow
indicates a indistinguishable ELM and the black arrow an indistinguishable EZ.
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Four patients/7 eyes (43.75%) received no follow-up. A total of 7 patients/9 eyes
(56.25%) received an ophthalmological follow-up. The mean follow-up duration was:
23.33 ± 20.63 months (range 5–56 months). Six patients/six eyes with a well-defined AVL
were further included in a specific volumetric analysis.

Seven eyes were treated with anti-VEGF with a mean of 3 injections/eye (min 1–max 8).

3.2. Vitelliform Lesions Analysis

At baseline, the average maximum height was 225.73 ± 336.33 μm (range 37.09–1211.60).
The average base width size was 622.40 ± 419.71 μm (range 103.31–1855.37). The measured
average perimeter was 1648.67 ± 943.90 μm (range 706.05–4274.17) while the average area
was 17,803.28 ± 10,055.30 μm2 (range 7012.07–45,624.89) (See Table 2). The density of the
lesions was further analyzed. The average mean gray value was 140.49 ± 16.54 (range
101.71–170.53), the average modal gray value was 130.37 ± 25.62 (range 78.86–165.22), the
average min gray value was 65.30 ± 20.73 (range 20.29–104.24), the average maximum
gray value was 212.74 ± 20.61 (range 175.43–248.78), the average integrated density was
2,366,898.95 ± 1,071,937 (range 892,257.21–4,640,455.74) and the average RawIntden was
20,614.39 ± 9630.70 (range 9034.45–40,785.26) (see Table 2).

Table 2. Vitelliform lesion characteristics at baseline.

Average ± SD Median Min Max

Vitelliform Lesion Size

Maximum height (μm) 225.73 ± 336.33 114.69 37.09 1211.60

Base width (μm) 622.40 ± 419.71 556.00 103.31 1855.37

Area (μm2) 17,803.28 ± 10,055.30 14,579.10 7012.07 45,624.89

Perimeter (μm) 1648.67 ± 943.90 1277.64 706.05 4274.17

Vitelliform lesion density

Mean gray value 140.49 ± 16.54 143.39 101.71 170.53

Modal gray value 130.37 ± 25.62 132.54 78.86 165.22

Min gray level 65.30 ± 20.73 63.79 20.29 104.24

Max gray level 212.74 ± 20.61 211.64 175.43 248.78

Integrated density 2,366,898.95 ± 1,071,937.10 2,072,612.71 892,257.21 4,640,455.74

RawIntden 20,614.39 ± 9630.70 17,422.93 9034.45 40,785.26

SD = standard deviation; Min = minimum; Max = maximum; μm = micrometer. RawIntden = Raw integrated density.

3.3. Retinal Layer Thickness

The different retinal layer thickness was assessed in the central 1mm subfield for the
vitelliform and control groups (see supplementary Tables S1 and S2).

We compared the average values for the measured retinal layer thickness in the vitelliform
and control groups. The RPE thickness in the central 1 mm (45.89 ± 27.84μm vs. 15.57 ± 1.40μm)
as well as the RPE central max (101.67 ± 53.91 μm vs. 23.363.63 μm) were significantly
increased in the vitelliform group compared to the control group (p < 0.001 and p < 0.001).
The thickness in the central 1 mm (122.72 ± 36.09 μm vs. 86.43 ± 4.57 μm) and ORL central
max (179.44 ± 56.83 μm vs. 97.36 ± 6.66 μm) were also significantly increased in the vitel-
liform group compared to the control (p < 0.001 and p < 0.001). ONL 1 mm was significantly
decreased in the vitelliform group compared to the control: 77.94 ± 18.30 μm vs. 88.64 ± 7.65 μm
(p = 0.049). The CRT in the central 1mm subfield (301.94 ± 50.02 μm vs. 258.43 ± 17.16 μm), the
CRT min (252.94 ± 53.80 μm vs. 216.93 ± 19.87 μm) as well as the CRT max (345.19 ± 47.63 μm vs.
307.57 ± 16.10 μm) were significantly increased in the vitelliform group compared to the
control (p = 0.005, p = 0.025 and p = 0.009) (see Table 3).
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Table 3. Comparing retinal layer thickness between vitelliform and control groups.

Average Retinal Layer Thickness (μm) Vitelliform Group ± SD Control Group ± SD p

RPE 1 mm 45.89 ± 27.84 15.57 ± 1.40 <0.001

RPE central min 10.17 ± 5.37 10.71 ± 2.23 0.723

RPE central max 101.67 ± 53.91 23.36 ± 3.63 <0.001

ONL 1 mm 77.94 ± 18.30 88.64 ± 7.65 0.049

ONL central min 45.33 ± 20.34 53.86 ± 16.11 0.208

ONL central max 115.72 ± 21.84 112.14 ± 9.69 0.573

ORL 1 mm 122.72 ± 36.09 86.43 ± 4.57 <0.001

ORL central min 80.00 ± 11.08 78.14 ± 7.39 0.401 *

ORL central max 179.44 ± 56.83 97.36 ± 6.66 <0.001

IRL 1 mm 180.83 ± 30.89 172.14 ± 15.24 0.352

IRL central min 101.67 ± 40.35 121.36 ± 15.90 0.174

IRL central max 241.11 ± 35.81 216.29 ± 36.28 0.105

Retina 1 mm 303.00 ± 50.54 258.43 ± 17.16 0.004

Retina central min 254.17 ± 55.49 216.93 ± 19.87 0.023

Retina central max 348.17 ± 48.23 307.57 ± 16.10 0.005

* = Mann–Whitney U test. μm = micrometer; mm = millimeter; RPE = retinal pigment epithelium; min = minimum;
max = maximum; ONL = outer nuclear layer; ORL = outer retinal layer; IRL = inner retinal layer, CRT = central
retinal thickness. p indicates statistical significance.

3.4. Vitelliform Lesions in Evolution

For six patients, a secondary analysis was carried out in order to investigate the
evolution of the vitelliform lesions’ volume in time (see Table 4). The mean number of
SD-OCT macular scans per eye used for the vitelliform volume plots was 9.22 ± 6.12 (range
3–25). In two eyes the volume increased while in four eyes it decreased. The difference
between the mean vitelliform lesion’s volume at baseline and its volume at the last visit
was not statistically significant (p = 0.725).

Table 4. Vitelliform lesion volume.

Vitelliform Lesion Volume (μm3)

Eye Volume Baseline (μm3) Volume Last Visit (μm3) Difference 2–1 (μm3)

1 30,064,897.20 55,831,556.40 25,766,659.20

2 32,579,991.60 15,413,652.00 −17,166,339.60

3 4,310,901.60 20,337,099.60 16,026,198.00

4 13,922,006.40 9,493,209.60 −4,428,796.80

5 20,519,072.40 18,330,301.20 −2,188,771.20

6 17,674,183.20 17,100,080.40 −574,102.80

Average 19,845,175.40 22,750,983.20 2,905,807.80

Median 19,096,627.80 18,330,301.20 −574,102.80

Min 4,310,901.60 9,493,209.60 −17,166,339.60

Max 32,579,991.60 55,831,556.40 25,766,659.20

Further on, we calculated the difference between the baseline and the last visit in terms
of vitelliform lesion size (see Table 5), density (see Supplementary Table S3), as well as RPE,
ONL, ORL, IRL and CRT (see Table 6). The maximum height decreased in one eye while
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in five it increased (p = 0.232). The base width increased in three and decreased in three
eyes (p = 0.125). The area and perimeter decreased in two eyes while in four it increased
(p = 0.103 and p = 0.081).

Table 5. Difference between baseline and last visit vitelliform lesion size.

Maximum Height (μm) Base Width (μm) Area (μm3) Perimeter (μm)

Average ± SD −95.46 ± 296.04 248.27 ± 467.70 3398.72 ± 5733.13 327.48 ± 490.86

Median 9.51 21.68 1313.74 154.15

Min −696.30 −83.26 −2509.03 −191.55

Max 87.32 1096.28 11,547.57 990.35

The mean density of the lesion decreased in 3 eyes (p = 0.350), while the max gray level
(p = 0.236) and the min gray level decreased in 4 eyes (p = 0.286). Eyes that had a decreased
mean gray value presented decreased integrated density (p = 0.269) and RawIntdensity
values (p = 0.232) (see Supplementary Table S3).

Differences between the first and last presentation in the vitelliform group in terms of
the retinal layer thickness are displayed in Table 6. The average RPE thickness, CRT and
ORL for the 1 mm, min and max decreased at the last visit, but the differences were not
significant (p> 0.05) (see Table 6).

Table 6. Difference in retinal layer thickness between baseline and last visit in vitelliform group.

Average ± SD p

RPE 1 mm −3.11 ± 22.87 0.347

RPE min −2.67 ± 3.77 0.067

RPE max −5.67 ± 61.03 0.393

ONL 1 mm 1.22 ± 15.67 0.821

ONL min −5.56 ± 11.70 0.192

ONL max 22.56 ± 52.62 0.234

CRT 1mm −14.44 ± 41.76 0.329

CRT min −8.00 ± 48.73 0.635

CRT max −18.33 ± 35.70 0.362

ORL 1 mm −7.11 ± 60.87 0.379

ORL min −6.22 ± 10.51 0.113

ORL max −7.11 ± 60.87 0.735

IRL 1 mm 1.67 ± 15.48 0.754

IRL min 1.00 ± 30.19 0.923

IRL max 13.67 ± 43.99 0.378
μm = micrometer; mm = millimeter; RPE = retinal pigment epithelium; min = minimum; max = maximum;
ONL = outer nuclear layer; ORL = outer retinal layer; IRL = inner retinal layer, CRT = central retinal thickness.

At the last visit, 7/9 eyes (77.8%) presented with the vitelliform stage, while 2 of
them (22.2%) presented with the vitelliruptive stage. The status of ELM was as follows:
3/9 (33.3%) continuous, 2/9 (22.2%) discontinuous and 4/9 eyes (44.4%) indistinguishable.
EZ was discontinuous in 7/9 eyes (77.8%) and indistinguishable in 2/9 eyes (22.2%). In
terms of the AVL’s fate, the vitelliform lesion increased in 7/9 eyes (77.8%), was stable with
minimal change in 1/9 (11.1%) and in 1/9 eyes (11.1%) it had resorbed with a superior
collapsed area.

We further illustrated 2 representative cases. An 85-year-old patient, with a vitel-
liform lesion in the RE, with a BCVA of 80 ETDRS letters at baseline (see Figure 5A).
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After 25 months and 4 anti-VEGF Bevacizumab injections, the lesion increased in size
(see Figure 5B). In the next 14 months, he received another 2 anti-VEGF injections with
Bevacizumab and 2 anti-VEGF injections with Aflibercept (see Figure 5C). The lesion
transformed into vitelliruptive while the BCVA was 70 ETDRS letters (see Figure 5E).

 

Figure 5. Spectral-domain OCT (SD-OCT) in a patient with AVL presenting the vitelliform stage
at baseline (A); after 4 anti-VEGF injections with Bevacizumab, respectively 25 months later, the
lesion increased (B); after another 2 anti-VEGF injections with Bevacizumab and 2 injections with
Aflibercept (C), respectively, after another 14 months; after another 2 months the lesion started to
shrink (D); after another month the lesion resorbed (E).
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Figure 6 presents the case of a 71-year-old patient with a small vitelliform lesion in his
LE, with a BCVA ETDRS of 75 letters (A). Forty-three months later, the lesion increased,
with a BCVA ETDRS of 75 letters (B).

 

Figure 6. Spectral-domain OCT (SD-OCT) in patient with AVL presenting the vitelliform stage at
baseline (upper image) and 43 months later at last visit (lower image).

Seven eyes (43.75%) were treated with intravitreal anti-VEGF agent injections. The
initial and final BCVA is also provided along with the mean number of injections: 3/eye
(min 1–max 8), and type of anti-VEGF agent: 16 Bevacizumab and 4 Aflibercept. Overall,
the BCVA worsened between the baseline and final visits by −6.43 ± 9 letters, but the
difference did not reach statistical significance (p = 0.054) (see Table 7).

Table 7. Eyes with vitelliform lesions treated with anti-VEGF injections.

No.
Initial BCVA

(Letters)
Follow-Up
(Months)

Anti-VEGF
Injections (No.)

Final BCVA
(Letters)

Difference BCVA
(Letters)

1. 80 29 8 (6B + 2A) 70 −10

2. 80 29 5 B 55 −25

3. 70 6 2 B 65 −5

4. 80 56 1A 80 0

5. 75 56 1 B 75 0

6. 85 5 2 B 80 −5

7. 25 11 1 A 25 0

average ± SD 70 ± 20.7 27.4 ± 21.87 2.9 ± 2.67 64.3 ± 19.46 −6.43 ± 9

BCVA = Best corrected visual acuity; No. = number; anti-VEGF = anti-vascular endothelial growth-factor;
B = Bevacizumab; A = Aflibercept.
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4. Discussion

In the present study, we used SD-OCT to characterize the anatomy of AVLs in terms
of their dimension, density and relation with retinal layers.

In our cohort, the AVLs were more frequent in patients in their seventh–eighth decade
(79.25 ± 6.7 years). The age was similar to that reported in other studies 78.6 ± 6 years [18],
as well as 72 years by Juliano J. et al. [7]. A slight male predominance was observed in our co-
hort 69.2% vs. 30.8% (p = 0.019), similar to the previously reported one: 56.25% vs. 43.75% [7].

In our study group, 33.3% had bilateral AVLs, similar to 31.25% found by Juliano J. et al. [7].
Saade C. et al. performed a review regarding AVLs in AMD patients and found 19% bilateral
AVLs in a retrospective study with 19 eyes belonging to 16 patients, 44% bilateral AVLs in
13 eyes of 9 patients and 33% bilateral AVLs in 32 eyes of 24 patients [19].

We confirmed the presence of cuticular drusen in 10 eyes (62.5%), while others noted a
prevalence of AVLs in patients with cuticular drusen from 1.2% to 24.2% [20]. The same
author observed that the association between the AVL and cuticular drusen seems to lead
to a collapse with the resolution of the vitelliform material, doubled by RPE failure and
atrophy with the disappearance of drusen [20]. Contrary to another study in which all the
32 eyes belonging to 24 patients presented serous PED [21], we found only 2 eyes (12.5%)
with RPE detachment. Hyperreflective foci (HRF) were present in 5 eyes (31.25%) in our
series, while other authors found HRF in 9.8% of cases, of which five eyes also presented
SRF (25%) [6].

Previous authors observed that ELM remains intact in most cases until complete
AVL collapse and the subsequent development of the RPE and outer retinal atrophy [5].
Our study showed a continuous ELM in 55.5% compared to a continuous EZ in 22.2%
of eyes. Based on our findings, it seems that the majority of eyes presented at baseline a
discontinuous EZ and a continuous ELM. The discontinuity of the EZ could be explained by
the findings from adaptive optics scanning laser ophthalmoscopy studies, which suggested
that a rarefaction of cones doubled by morphological changes were found within the
vitelliform lesion [22].

When analyzing the vitelliform lesion size, it seems that the base width was con-
stantly larger compared to the maximum height. For both parameters, the range was
large, which underlines the great variability between lesions: the average maximum
height was 225.73 ± 335.33 μm (range 37.09–1211.60) and the average base width size was
622.40 ± 419.71 μm (range 103.31–1855.37). It was previously shown in an adjusted analy-
sis that the baseline factors associated with an increased risk of MA included the base width
(HR, 1.22; 95% CI, 1.16–1.28) and maximum height (HR, 2.61; 95% CI, 1.82–3.74) [23]. The
perimeter and area analysis could further help in better describing the vitelliform lesions at
the baseline and over time.

Similar values for the average and modal gray demonstrated a strong similarity
between the density of the vitelliform lesions in our study group. One explanation could
be the same disease stage, more precisely the vitelliform one. The average mean gray
value was 140.49 ± 16.54 (range 101.71–170.53) and the average modal gray value was
130.37 ± 25.62 (range 78.86–165.22). It is noteworthy that to the best of our knowledge,
this study is the first tentative study of density measurements for vitelliform lesions. This
information helps to better describe changes within the lesion as it progresses. Moreover,
it could represent a possible biomarker of disease progression. We also used a specific
density marker called integrated density, which is related to the area in which the density
was measured. On the same note, Boiko et al. investigated the retinal tissue area (RTA) and
optical density (ODRT) of the retinal optical slice portion located in the central subfield,
as well as their ratio (RTA/ODRT) in the presence of diabetic macular edema (DME) or
of intraretinal cystic fluid (IRF) in neovascular age-related macular degeneration (nAMD)
before and after anti-VEGF treatment [24]. The authors found that all the above-mentioned
markers could be used as predictors of functional and anatomical outcomes since the RTA
correlated positively both with post-anti-VEGF retinal thickness (r = 0.76; p < 0.001) and
BCVA (r = 0.67; p < 0.001), while ODRT was moderately negatively correlated (r = 20.26;
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p = 0.049 and r = 20.48; p = 0.001, respectively) [24]. RTA/ODRT was strongly positively
correlated (r = 0.75; p < 0.001 and r = 0.85; p < 0.001, respectively) [24].

The RPE, ORL thickness and CRT in the vitelliform group at baseline were increased
compared to the control. This is contrary to other authors who found a similar RPE
thickness with the control group, but they compared it with BVMD eyes [25]. As previously
shown by other authors, the hyperreflective focal thickenings of the RPE band seen in SD-
OCT may represent RPE hyperplasia or melanolipofuscin granules in the macrophages [14].
In terms of the RPE evolution, first it undergoes hypertrophy and then disruption, which
could explain the increased RPE thickness values found in our study group. The ORL and
CRT increase could mirror the RPE’s increased thickness. Agreeing with other descriptions,
the central ONL thickness and min ONL thickness were decreased in our study, which
could show the impact of the vitelliform lesion upon the PR and further on over the BCVA.
As observed by another group, the ONL thickness was significantly lower compared
to the control group and it correlated with the BCVA [26]. Other authors identified a
photoreceptor equivalent thickness of 6.5 μm thicker in the BVMD compared to control [25].
The IRL 1mm and central max values were increased compared to the control group but
were not statistically significant. Based on our findings, it seems that together with the RPE,
the ORL layer and CRT are characterized by increased values. On the contrary, the ONL
showed decreased values, as a proof of the vitelliform lesion impact on the PR.

All parameters analyzed in evolution have demonstrated increases as well as decreases
in values, without a definite trend. We found a similar pattern for the density, retinal layer
thickness, vertical height, horizontal diameter, area or perimeter, yet the changes were not
significant. Previous authors suggested that during the disease progression, a change in the
lesion’s composition or density might be possible, which further on could be responsible
for the change in its overall reflectivity, from hyperreflective to hyporeflective [14]. Other
authors found a significant shrinkage from 142.5 to 125.5 (p = 0.009) when comparing the
initial versus final lesion height values in the AVL group [4]. However, from our data it
was not possible to ascertain a significant decrease.

Data found by another study suggest that there might be an increase in the lesion’s
size from the vitelliform stage to pseudohypopyon, while from the pseudohypopyon to the
vitelliruptive stage there is a decrease in the lesion dimension, which could be a plausible
explanation for our results [14]. In the same study, the authors found that during the disease
evolution through different stages, when the lesion decreases, there is also a resorption of
the vitelliform material doubled by a change in the lesion reflectivity: from hyperreflective
to either mixed hyper + hyporeflective or hyporeflective, and also a photoreceptor loss [14].
The same authors raised the question about what triggers the fragmentation and resorption
of the vitelliform material, which seems to remain unanswered [14].

At the final visit, the status of the ELM was discontinuous in 2/9 (22.2%) and indis-
tinguishable in 4/9 eyes (44.4%), while the EZ was discontinuous in 7/9 eyes (77.8%) and
indistinguishable in 2/9 eyes (22.2%).

Regarding the AVL fate, most of the eyes demonstrated an increase in the vitelliform
lesion (77.8%), 11.1% showed a stable lesion with minimal change and 11.1% progressed to
resorption with a superior collapsed area.

When we analyzed the BCVA’s evolution in the eyes that received anti-VEGF agents,
we found a negative trend but this was not statistically significant: −6.43 ± 9 letters
(p = 0.054). Based on our findings, it seems that there is no benefit of anti-VEGF injections
in eyes with vitelliform lesions, but larger studies need be performed in order to confirm
this finding. These data are in accordance with those coming from other studies, which
showed a significant mean BCVA reduction from the baseline to the last visit of at least
2 lines [2]. Another study underlined a visual acuity better or equal to 0.6 at presentation
in 43% of the eyes that progressively decreased to 8% over 10 years of follow-up [27].
When the size of the lesion was analyzed in conjunction with the BCVA, a low correlation
was found, so the authors speculated that BCVA seems to be less affected by quantitative
changes (such as lesions size) and more dependent on qualitative changes such as the
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IS/OS interface integrity or reflectivity changes, since they found progression in the central
photoreceptor IS/OS interface status and changes in the lesion reflectivity in the eyes with
a significant mean BCVA reduction from baseline to the last visit [14]. These findings are in
accordance with data from another study who found that the BCVA at baseline was best
predicted by the IS/OS junction (p = 0.0002) and subfoveal integrity of the ELM (p = 0.001)
in SD-OCT [28].

We acknowledge several limitations of our study. Firstly, the study is retrospective.
Secondly, the sample size was small, limiting our ability to detect other statistical correla-
tions. Thirdly, the genetic data to better differentiate between AOVMD, AVL and AMD
are missing. Fourthly, the frequency of the follow-up between patients was variable. A
complete automated method for vitelliform lesion identification and measurement would
be useful in the future to decrease any potential biases from manual delineation.

5. Conclusions

In our small series of AVLs in adult patients, we found increased RPE thickness as
a sign of hyperplasia, contrary to the central and min ONL layer which were decreased,
mirroring the impact of the vitelliform lesion over the PR. Most of the analyzed eyes
presented a discontinuous EZ, both at baseline and in evolution, being a sign of visual
impairment. During the follow-up some of the AVLs had increased while others regressed,
which was translated in divergent results regarding height, width, area, perimeter or
volume between the eyes. The density analysis helps us better evaluate the AVLs’ evolution
in time, since vitelliform resorption is further translated into a reflectivity or density change.

Eyes that received anti-VEGF injections did not show signs of improvement regarding
the BCVA, since the mean change in our study group was −6.43 ± 9 letters (p = 0.054).
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Abstract: Age-related macular degeneration (AMD) is a progressive degenerative disease that af-
fects the central part of the retina: the macula. AMD is the most common cause of central vision
loss in industrialized countries. Increasing attention is being paid to the study of genetic factors
that may influence the manifestation of AMD. STAT4 protein is involved in the pathogenesis of
numerous inflammatory processes, so we decided to investigate the association between STAT4 gene
polymorphisms (rs10181656, rs7574865, rs7601754, and rs10168266) and age-related macular degen-
eration. Purpose: To investigate the association between STAT4 (rs10181656, rs7574865, rs7601754,
and rs10168266) gene polymorphisms and STAT4 serum levels in patients with age-related macular
degeneration. Methods and participants: The study included 150 individuals with early AMD, 150 in-
dividuals with exudative AMD, and 200 healthy subjects. DNA was extracted from peripheral blood
leukocytes using the DNA salting-out method, and the genotyping was performed using a real-time
polymerase chain reaction (RT-PCR) method. STAT4 serum levels were evaluated using the ELISA
method. Statistical analysis was performed using “IBM SPSS “Statistics 29.0” software”. Results:
The study revealed no statistically significant differences in the distribution of genotypes and alleles
for the STAT4 polymorphisms (rs10181656, rs7574865, rs7601754, and rs10168266) between patients
with AMD and the control group. Similarly, a gender-based analysis did not yield any significant
differences in the genotype or allele frequencies. Age group comparisons also showed no statistically
significant variations in the presence of these STAT4 polymorphisms between AMD patients and
the control group. However, notably, individuals with exudative AMD displayed lower levels of
serum STAT4 in comparison to the control group (median (IQR): 0.118 (0.042) vs. 0.262 (0.385),
p = 0.005). Conclusion: Investigating STAT4 gene polymorphisms (rs10181656, rs7574865, rs7601754,
and rs10168266) did not reveal a significant association with AMD. However, further analysis demon-
strated intriguing findings regarding serum STAT4 levels. Exudative AMD patients with at least one
G allele of the STAT4 rs10181656 exhibited significantly lower serum STAT4 levels than the control
group subjects (p = 0.011). Similarly, those with at least one T allele of STAT4 rs10168266 had lower
serum STAT4 levels compared to the control group subjects (p = 0.039). These results suggest a
potential link between specific STAT4 genotypes and serum STAT4 levels in exudative AMD patients,
shedding light on a novel aspect of the disease.
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1. Introduction

Age-related macular degeneration (AMD) is a progressive degenerative disease affect-
ing the central part of the retina: the macula. AMD is the most common cause of central
vision loss in developed countries. AMD usually occurs in people older than 55 years. As
the population ages, AMD is becoming an increasingly important and sensitive disease
worldwide [1]. It is estimated that the number of people with AMD will increase from
196 million in 2020 to 288 million in 2040 [2]. The effects of various factors influence the
occurrence of AMD. Age has the greatest influence on the development of the disease,
but comorbidities, lifestyle, smoking, hypertension, cholesterol, and high BMI are also
important [3–5]. Currently, there is no cure for AMD, but it is possible to effectively halt
the progression of the disease, and for this early diagnosis of the disease is important.
Currently, there is no treatment for dry AMD. Vascular endothelial growth factor inhibitors
are the main treatment for exudative AMD [2]. To prevent the onset and progression of
the disease, control of modifiable risk factors is important. The pathogenic mechanisms of
AMD are not well understood, but it is well established that the development of AMD is
influenced by lifestyle, environment, metabolism, and genetic factors [6]. The risk factors
for AMD are very similar to the risk factors for cardiovascular disease: age, smoking,
high cholesterol, hypertension, and high body mass index [3–5]. The drusen that occur
in AMD are composed of the same protein complexes as atherosclerotic plaques, so it
is only natural that research be conducted to determine whether cardiovascular disease
is associated with the manifestation of AMD [4]. The European Ocular Epidemiology
(E3) Consortium conducted the European Eye-Risk Project, which found that elevated
high-density lipoprotein cholesterol was associated with AMD risk and larger drusen area.
In contrast, higher triglycerides were associated with smaller drusen and lower AMD risk.
Diabetes mellitus is also being investigated as a potential risk factor for AMD, as both
conditions are associated with increased oxidative stress [3]. The increasing use of smart
devices that emit blue light in everyday life has been reported in the literature as a potential
risk factor for eye disease [2].

Currently, increasing attention is being paid to the study of genetic factors that may
influence the manifestation of AMD. The main pathogenetic mechanisms leading to the de-
velopment of AMD are the formation of drusen, local inflammation and neovascularization.
Stat4, a transcription factor known for its regulatory role in pro-inflammatory signaling,
promotes great vessels (GV) vasculogenesis in zebrafish. Some of the Stat4-related pro-
inflammatory factors may be involved in large vessel vasculogenesis. Recent studies have
revealed a paradigm in which the endogenous mechanisms of pro-inflammatory factors con-
tribute to the maintenance of normal tissue homeostasis [7]. Therefore, pro-inflammatory
cytokines and chemokines have also been reported to be expressed in the hearts of infants
with congenital heart disease and large vascular defects [8]. But STAT4 is expressed at low
levels in cultured human umbilical vein endothelial cells and is tyrosine phosphorylated
by interferon [9]. We therefore hypothesized that STA4 may play an important role in
the pathogenesis of AMD by influencing the formation of new vessels and wanted to test
whether low or high serum STAT4 levels influence the development of AMD.

STAT4 protein is also involved in the pathogenesis of many inflammatory and au-
toimmune diseases and has been associated with rheumatoid arthritis and systemic lupus
erythematosus [10]. Signal Transducers and Activators of Transcription (STAT) are a family
of proteins responsible for regulating numerous processes related to cell proliferation,
differentiation, apoptosis, and immune response. STAT proteins reside in the cytoplasm
and are activated by cytokines and growth factors. After activation, proteins translocate
to the nucleus, bind to specific promoters, and regulate gene transcription. The STAT
protein family consists of seven members, STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B,
and STAT6, which have been identified in human and mouse genomes. The size of these
proteins varies between 750 and 850 amino acids [11].

Each protein of the STAT family plays a different role in signal transduction and is
crucial for the cellular response to various cytokines [12]. The STAT4 gene is located on the
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long arm of chromosome 2 at position 2q32.2–2q32.3. STAT proteins consist of different
regions that differ in structure and function. The N-terminal domain is 124–145 amino
acids long. N-terminal and SH2 dimers are mediators of dimerization, allowing the free
ends to form STAT dimer complexes and bind to DNA [11]. The SH2 domain is a key
mediator of dimerization and a critical factor at the STAT protein–receptor interface. The
coiled-coil domain consists of four long -helices and interacts with other proteins and
STAT protein domains [12]. The DNA-binding domain is the C-terminal portion of the
protein [13]. The transcription activation domain increases transcriptional activity after
serine phosphorylation. The linker domain connects the DNA-binding domain to the SH2
domain [11].

The fourth member of the STAT protein family, the transcriptional signal transducer
and activator STAT4, is localized in the cytoplasm. Various cytokines phosphorylate STAT4
after membrane binding and dimerized STAT4 migrates to the nucleus to regulate gene
expression [14]. STAT4 is involved in developing many autoimmune and inflammatory
diseases and plays a key role in tumor and inflammatory processes. STAT4 protein is
crucial for targeting interleukin-12; therefore, IL-12 activates STAT4. The major functions
of IL-12 are the production of interferon-G(IFN-G) and the differentiation of Th1 cells
into Th17 [15]. Several single nucleotide polymorphisms of the STAT4 gene have been
associated with diseases such as rheumatoid arthritis, Sjogren’s, asthma, and systemic
lupus erythematosus [10]. In addition to the already known associations of the STAT4 gene
with the aforementioned diseases, it is important to find other diseases whose development
may be influenced by the STAT4 gene. As a result, new studies are being conducted with
the STAT4 gene. In one such study, conducted among the Chinese Han population, it was
reported that the STAT4 gene polymorphisms rs3821236, rs11893432, rs11889341, rs7574865,
and rs897200 are associated with the risk of developing type 2 diabetes [16]. STAT4 gene
expression is also associated with the risk of type 1 diabetes. A study conducted in Poland
found an association between the rs7574865 polymorphism of the STAT4 gene and the risk
of type 1 diabetes in a population of Polish European children [17]. The study included
1438 individuals whose genotypes were compared, including 656 children with type 1
diabetes and 782 healthy adults as a control group. According to scientific research, STAT4
gene expression is associated with the risk of both type 1 and type 2 diabetes [16,17]. In
a study conducted in western China involving 725 individuals, STAT4 polymorphisms
rs7574865, rs10181656, rs10168266, and rs13426947 were also found to be associated with
the risk of neuromyelitis optica spectrum disorder [18]. Our study uniquely integrated
the analysis of single nucleotide polymorphisms (SNPs) with serum STAT4 levels in blood
serum, providing a comprehensive approach to understanding AMD. This dual analysis
considers both genetic predispositions, particularly in genes like STAT4, and systemic
factors reflected in serum biomarkers. By exploring this interplay, our research aims to
contribute novel insights into AMD pathogenesis, potentially informing diagnostic and
therapeutic strategies. To discover new genetic markers associated with the development
of AMD, we decided to investigate the single nucleotide polymorphisms rs10181656,
rs7574865, rs7601754, and rs10168266 of the STAT4 gene and determine their influence on
the manifestation of AMD.

2. Methods

All subjects signed an agreement in accordance with the Declaration of Helsinki. The
study was conducted in the Laboratory of Ophthalmology of the Institute of Neurosciences
of the Lithuanian University of Health Sciences. The Kaunas Regional Biomedical Research
Ethics Committee approved the study (approval numbers: 9 July 2015 No. BE-2-26 and
26 January 2017 No. P1-BE-2-26/2015).

A total of 500 subjects were studied, and two study groups were formed: a control
group (n = 200) and a group of patients with AMD (n = 300). The patient group was divided
into two subgroups: patients with early AMD (n = 150) and patients with exudative AMD
(n = 150).
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The control group consisted of individuals who had no ocular pathology at examina-
tion and agreed to participate in the study. The exclusion criteria for patients in the study
were described in our previous study.

The exclusion criteria for patients with AMD were (1) related ocular diseases (high
refractive error, cloudy cornea, or lens opacity (nuclear, cortical, and posterior subcapsular
cataract), excluding minor opacities, and patients with intraocular lenses, keratitis, acute
or chronic uveitis, glaucoma, late age-related macular degeneration, optic nerve disease);
(2) systemic diseases (diabetes mellitus, oncological diseases, systemic tissue disorders,
chronic infectious diseases, and conditions after organ or tissue transplantation); (3) color
fundus photography because of the opacity of the optical system of the eye or because of
the quality of fundus photography; (4) congenital color vision disorders were excluded by
history; and (5) patients with epilepsy and taking sedatives.

The inclusion criteria for healthy patients were as follows: (1) no ophthalmic eye dis-
eases detected in the detailed ophthalmic examination; (2) informed consent to participate.
The exclusion criteria for healthy patients were as follows: (1) any ophthalmic diseases;
(2) patients with epilepsy and taking sedatives.

Ophthalmic examination of all subjects in our study was performed as follows. Visual
acuity (VA) was estimated from letter charts and reported in decimal notation. All patients
were examined with slit-lamp biomicroscopy. Biomicroscopy was used to assess corneal
and lens transparency. Intraocular pressure was measured at each examination. The
patients were dilated with 1% tropicamide. After pupil dilation, funduscopy was performed
with a direct monocular ophthalmoscope and slit lamp using a double aspheric lens of
+78 diopters. The examination results were recorded on standardized forms developed
for this study. Color fundus photographs were taken with a fundus camera at half wide
angle (OPTON SBG, 30 degrees). Photographs were taken with the focus on the center of
the fovea.

Optical coherence tomography was performed in all AMD patients (OCT), and fluo-
rescein angiography was performed in patients with suspected late AMD after examination
of the OCT. For this study, we used the classification system for AMD formulated in the
previous Age-Related Eye Disease Study [6,19]: Early AMD consisted of multiple small
drusen and multiple intermediate (63–124 μm diameter) drusen or abnormalities of the
retinal pigment epithelium. Extensive intermediate drusen characterized early intermediate
AMD and at least one large druse (≥125 μm diameter) or geographic atrophy that did
not involve the center of the fovea. Exudative AMD was identified by the occurrence of
geographic atrophy involving the fovea and/or any of the neovascular AMD features.

The control group consisted of individuals who had no ocular pathology at examina-
tion and agreed to participate in the study.

2.1. DNA Extraction and Genotyping

The DNA extraction and analysis of the STAT4 gene polymorphisms were performed
at the Ophthalmology Laboratory of the Neuroscience Institute of the Lithuanian College
of Health Sciences. Blood samples were typically collected before 10 am. After obtaining
the blood, the sample was immediately delivered to the laboratory. The sample was coded
and labeled according to the laboratory’s instructions. Then, it was either used for DNA
extraction or refrigerated for future use. For serum preparation, upon collection of the
whole blood, it was left undisturbed at room temperature for 15–30 min to allow for clotting.
Subsequently, the clot was removed by centrifuging the blood at 1000–2000× g for 10 min in
a refrigerated centrifuge, resulting in the designated serum (i.e., supernatant). This serum
was immediately transferred into a clean microcentrifuge tube using a pipette. Through-
out handling, the samples were maintained at 2–8 ◦C. If the serum was not analyzed
immediately, it was stored and transported at −20 ◦C or lower for further investigations.
Approximately 3 mL of blood is required to extract approximately 250 μg of DNA, a quan-
tity optimal for various tests, including TL-PCR. The DNA extraction was performed on
the venous blood samples using the salting-out method. Briefly, venous blood samples
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(i.e., white blood cells) were collected and suspended in a buffer solution, followed by the
addition of detergents to degrade cell membranes, proteinase K to hydrolyze proteins, and
chloroform to deproteinize them. The DNA was then precipitated with ethanol. Addi-
tionally, the DNA concentration was determined using spectrophotometry. The 260/280,
260/230, and 260/325 absorbance ratios were used in assessing the DNA purity and identi-
fying contaminants in the biological samples during DNA extraction. To ensure optimal
accuracy, the readings ideally fell within the range of 0.1 to 1.0.

Single nucleotide polymorphisms (SNPs) were determined using TaqMan® genotyp-
ing assays (Thermo Scientific, Pleasanton, CA, USA, Canada) and following the manu-
facturer’s. Genotyping of STAT4 rs10181656, rs7574865, rs7601754, and rs10168266 was
performed using real-time PCR (RT-PCR) according to the manufacturers, using a Step One
Plus RT-PCR system (Applied Biosystems, Foster City, CA, USA) and an allele discrimina-
tion program. Into each of the 96 wells on the plate, we added 1.5 μL of the DNA samples
and 8.5 μL of the PCR reaction mixture, along with the negative control. The program
analyzed each genotype based on the fluorescence intensity of the different detectors (VIC
and FAM).

2.2. ELISA

STAT4 levels were determined using an enzyme-linked immunosorbent assay (ELISA)
with the Abbexa Signal Transducer And Activator Of Transcription 4 (STAT4) ELISA kit
(UK, Cambridge).

In this method, a 96-well plate was precoated with an antibody. Following the addition
of standards, test samples, and a biotin-conjugated reagent, the plate was incubated.
Subsequently, an HRP-conjugated reagent was introduced, and the plate underwent another
incubation. Wash buffer was used to remove any unbound conjugates at each stage. The
HRP enzymatic reaction was quantified using a TMB substrate, resulting in a blue-colored
product in the wells containing adequate STAT4, which transformed to yellow upon
the addition of an acidic stop solution. The intensity of the yellow color was directly
proportional to the amount of STAT4 bound to the plate. The optical density (OD) was
measured at 450 nm using a microplate reader, enabling the calculation of the concentration
of STAT4. The absorbance was measured at the required 450 nm, and the concentration
was calculated from a calibration curve based on the standard solutions used.

2.3. Statistical Analysis

Statistical analysis of the data was performed using IBM SPSS Statistics 27.0. Data are
presented as absolute numbers (percentages) and the median (IQR). The Mann–Whitney
U test was used to detect differences between two independent groups. To compare
the homogeneity of the genotype distribution of polymorphisms between AMD patients
and controls, χ2 and Fisher’s and two-way criteria were used. Binary logistic regression
analysis was used to estimate the odds ratio (OR) of AMD occurrence as a function of
genetic inheritance patterns. The genetic models (codominant: heterozygotes vs. wild-type
homozygotes and homozygotes vs. wild-type homozygotes; dominant: homozygotes with
a rarer allele and heterozygotes vs. wild-type homozygotes; recessive: homozygotes with
a rarer allele vs. wild-type homozygotes; recessive: homozygotes with a rarer allele vs.
wild-type homozygotes) were included in the analysis. Homozygotes with rarer allele vs
wild-type homozygotes and heterozygotes; supradominant: heterozygotes vs wild-type
homozygotes vs homozygotes with rarer allele; an additive model was used to model the
effect of each rarer allele on the development of AMD. This analysis was performed with a
95% confidence interval (CI) for the group with AMD. The Akaike information criterion
(AIC) was evaluated to select the best inheritance model, with the lowest value indicating
the best-fitting model. After Bonferroni correction, differences were considered statistically
significant when p < 0.05/4 (p < 0.0125).
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3. Results

This case–control study included 500 participants: 150 subjects in the early AMD group
(average age: 71.49 years) and 150 subjects in the exudative AMD group (average age:
71.46 years). The control group comprised 200 healthy subjects (average age: 71.42 years)
(Table 1).

Table 1. Demographic characteristics.

Characteristics

Group

p-ValueEarly
AMD

n = 150

Exudative
AMD

n = 150

Control
n = 200

Gender
Women, N (%) 75 (50) 75 (50) 100 (50) 1 *

1 **Men, N (%) 75 (50) 75 (50) 100 (50)

Interquartile range (IQR) 71 (11) 72.5 (11) 71 (4) 0.726 *
0.152 **

AMD—age-related macular degeneration. * Early AMD vs. control group. ** Exudative AMD vs. control group.

3.1. Frequencies of STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) Genotypes and
Alleles in Patients with AMD and Control Group

No statistically significant differences were found between the frequencies of STAT4
(rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and alleles in early AMD
and control groups (Table 2).

Table 2. Frequencies of STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and
alleles in the early AMD and control groups.

SNP Genotype/Allele
Group

p-Value
Control, N (%) Early AMD, N (%)

STAT4
rs10181656

CC 118 (59.0) 90 (60.0) 0.672
CG 65 (32.5) 51 (34.0)
GG 17 (8.5) 9 (6.0)

Total: 200 150
Allele:

C 301 (75.25) 231 (77.0)
G 99 (24.75) 69 (23.0) 0.592

STAT4
rs7574865

GG 118 (59.0) 92 (61.3) 0.670
GT 65 (32.5) 49 32.7)
TT 17 (8.5) 9 (6.0)

Total: 200 150
Allele:

G 301 (75.25) 233 (77.67)
T 99 (24.75) 67 (22.33) 0.457

STAT4
rs7601754

AA 150 (75.0) 113 (75.3) 0.902
GA 46 (23.0) 33 (22.0)
GG 4 (2.0) 4 (2.7)

Total: 200 150
Allele:

A 346 (86.5) 259 (86.34)
G 54 (13.5) 41 (13.66) 0.949

STAT4
rs10168266

CC 133 (66.5) 100 (66.7) 0.852
CT 58 (29.0) 45 (30.0)
TT 9 (4.5) 5 (3.3)

Total: 200 150
Allele:

C 324 (81.0) 245 (81.67)
T 76 (19.0) 55 (18.33) 0.823

p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; SNP—single nucleotide
polymorphism; AMD—age-related macular degeneration.
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Moreover, no statistically significant differences were found between the frequencies
of the STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and alleles in
the exudative AMD and control groups (Table 3).

Table 3. Frequencies of the STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and
alleles in the exudative AMD and control groups.

SNP Genotype/Allele
Group

p-Value
Control, N (%) Exudative AMD, N (%)

STAT4
rs10181656

CC 118 (59.0) 80 (53.3) 0.568
CG 65 (32.5) 56 (37.3)
GG 17 (8.5) 14 (9.3)

Total: 200 150
Allele:

C 301 (75.25) 216 (72.0)
G 99 (24.75) 84 (28.0) 0.333

STAT4
rs7574865

GG 118 (59.0) 80 (53.3) 0.568
GT 65 (32.5) 56 (37.3)
TT 17 (8.5) 14 (9.3)

Total: 200 150
Allele:

G 301 (75.25) 216 (72.0)
T 99 (24.75) 84 (28.0) 0.333

STAT4
rs7601754

AA 150 (75.0) 111 (74.0) 0.529
GA 46 (23.0) 38 (25.3)
GG 4 (2.0) 1 (0.7)

Total: 200 150
Allele:

A 346 (86.5) 260 (86.67)
G 54 (13.5) 40 (13.33) 0.949

STAT4
rs10168266

CC 133 (66.5) 98 (65.3) 0.674
CT 58 (29.0) 42 (28.0)
TT 9 (4.5) 10 (6.7)

Total: 200 150
Allele:

C 324 (81.0) 238 (79.34)
T 76 (19.0) 62 (20.96) 0.583

p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; SNP—single nucleotide
polymorphism; AMD—age-related macular degeneration.

3.2. STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) Genotypes and Allele
Associations with Early and Exudative AMD

We analyzed STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and
allele associations with early and exudative AMD. No statistically significant associations
were found (Tables 4 and 5).

Table 4. Binomial logistic regression analysis of STAT4 (rs10181656, rs7574865, rs7601754, and
rs10168266) in the early AMD and control groups.

Model Genotype/Allele OR (95% CI) p-Value AIC

STAT4 rs10181656

Codominant CG vs. CC
GG vs. CC

1.029 (0.651–1.626)
0.694 (0.296–1.629)

0.904
0.402 481.227

Dominant CG+GG vs. CC 0.959 (0.623–1.477) 0.850 480.000

Recessive GG vs. CC+CG 0.687 (0.297–1.587) 0.380 479.241

Overdominant CG vs. CC+GG 1.070 (0.683–1.676) 0.768 479.949

Additive C 0.915 (0.653–1.283) 0.608 479.771
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Table 4. Cont.

Model Genotype/Allele OR (95% CI) p-Value AIC

STAT4 rs7574865

Codominant GT vs. GG
TT vs. GG

0.967 (0.610–1.532)
0.679 (0.289–1.593)

0.886
0.374 481.221

Dominant GT+TT vs. GG 0.907 (0.588–1.399) 0.659 479.841

Recessive TT vs. GG+GT 0.687 (0.297–1.587) 0.380 479.241

Overdominant GT vs. GG+TT 1.008 (0.641–1.583) 0.974 480.035

Additive G 0.885 (0.631–1.241) 0.478 479.530

STAT4 rs7601754

Codominant GA vs. AA
GG vs. AA

0.952 (0.572–1.585)
1.327 (0.325–5.422)

0.851
0.693 481.831

Dominant GA+GG vs. AA 0.982 (0.602–1.604) 0.943 480.031

Recessive GG vs. AA+GA 1.342 (0.330–5.457) 0.681 479.867

Overdominant GA vs. AA+GG 0.944 (0.568–1.569) 0.825 479.987

Additive A 1.014 (0.660–1.556) 0.950 480.032

STAT4 rs10168266

Codominant CT vs. CC
TT vs. CC

1.032 (0.646–1.648)
0.739 (0.240–2.273)

0.895
0.598 481.709

Dominant CT+TT vs. CC 0.993 (0.634–1.555) 0.974 480.035

Recessive TT vs. CC+CT 0.732 (0.240–2.230) 0.583 479.727

Overdominant CT vs. CC+TT 1.049 (0.660–1.669) 0.839 479.994

Additive C 0.958 (0.656–1.399) 0.826 479.987
p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; OR—odds ratio; CI—confident
interval; AIC—Akaike information criteria.

Table 5. Binomial logistic regression analysis of STAT4 (rs10181656, rs7574865, rs7601754, and
rs10168266) in the exudative AMD and control groups.

Model Genotype/Allele OR (95% CI) p-Value AIC

STAT4 rs10181656

Codominant CG vs. CC
GG vs. CC

1.271 (0.805–2.006)
1.215 (0.567–2.603)

0.303
0.617 480.904

Dominant CG+GG vs. CC 1.259 (0.822–1.930) 0.290 478.916

Recessive GG vs. CC+CG 1.108 (0.528–2.326) 0.786 479.962

Overdominant CG vs. CC+GG 1.237 (0.794–1.929) 0.347 479.153

Additive C 1.164 (0.842–1.608) 0.357 479.189

STAT4 rs7574865

Codominant GT vs. GG
TT vs. GG

1.271 (0.805–2.006)
1.215 (0.567–2.603)

0.303
0.617 480.904

Dominant GT+TT vs. GG 1.259 (0.822–1.930) 0.290 478.916

Recessive TT vs. GG+GT 1.108 (0.528–2.326) 0.786 479.962

Overdominant GT vs. GG+TT 1.237 (0.794–1.929) 0.347 479.153

Additive G 1.164 (0.842–1.608) 0.357 479.189
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Table 5. Cont.

Model Genotype/Allele OR (95% CI) p-Value AIC

STAT4 rs7601754

Codominant GA vs. AA
GG vs. AA

1.116 (0.681–1.831)
0.338 (0.037–3.064)

0.663
0.335 480.663

Dominant GA+GG vs. AA 1.054 (0.649–1.713) 0.832 479.991

Recessive GG vs. AA+GA 0.329 (0.036–2.973) 0.322 478.853

Overdominant GA vs. AA+GG 1.136 (0.693–1.861) 0.613 479.781

Additive A 0.985 (0.630–1.540) 0.948 480.031

STAT4 rs10168266

Codominant CT vs. CC
TT vs. CC

0.983 (0.611–1.581)
1.508 (0.590–3.851)

0.943
0.391 481.256

Dominant CT+TT vs. CC 1.053 (0.674–1.646) 0.820 479.984

Recessive TT vs. CC+CT 1.516 (0.600–3.829) 0.379 479.261

Overdominant CT vs. CC+TT 0.952 (0.595–1.522) 0.838 479.994

Additive C 1.100 (0.769–1.574) 0.601 479.762
p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; OR—odds ratio; CI—confident
interval; AIC—Akaike information criteria.

3.3. STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) Genotypes and Allele
Associations with Early and Exudative AMD by Gender

The allele frequency analysis showed no statistically significant differences between
STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and alleles in the early
AMD, exudative AMD, and control groups depending on gender (Tables 6 and 7).

Table 6. Frequencies of STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and
alleles in the early AMD and control groups by gender.

SNP Genotype/Allele

Women

p-Value

Men

p-ValueControl, N
(%)

Early AMD,
N (%)

Control, N
(%)

Early AMD,
N (%)

STAT4
rs10181656

CC
CG
GG

Allele:
C
G

58 (58.0)
33 (33.0)

9 (9.0)

149 (74.5)
51 (25.5)

48 (64.0)
22 (29.3)

5 (6.7)

118 (78.67)
32 (21.33)

0.694

0.364

60 (60.0)
32 (32.0)

8 (8.0)

152 (76.0)
48 (24.0)

42 (56.0)
29 (38.7)

4 (5.3)

113 (75.34)
37 (24.66)

0.574

0.886

STAT4
rs7574865

GG
GT
TT

Allele:
G
T

58 (58.0)
33 (33.0)

9 (9.0)

149 (74.5)
51 (25.5)

48 (64.0)
21 (28.0)

6 (8.0)

117 (78.0)
33 (22.0)

0.722

0.448

60 (60.0)
32 (32.0)

8 (8.0)

152 (76.0)
48 (24.0)

44 (58.7)
28 (37.3)

3 (4.0)

116 (77.34)
34 (22.66)

0.482

0.771

STAT4
rs7601754

AA
GAGG
Allele:

A
G

73 (73.0)
25 (25.0)

2 (2.0)

171 (85.5)
29 (14.5)

50 (66.7)
21 (28.0)

4 (5.3)

121 (80.67)
29 (19.33)

0.411

0.229

77 (77.0)
21 (21.0)

2 (2.0)

175 (87.5)
25 (12.5)

63 (84.0)
12 (16.0)

0 (0.0)

138 (92.0)
12 (8.0)

0.312

0.175
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Table 6. Cont.

SNP Genotype/Allele

Women

p-Value

Men

p-ValueControl, N
(%)

Early AMD,
N (%)

Control, N
(%)

Early AMD,
N (%)

STAT4
rs10168266

CC
CT
TT

Allele:
C
T

62 (62.0)
32 (32.0)

6 (6.0)

156 (78.0)
44 (22.0)

50 (66.7)
22 (29.3)

3 (4.0)

122 (81.33)
28 (18.67)

0.749

0.445

71 (71.0)
26 (26.0)

3 (3.0)

168 (84.0)
32 (16.0)

50 (66.7)
23 (30.7)

2 (2.7)

123 (82.0)
27 (18.0)

0.792

0.621

p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; SNP—single nucleotide
polymorphism; AMD—age-related macular degeneration.

Table 7. Frequencies of STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and
alleles in the exudative AMD and control groups by gender.

SNP Genotype/Allele

Women

p-Value

Men

p-ValueControl, N
(%)

Exudative
AMD, N (%)

Control, N
(%)

Exudative
AMD, N (%)

STAT4
rs10181656

CC
CG
GG

Allele:
C
G

58 (58.0)
33 (33.0)

9 (9.0)

149 (74.5)
51 (25.5)

37 (49.3)
31 (41.3)

7 (9.3)

105 (70.0)
45 (30.0)

0.494

0.350

60 (60.0)
32 (32.0)

8 (8.0)

152 (76.0)
48 (24.0)

43 (57.3)
25 (33.3)

7 (9.3)

111 (74.0)
39 (26.0)

0.921

0.668

STAT4
rs7574865

GG
GT
TT

Allele:
G
T

58 (58.0)
33 (33.0)

9 (9.0)

149 (74.5)
51 (25.5)

37 (49.3)
31 (41.3)

7 (9.3)

105 (70.0)
45 (30.0)

0.494

0.350

60 (60.0)
32 (32.0)

8 (8.0)

152 (76.0)
48 (24.0)

43 (57.3)
25 (33.3)

7 (9.3)

111 (74.0)
39 (26.0)

0.921

0.668

STAT4
rs7601754

AA
GA
GG

Allele:
A
G

73 (73.0)
25 (25.0)

2 (2.0)

171 (85.5)
29 (14.5)

54 (72.0)
21 (28.0)

0 (0)

129 (86.0)
21 (14.0)

0.438

0.895

77 (77.0)
21 (21.0)

2 (2.0)

175 (87.5)
25 (12.5)

57 (76.0)
17 (22.7)

1 (1.3)

131 (87.34)
19 (12.66)

0.918

0.963

STAT4
rs10168266

CC
CT
TT

Allele:
C
T

62 (62.0)
32 (32.0)

6 (6.0)

156 (78.0)
44 (22.0)

47 (62.7)
23 (30.7)

5 (6.7)

117 (78.0)
33 (22.0)

0.972

1

71 (71.0)
26 (26.0)

3 (3.0)

168 (84.0)
32 (16.0)

51 (68.0)
19 (25.3)

5 (6.7)

121 (80.67)
29 (19.33)

0.516

0.416

p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; SNP—single nucleotide
polymorphism; AMD—age-related macular degeneration.

Binary logistic regression revealed that the association between STAT4 (rs10181656,
rs7574865, rs7601754, and rs10168266) in the early AMD and control groups by gender was
not statistically significant (Table 8). Also, no statistically significant association was found
between STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) in the exudative AMD
and control groups, depending on gender (Table 9).
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Table 8. Binary logistic regression analysis of STAT4 (rs10181656, rs7574865, rs7601754, and
rs10168266) in the early AMD and control groups by gender.

Model Genotype/Allele OR (95% CI) p-Value AIC

Women

STAT4 rs10181656

Codominant CG vs. CC
GG vs. CC

0.806 (0.416–1.561)
0.671 (0.211–2.137)

0.522
0.500 242.283

Dominant CG+GG vs. CC 0.777 (0.419–1.439) 0.422 240.370

Recessive GG vs. CC+CG 0.722 (0.232–2.251) 0.575 240.696

Overdominant CG vs. CC+GG 0.843 (0.441–1.612) 0.605 240.750

Additive C 0.814 (0.506–1.309) 0.395 240.285

STAT4 rs7574865

Codominant GT vs. GG
TT vs. GG

0.769 (0.394–1.499)
0.806 (0.268–2.424)

0.440
0.700 242.364

Dominant GT+TT vs. GG 0.777 (0.419–1.439) 0.422 240.370

Recessive TT vs. GG+GT 0.879 (0.299–2.587) 0.815 240.963

Overdominant GT vs. GG+TT 0.790 (0.411–1.519) 0.479 240.513

Additive G 0.845 (0.530–1.348) 0.481 240.516

STAT4 rs7601754

Codominant GA vs. AA
GG vs. AA

1.226 (0.620–2.427)
2.920 (0.515–16.555)

0.558
0.226 239.247

Dominant GA+GG vs. AA 1.352 (0.704–2.595) 0.365 240.198

Recessive GG vs. AA+GA 2.761 (0.492–15.488) 0.249 239.590

Overdominant GA vs. AA+GG 1.167 (0.593–2.297) 0.656 240.819

Additive A 1.392 (0.799–2.424) 0.242 239.646

STAT4 rs10168266

Codominant CT vs. CC
TT vs. CC

0.853 (0.441–1.647)
0.620 (0.148–2.604)

0.635
0.514 242.431

Dominant CT+TT vs. CC 0.816 (0.436–1.528) 0.525 240.611

Recessive TT vs. CC+CT 0.653 (0.158–2.699) 0.556 240.658

Overdominant CT vs. CC+TT 0.882 (0.460–1.691) 0.706 240.875

Additive C 0.822 (0.490–1.379) 0.458 240.461

Men

STAT4 rs10181656

Codominant CG vs. CC
GG vs. CC

1.295 (0.684–2.452)
0.714 (0.202–2.527)

0.428
0.602 241.902

Dominant CG+GG vs. CC 1.179 (0.643–2.162) 0.595 240.736

Recessive GG vs. CC+CG 0.648 (0.188–2.238) 0.493 240.529

Overdominant CG vs. CC+GG 1.340 (0.716–2.507) 0.360 240.182

Additive C 1.035 (0.640–1.674) 0.888 240.998

STAT4 rs7574865

Codominant GT vs. GG
TT vs. GG

1.193 (0.630–2.261)
0.511 (0.128–2.038)

0.588
0.342 241.505

Dominant GT+TT vs. GG 1.057 (0.575–1.944) 0.859 240.986
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Table 8. Cont.

Model Genotype/Allele OR (95% CI) p-Value AIC

Recessive TT vs. GG+GT 0.479 (0.123–1.871) 0.290 239.798

Overdominant GT vs. GG+TT 1.266 (0.675–2.374) 0.462 240.478

Additive G 0.931 (0.570–1.521) 0.776 240.936

STAT4 rs7601754

Codominant GA vs. AA
GG vs. AA

0.698 (0.319–1.529)
-

0.369
- 239.941

Dominant GA+GG vs. AA 0.638 (0.294–1.382) 0.254 239.683

Recessive GG vs. AA+GA - - -

Overdominant GA vs. AA+GG 0.717 (0.328–1.567) 0.404 240.309

Additive A 0.608 (0.294–1.259) 0.180 239.135

STAT4 rs10168266

Codominant CT vs. CC
TT vs. CC

1.256 (0.644–2.449)
0.947 (0.153–5.874)

0.503
0.953 242.553

Dominant CT+TT vs. CC 1.224 (0.642–2.335) 0.539 240.642

Recessive TT vs. CC+CT 0.886 (0.144–5.439) 0.896 241.001

Overdominant CT vs. CC+TT 1.259 (0.648–2.445) 0.497 240.557

Additive C 1.152 (0.656–2.023) 0.621 240.774
p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; OR—odds ratio; CI—confident
interval; AIC—Akaike information criteria.

Table 9. Binomial logistic regression analysis of STAT4 (rs10181656, rs7574865, rs7601754, and
rs10168266) in the exudative AMD and control groups by gender.

Model Genotype/Allele OR (95% CI) p-Value AIC

Women

STAT4 rs10181656

Codominant CG vs. CC
GG vs. CC

1.473 (0.776–2.794)
1.219 (0.418–3.556)

0.236
0.717 241.608

Dominant CG+GG vs. CC 1.418 (0.777–2.590) 0.255 239.721

Recessive GG vs. CC+CG 1.041 (0.369–2.934) 0.940 241.012

Overdominant CG vs. CC+GG 1.430 (0.769–2.660) 0.258 239.739

Additive C 1.232 (0.781–1.942) 0.370 240.214

STAT4 rs7574865

Codominant GT vs. GG
TT vs. GG

1.473 (0.776–2.794)
1.219 (0.418–3.556)

0.236
0.717 241.608

Dominant GT+TT vs. GG 1.418 (0.777–2.590) 0.255 239.721

Recessive TT vs. GG+GT 1.041 (0.369–2.934) 0.940 241.012

Overdominant GT vs. GG+TT 1.430 (0.769–2.660) 0.258 239.739

Additive G 1.232 (0.781–1.942) 0.370 240.214

STAT4 rs7601754

Codominant GA vs. AA
GG vs. AA

1.136 (0.576–2.238)
-

0.713
- 240.627
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Table 9. Cont.

Model Genotype/Allele OR (95% CI) p-Value AIC

Dominant GA+GG vs. AA 1.051 (0.538–2.055) 0.883 240.996

Recessive GG vs. AA+GA - - -

Overdominant GA vs. AA+GG 1.167 (0.593–2.297) 0.656 240.819

Additive A 0.957 (0.510–1.796) 0.891 240.999

STAT4 rs10168266

Codominant CT vs. CC
TT vs. CC

0.948 (0.492–1.828)
1.099 (0.316–3.821)

0.874
0.882 242.960

Dominant CT+TT vs. CC 0.972 (0.524–1.803) 0.928 241.010

Recessive TT vs. CC+CT 1.119 (0.328–3.815) 0.857 240.986

Overdominant CT vs. CC+TT 0.940 (0.493–1.793) 0.851 240.982

Additive C 1.000 (0.612–1.634) 1.000 241.018

Men

STAT4 rs10181656

Codominant CG vs. CC
GG vs. CC

1.090 (0.567–2.095)
1.221 (0.412–3.622)

0.796
0.719 242.854

Dominant CG+GG vs. CC 1.116 (0.608–2.050) 0.723 240.892

Recessive GG vs. CC+CG 1.184 (0.409–3.423) 0.755 240.921

Overdominant CG vs. CC+GG 1.062 (0.561–2.011) 0.852 240.983

Additive C 1.099 (0.694–1.741) 0.687 240.856

STAT4 rs7574865

Codominant GT vs. GG
TT vs. GG

1.090 (0.567–2.095)
1.221 (0.412–3.622)

0.796
0.719 242.854

Dominant GT+TT vs. GG 1.116 (0.608–2.050) 0.723 240.892

Recessive TT vs. GG+GT 1.184 (0.409–3.423) 0.755 240.921

Overdominant GT vs. GG+TT 1.062 (0.561–2.011) 0.852 240.983

Additive G 1.099 (0.694–1.741) 0.687 240.856

STAT4 rs7601754

Codominant GA vs. AA
GG vs. AA

1.094 (0.529–2.259)
0.675 (0.060–7.632)

0.809
0.751 242.844

Dominant GA+GG vs. AA 1.057 (0.522–2.141) 0.877 240.994

Recessive GG vs. AA+GA 0.662 (0.059–7.442) 0.738 240.902

Overdominant GA vs. AA+GG 1.103 (0.535–2.274) 0.791 240.948

Additive A 1.015 (0.538–1.914) 0.963 241.016

STAT4 rs10168266

Codominant CT vs. CC
TT vs. CC

1.017 (0.509–2.033)
2.320 (0.530–10.151)

0.961
0.264 241.709

Dominant CT+TT vs. CC 1.152 (0.602–2.206) 0.669 240.836

Recessive TT vs. CC+CT 2.310 (0.534–9.984) 0.262 239.712

Overdominant CT vs. CC+TT 0.966 (0.486–1.917) 0.920 241.008

Additive C 1.231 (0.726–2.087) 0.440 240.423
p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; OR—odds ratio; CI—confident
interval; AIC—Akaike information criteria.
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3.4. Frequencies of STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) Genotypes and
Alleles in Patients with AMD and in the Control Group by Age

Since AMD is a major cause of central vision loss in the developed world affecting 10%
of people older than 65 years and more than 25% of people older than 75 years, we decided
to divide our subjects into three groups, depending on age (Table 10). Our results showed
that there were no statistically significant differences in STAT4 (rs10181656, rs7574865,
rs7601754, and rs10168266) genotypes and alleles among the early AMD, exudative AMD,
and control groups, depending on age (Table 10).

Table 10. Frequencies of STAT4 (rs10181656, rs7574865, rs7601754, and rs10168266) genotypes and
alleles in the early AMD, exudative AMD, and control groups by age.

SNP
Genoty-
pe/Allele

≤65 y/o

p-Value

>65 y/o–≤75 y/o

p-Value

>75 y/o

p-ValueControl
Group,

Early
AMD

Exudative
AMD

Control
Group,

Early
AMD

Exudative
AMD

Control
Group,

Early
AMD

Exudative
AMD

n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

rs10181656

CC 13 (52.0) 15 (50.0) 17 (54.8) 0.965 (1)
0.754 (2)

89 (59.7) 48 (62.3) 32 (50.0) 0.493 (1)
0.411 (2)

16 (61.5) 27 (62.8) 31 (56.4) 0.797 (1)
0.447 (2)CG 10 (40.0) 12 (40.0) 10 (32.3) 48 (32.2) 26 (33.8) 25 (39.1) 7 (26.9) 13 (30.2) 21 (38.2)

GG 2 (8.0) 3 (10.0) 4 (12.9) 12 (8.1) 3 (3.9) 7 (10.9) 3 (11.5) 3 (7.0) 3 (5.5)

C 36 (72) 42 (70) 44 (71) 0.818 (1)
0.904 (2)

226
(75.8)

122
(79.2) 89 (69.5) 0.418 (1)

0.174 (2)
39 (75) 67 (77.9) 83 (75.5) 0.695 (1)

0.950 (2)G 14 (28) 18 (30) 18 (29) 72 (24.2) 32 (20.8) 39 (30.5) 13 (25) 19 (22.1) 27 (24.5)

rs7574865

GG 13 (52.0) 17 (56.7) 17 (54.8) 0.938 (1)
0.754 (2)

89 (59.7) 48 (62.3) 31 (48.4) 0.725 (1)
0.277 (2)

16 (61.5) 27 (62.8) 32 (58.2) 0.797 (1)
0.291 (2)GT 10 (40.0) 11 (36.7) 10 (32.3) 48 (32.2) 25 (32.5) 25 (39.1) 7 (26.0) 13 (30.2) 21 (38.2)

TT 2 (8.0) 2 (7.7) 4 (12.9) 12 (8.1) 4 (5.2) 8 (12.5) 3 (11.5) 3 (7.0) 2 (3.6)

G 36 (72) 45 (75) 44 (71) 0.722 (1)
0.904 (2)

226
(75.8)

121
(78.6) 87 (68) 0.514 (1)

0.092 (2)
39 (75) 67 (77.9) 85 (77.3) 0.695 (1)

0.749 (2)T 14 (28) 15 (25) 18 (29) 72 (24.2) 33 (21.4) 41 (32) 13 (25) 19 (22.1) 25 (22.7)

rs7601754

AA 19 (76.0) 18 (60.0) 21 (67.7) 0.453 (1)
0.342 (2)

113
(75.8) 57 (74.0) 51 (79.7) 0.857 (1)

0.486 (2)

18 (69.2) 38 (88.4) 39 (70.9) 0.060 (1)
0.757 (2)GA 5 (20.0) 10 (33.3) 10 (32.3) 33 (22.1) 19 (24.7) 13 (20.3) 8 (30.8) 4 (9.3) 15 (27.3)

GG 1 (4.0) 2 (6.7) 0 (0) 3 (2.0) 1 (1.3) 0 (0) 0 (0) 1 (2.3) 1 (1.8)

A 43 (86) 46 (76.7) 52 (83.9) 0.215 (1)
0.755 (2)

259
(86.9)

133
(86.4)

115
(89.8) 0.870 (1)

0.397 (2)
44 (84.6) 80 (93) 93 (84.6) 0.113 (1)

0.991 (2)G 7 (14) 14 (23.3) 10 (16.1) 39 (13.1) 21 (13.6) 13 (10.2) 8 (15.4) 6 (7) 17 (15.4)

rs10168266

CC 14 (56.0) 17 (56.7) 18 (58.1) 0.956 (1)
0.972 (2)

101
(67.8) 53 (68.8) 38 (59.4) 0.528 (1)

0.234 (2)

18 (69.2) 30 (69.8) 42 (76.1) 0.934 (1)
0.777 (2)CT 9 (36.0) 10 (33.3) 11 (35.5) 42 (28.2) 23 (29.9) 20 (31.3) 7 (26.9) 12 (27.9) 11 (20.0)

TT 2 (8.0) 3 (10.0) 2 (6.5) 6 (4.0) 1 (1.3) 6 (9.4) 1 (3.8) 1 (2.3) 2 (3.6)

C 37 (74) 44 (73.3) 47 (75.8) 0.937 (1)
0.826 (2)

244
(81.9)

129
(83.8) 96 (75) 0.617 (1)

0.105 (2)
43 (82.7) 72 (83.7) 95 (86.4) 0.875 (1)

0.539 (2)T 13 (26) 16 (26.7) 15 (24.2) 54 (18.1) 25 (16.2) 32 (25) 9 (17.3) 14 (16.3) 15 (13.6)

p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; SNP—single nucleotide
polymorphism; AMD—age-related macular degeneration. (1)—Early AMD vs. control group; (2)—exudative
AMD vs. control group.

3.5. STAT4 (rs10181656, rs7574865, rs7601754 and rs10168266) Genotype and Allele
Associations with Early and Exudative AMD by Age

No statistically significant association was found between STAT4 (rs10181656, rs7574865,
rs7601754 and rs10168266) in early AMD, exudative AMD and control groups in ≤65-year-
old subjects (Table 11).

Table 11. Binomial logistic regression analysis of STAT4 (rs10181656, rs7574865, rs7601754, and
rs10168266) in the early AMD, exudative AMD, and control groups in the ≤65-year-old subjects.

≤65 y/o

Model Genotype/Allele OR (95% CI) * p-Value AIC

Early AMD

rs10181656

Codominant
CG vs. CC 1.040 (0.339–3.190) 0.945

79.720
GG vs. CC 1.300 (0.187–9.021) 0.791

Dominant CG+GG vs. CC 1.083 (0.375–3.133) 0.883 77.769

Recessive GG vs. CG+CC 1.278 (0.196–8.321) 0.798 77.724
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Table 11. Cont.

≤65 y/o

Model Genotype/Allele OR (95% CI) * p-Value AIC

Overdominant CG vs. CC+GG 1.000 (0.338–2.955) 1.000 77.791

Additive C 1.099 (0.486–2.486) 0.821 77.740

rs7574865

Codominant
GT vs. GG 0.841 (0.274–2.579) 0.762

79.664
TT vs. GG 0.765 (0.095–6.175) 0.801

Dominant GT+TT vs. GG 0.828 (0.285–2.406) 0.729 77.671

Recessive TT vs. GG+GT 0.821 (0.107–6.293) 0.850 77.755

Overdominant GT vs. GG+TT 0.868 (0.292–2.587) 0.800 77.727

Additive G 0.859 (0.369–1.999) 0.725 77.667

rs7601754

Codominant
GA vs. AA 2.111 (0.604–7.385) 0.242

78.180
GG vs. AA 2.111 (0.176–25.349) 0.556

Dominant GA+GG vs. AA 2.111 (0.653–6.823) 0.212 76.180

Recessive GG vs. AA+GA 1.714 (0.146–20.097) 0.668 77.598

Overdominant GA vs. AA+GG 2.000 (0.579–6.908) 0.273 76.547

Additive A 1.766 (0.673–4.634) 0.248 76.375

rs10168266

Codominant
CT vs. CC 0.915 (0.291–2.876) 0.879

79.701
TT vs. CC 1.235 (0.180–8.459) 0.830

Dominant CT+TT vs. CC 0.973 (0.334–2.838) 0.960 77.789

Recessive TT vs. CC+CT 1.278 (0.196–8.321) 0.798 77.724

Overdominant CT vs. CC+TT 0.889 (0.291–2.711) 0.836 77.748

Additive C 1.031 (0.459–2.317) 0.940 77.785

Exudative AMD

rs10181656

Codominant
CG vs. CC 0.765 (0.246–2.381) 0.643

80.418
GG vs. CC 1.529 (0.242–9.674) 0.652

Dominant CG+GG vs. CC 0.892 (0.310–2.566) 0.832 78.944

Recessive GG vs. CG+CC 1.704 (0.286–10.165) 0.559 78.633

Overdominant CG vs. CC+GG 0.714 (0.238–2.143) 0.548 78.628

Additive C 1.046 (0.480–2.279) 0.910 78.976

rs7574865

Codominant
GT vs. GG 0.765 (0.246–2.381) 0.643

80.418
TT vs. GG 1.529 (0.242–9.674) 0.652

Dominant GT+TT vs. GG 0.892 (0.310–2.566) 0.832 78.944

Recessive TT vs. GG+GT 1.704 (0.286–10.165) 0.559 78.633

Overdominant GT vs. GG+TT 0.714 (0.238–2.143) 0.548 78.628

Additive G 1.046 (0.480–2.279) 0.910 78.976
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Table 11. Cont.

≤65 y/o

Model Genotype/Allele OR (95% CI) * p-Value AIC

rs7601754

Codominant
GA vs. AA 1.810 (0.524–6.253) 0.349

78.447
GG vs. AA - -

Dominant GA+GG vs. AA 1.508 (0.460–4.943) 0.498 78.522

Recessive GG vs. AA+GA - - -

Overdominant GA vs. AA+GG 1.905 (0.553–6.555) 0.307 77.909

Additive A 1.190 (0.408–3.467) 0.750 78.886

rs10168266

Codominant
CT vs. CC 0.951 (0.309–2.926) 0.930

80.931
TT vs. CC 0.778 (0.097–6.230) 0.813

Dominant CT+TT vs. CC 0.919 (0.317–2.664) 0.877 78.964

Recessive TT vs. CC+CT 0.793 (0.104–6.069) 0.823 78.939

Overdominant CT vs. CC+TT 0.978 (0.326–2.935) 0.968 78.987

Additive C 0.912 (0.394–2.112) 0.830 78.942
p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; OR—odds ratio; CI—confident
interval; AIC—Akaike information criteria. * 95% confidence interval (CI) of the mean is a range with an upper
and lower number calculated.

Furthermore, no statistically significant association was found between STAT4 (rs10181656,
rs7574865, rs7601754, and rs10168266) in the early AMD, exudative AMD, and control
groups among subjects aged > 65 to ≤75 years (Table 12).

Table 12. Binomial logistic regression analysis of STAT4 (rs10181656, rs7574865, rs7601754, and
rs10168266) in the early AMD, exudative AMD, and control groups in the >65–≤75-year-old subjects.

>65 y/o–≤75 y/o

Model Genotype/Allele OR (95% CI) * p-Value AIC

Early AMD

rs10181656

Codominant
CG vs. CC 1.004 (0.555–1.816) 0.989

292.420
GG vs. CC 0.464 (0.125–1.723) 0.251

Dominant CG+GG vs. CC 0.896 (0.509–1.577) 0.704 291.815

Recessive GG vs. CG+CC 0.463 (0.127–1.692 0.244 290.420

Overdominant CG vs. CC+GG 1.073 (0.598–1.924) 0.814 291.904

Additive C 0.834 (0.529–1.316) 0.436 291.342

rs7574865

Codominant
GT vs. GG 0.966 (0.531–1.755) 0.909

293.285
TT vs. GG 0.618 (0.189–2.021) 0.426

Dominant GT+TT vs. GG 0.896 (0.509–1.577) 0.704 291.815

Recessive TT vs. GG+GT 0.626 (0.195–2.009) 0.431 291.298

Overdominant GT vs. GG+TT 1.012 (0.562–1.821) 0.969 291.958

Additive G 0.867 (0.554–1.357) 0.534 291.567
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Table 12. Cont.

>65 y/o–≤75 y/o

Model Genotype/Allele OR (95% CI) * p-Value AIC

rs7601754

Codominant
GA vs. AA 1.141 (0.597–2.182) 0.689

293.644
GG vs. AA 0.661 (0.067–6.496) 0.722

Dominant GA+GG vs. AA 1.101 (0.585–2.073) 0.765 291.871

Recessive GG vs. AA+GA 0.640 (0.065–6.261) 0.702 291.803

Overdominant GA vs. AA+GG 1.152 (0.603–2.198) 0.669 291.778

Additive A 1.049 (0.593–1.854) 0.871 291.933

rs10168266

Codominant
CT vs. CC 1.044 (0.568–1.916) 0.891

292.491
TT vs. CC 0.318 (0.037–2.707) 0.294

Dominant CT+TT vs. CC 0.953 (0.527–1.723) 0.873 291.934

Recessive TT vs. CC+CT 0.314 (0.037–2.653) 0.287 290.510

Overdominant CT vs. CC+TT 1.085 (0.593–1.986) 0.791 291.890

Additive C 0.876 (0.521–1.473) 0.617 291.707

Exudative AMD

rs10181656

Codominant
CG vs. CC 1.449 (0.771–2.720) 0.249

262.633
GG vs. CC 1.622 (0.587–4.481) 0.351

Dominant CG+GG vs. CC 1.483 (0.823–2.674) 0.190 260.678

Recessive GG vs. CG+CC 1.402 (0.525–3.743) 0.500 261.955

Overdominant CG vs. CC+GG 1.349 (0.734–2.479) 0.335 261.476

Additive C 1.333 (0.860–2.067) 0.199 260.763

rs7574865

Codominant
GT vs. GG 1.495 (0.794–2.816) 0.213

261.862
TT vs. GG 1.914 (0.716–5.118) 0.196

Dominant GT+TT vs. GG 1.579 (0.876–2.847) 0.129 260.086

Recessive TT vs. GG+GT 1.631 (0.633–4.205) 0.311 261.405

Overdominant GT vs. GG+TT 1.349 (0.734–2.479) 0.335 261.476

Additive G 1.419 (0.920–2.190) 0.113 259.911

rs7601754

Codominant
GA vs. AA 0.873 (0.424–1.797) 0.712

262.097
GG vs. AA - -

Dominant GA+GG vs. AA 0.800 (0.391–1.636) 0.541 262.017

Recessive GG vs. AA+GA - - -

Overdominant GA vs. AA+GG 0.896 (0.436–1.843) 0.765 262.308

Additive A 0.749 (0.384–1.462) 0.397 261.651

rs10168266

Codominant
CT vs. CC 1.266 (0.661–2.425) 0.478

261.680
TT vs. CC 2.658 (0.807–8.750) 0.108

Dominant CT+TT vs. CC 1.440 (0.786–2.638) 0.238 261.018

Recessive TT vs. CC+CT 2.466 (0.764–7.960) 0.131 260.179

Overdominant CT vs. CC+TT 1.158 (0.612–2.191) 0.652 262.196

Additive C 1.454 (0.902–2.344) 0.124 260.067
p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; OR—odds ratio; CI—confident
interval; AIC—Akaike information criteria. * 95% confidence interval (CI) of the mean is a range with an upper
and lower number calculated.
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The binomial logistic regression analysis of STAT4 (rs10181656, rs7574865, rs7601754,
and rs10168266) in the early AMD, exudative AMD, and control groups in the >75-year-old
subjects did not reveal any statistically significant association (Table 13).

Table 13. Binomial logistic regression analysis of STAT4 (rs10181656, rs7574865, rs7601754, and
rs10168266) in the early AMD, exudative AMD, and control groups in the >75-year-old subjects.

>75 y/o

Model Genotype/Allele OR (95% CI) * p-Value AIC

Early AMD

rs10181656

Codominant
CG vs. CC 1.101 (0.364–3.331) 0.865

94.981
GG vs. CC 0.593 (0.107–3.295) 0.550

Dominant CG+GG vs. CC 0.948 (0.348–2.586) 0.917 93.412

Recessive GG vs. CG+CC 0.575 (0.107–3.087) 0.519 93.010

Overdominant CG vs. CC+GG 1.176 (0.398–3.477) 0.769 93.336

Additive C 0.873 (0.415–1.833) 0.719 93.294

rs7574865

Codominant
GT vs. GG 1.101 (0.364–3.331) 0.865

94.981
TT vs. GG 0.593 (0.107–3.295) 0.550

Dominant GT+TT vs. GG 0.948 (0.348–2.586) 0.917 93.412

Recessive TT vs. GG+GT 0.575 (0.107–3.087) 0.519 93.010

Overdominant GT vs. GG+TT 1.176 (0.398–3.477) 0.769 93.336

Additive G 0.873 (0.415–1.833) 0.719 93.294

rs7601754

Codominant
GA vs. AA 0.237 (0.063–0.891) 0.033

89.606
GG vs. AA - -

Dominant GA+GG vs. AA 0.296 (0.085–1.034) 0.056 89.653

Recessive GG vs. AA+GA - - -

Overdominant GA vs. AA+GG 0.231 (0.061–0.867) 0.030 88.373

Additive A 0.422 (0.137–1.303) 0.134 91.082

rs10168266

Codominant
CT vs. CC 1.029 (0.342–3.091) 0.960

95.291
TT vs. CC 0.600 (0.035–10.195) 0.724

Dominant CT+TT vs. CC 0.975 (0.339–2.806) 0.963 93.420

Recessive TT vs. CC+CT 0.595 (0.036–9.943) 0.718 93.293

Overdominant CT vs. CC+TT 1.051 (0.352–3.135) 0.929 93.415

Additive C 0.930 (0.372–2.321) 0.876 93.398

Exudative AMD

rs10181656

Codominant
CG vs. CC 1.548 (0.544–4.410) 0.413

104.092
GG vs. CC 0.516 (0.093–2.854) 0.448
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Table 13. Cont.

>75 y/o

Model Genotype/Allele OR (95% CI) * p-Value AIC

Dominant CG+GG vs. CC 1.239 (0.478–3.213) 0.660 103.478

Recessive GG vs. CG+CC 0.442 (0.083–2.359) 0.339 102.779

Overdominant CG vs. CC+GG 1.676 (0.603–4.664) 0.322 102.661

Additive C 0.977 (0.467–2.044) 0.952 103.669

rs7574865

Codominant
GT vs. GG 1.500 (0.528–4.265) 0.447

103.326
TT vs. GG 0.333 (0.051–2.200) 0.254

Dominant GT+TT vs. GG 1.150 (0.443–2.987) 0.774 103.590

Recessive TT vs. GG+GT 0.289 (0.045–1.849) 0.190 101.918

Overdominant GT vs. GG+TT 1.676 (0.603–4.664) 0.322 102.661

Additive G 0.886 (0.416–1.888) 0.754 103.576

rs7601754

Codominant
GA vs. AA 0.865 (0.311–2.409) 0.782

104.817
GG vs. AA - -

Dominant GA+GG vs. AA 0.923 (0.334–2.550) 0.877 103.649

Recessive GG vs. AA+GA - - -

Overdominant GA vs. AA+GG 0.844 (0.303–2.346) 0.745 103.568

Additive A 1.006 (0.386–2.618) 0.990 103.673

rs10168266

Codominant
CT vs. CC 0.673 (0.225–2.017) 0.480

105.180
TT vs. CC 0.857 (0.073–10.064) 0.902

Dominant CT+TT vs. CC 0.696 (0.246–1.969) 0.495 103.214

Recessive TT vs. CC+CT 0.943 (0.082–10.901) 0.963 103.671

Overdominant CT vs. CC+TT 0.679 (0.228–2.018) 0.486 103.195

Additive C 0.778 (0.331–1.824) 0.563 103.344
p—Significance level and Bonferroni-corrected significance level when p < 0.05/4; OR—odds ratio; CI—confident
interval; AIC—Akaike information criteria. * 95% confidence interval (CI) of the mean is a range with an upper
and lower number calculated.

Serum STAT4 levels were measured in patients with exudative AMD (n = 40) and in
the control group (n = 40). We found that exudative AMD patients had lower STAT4 serum
levels when compared to the control group (median (IQR): 0.118 (0.042) vs. 0.262 (0.385),
p = 0.005). The results are shown in Figure 1.

However, no statistically significant differences were observed in the analysis of STAT4
levels between the early AMD and control groups (mean (std. deviation): 0.164 (0.068) vs.
0.859 (2.122), p = 0.226) (Figure 2).

A comparison of the serum STAT4 levels among different genotypes for selected
single nucleotide polymorphisms was performed. The exudative AMD patients with at
least one G allele of the STAT4 rs10181656 had lower serum STAT4 levels than the control
group subjects (p = 0.011). Also, the exudative AMD patients with at least one T allele of
STAT4 rs10168266 had lower serum STAT4 levels than the control group subjects (p = 0.039)
(Table 14).
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Figure 1. Serum levels of STAT4 in the control group and patients with exudative AMD. AMD:
age-related macular degeneration; STAT4: signal transducer and activator of transcription 4. * The
Mann–Whitney U test was used.

Figure 2. Serum levels of STAT4 in the control group and in patients with early AMD. AMD: age-
related macular degeneration; STAT4: signal transducer and activator of transcription 4. * Student’s
t-test was used.

Table 14. Serum STAT4 level associations with STAT4 SNPs.

Genotype

Serum STAT4 Levels

p-ValueEarly AMD
Mean (Std. Deviation)

Exudative AMD
Median (IQR)

Control
Median (IQR)

STAT4
rs10181656

CC 0.431 (-) 0.109 (0.038) 0.202 (0.560) 0.555 1

0.405 2

CG+GG 0.256 (0.198) 0.178 (0.823) 0.292 (0.209) 0.826 1

0.011 2
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Table 14. Cont.

Genotype

Serum STAT4 Levels

p-ValueEarly AMD
Mean (Std. Deviation)

Exudative AMD
Median (IQR)

Control
Median (IQR)

STAT4
rs7574865

GG 0.182 (0.198) 0.194 (0.123) 0.324 (0.318) 0.728 1

0.054 2

GT+TT 0.356 (0.188) 0.198 (0.353) 0.292 (0.209) 0.756 1

0.062 2

STAT4
rs7601754

AA 0.305 (0.187) 0.221 (0.198) 0.458 (0.268) 0.631 1

0.858 2

GA+GG 0.176 (0.124) 0.174 (0.155) 0.258 (0.144) 0.972 1

0.889 2

STAT4
rs10168266

CC 0.256 (0.266) 0.152 (0.190) 0.268 (0.268) 0.821 1

0.658 2

CT+TT 0.255 (0.178) 0.185 (0.562) 0.268 (0.154) 0.956 1

0.039 2

1 Early AMD vs. control group. 2 Exudative AMD vs. control group.

4. Discussion

We performed a study investigating the associations of the single nucleotide polymor-
phisms rs10181656, rs7574865, rs7601754, and rs10168266 of the STAT4 gene with AMD.
A total of 500 subjects participated in the study: 150 with early AMD, 150 with exuda-
tive AMD, and 200 healthy subjects. As far as we are aware, no scientific studies have
been conducted to investigate the impact of these polymorphisms on AMD. The scientific
literature states that STAT4 is involved in the pathogenesis of various autoimmune and
inflammatory diseases, and the STAT4 polymorphisms rs10181656, rs7574865, rs7601754,
and rs10168266 are associated with various autoimmune diseases, such as rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), and systemic sclerosis (SS) [20].

The analysis of the genotype and allele distribution of the single nucleotide poly-
morphisms rs10181656, rs7574865, rs7601754, and rs10168266 of STAT4 did not reveal
statistically significant data in our research. There are few studies on the STAT4 rs10181656
SNP in the scientific literature databases. Scientific databases state that this SNP is asso-
ciated with RA, SS, and SLE [20–22]. In a 2017–2018 study conducted in Iran, the STAT4
rs10181656 polymorphism was strongly associated with RA risk (p = 0.007), but no associ-
ation was found with SS [21]. The STAT4 rs10181656 polymorphism has been associated
with autoimmune diseases such as rheumatoid arthritis, systemic sclerosis, and systemic
lupus erythematosus [21,22]. Studies investigating the association of the STAT4 rs10181656
SNP with the above diseases can be found in the literature. One such study was conducted
in Mexico and included 869 Mexican subjects, including 415 with RA, 128 with SLE, and
326 healthy controls. After investigating the association between STAT4 rs7574865G/T
polymorphism and the mentioned diseases, the STAT4 rs7574865 G/T genotype was found
to be associated with both RA and SLE risk [23].

In 2016, Greek researchers published a study that found that the GG genotype and the
G allele of STAT4 rs10181656 were significantly associated with the occurrence of psoriatic
arthritis [24]. Ni Yan and coauthors investigated the association of STAT4 polymorphisms
with autoimmune thyroid diseases. The study, published in 2014, concluded that the STAT4
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rs7574685 T allele and the STAT4 rs10181656 G allele were statistically significantly associ-
ated with the occurrence of thyroid autoimmune diseases such as Graves and Hashimototis
in the Chinese Han population [25]. Most studies conducted on the STAT4 rs7574865 SNP
investigated the association of this polymorphism with RA and SLE. EnPeng GU and
coauthors conducted a study systematizing data from 28 case–control studies examining
the association between the STAT4 rs7574865 polymorphism and RA. The results showed
that the STAT4 rs7574865 TT genotype, GT+TT genotype, and T allele were significantly
associated with RA in European, Asian, South American, and African groups [26]. Junfeng
Zheng and co-authors conducted a systematic review study, in 2013, which showed that
the STAT4 rs7574865 SNP is associated with three autoimmune diseases, RA, SS, and SLE,
and that the STAT4 rs7574865 T allele increases the probability of disease [20]. According to
the results of a study by Ya-ling Liang and co-authors, the STAT4 rs7574865 SNP is not only
associated with RA, SS, and SLE but also slightly associated with the risk of type 1 diabetes,
juvenile idiopathic arthritis (JIA), and ulcerative colitis (UC) [27]. A study by Hui Yuan
and co-authors reports similar findings to the studies previously discussed: the STAT4
rs7574865 polymorphism is statistically significantly associated with SLE in European and
Asian groups. Still, no statistically significant data show that the STAT4 rs7601754 SNP is
associated with SLE, although the authors do not rule out this possibility [28]. The STAT4
rs10168266 SNP is also associated with SLE risk. The association of the STAT4 rs10168266
SNP with SLE is confirmed by a study conducted by Malaysian researchers, which reported
that the STAT4 rs10168266 SNP is significantly associated with the development of SLE in
the Malaysian population [29]. A total of 790 Malaysian citizens participated in the study,
of which 360 were SLE patients and 430 were healthy controls.

The STAT4 polymorphism rs7574865 has been associated with autoimmune and liver
diseases, such as hepatocellular carcinoma (HCC), chronic hepatitis B (CHB), and liver
cirrhosis (LC) [30,31]. In 2022, a study was published in the PubMed database that was
conducted among a Chinese Han population of 3151 subjects, of whom 968 had chronic
hepatitis B, 316 had liver cirrhosis, and 1021 had hepatocellular carcinoma. The control
group consisted of 846 healthy subjects. The research results suggest that the GG genotype
of the STAT4 polymorphism rs7574865 is significantly associated with the risk of HCC,
LC, and CHB [30]. Gao Wenyan and co-authors published a study, in 2019, that aimed to
systematically examine the association of the STAT4 rs7574865 SNP with RA, including
across ethnic groups. The systematic data showed that the T allele of the STAT4 rs7574865
polymorphism is associated with the risk of RA in European and Asian populations but in
groups of individuals aged 50–60 years on average [32]. The previously mentioned SNP
(i.e., rs7574865) is also associated with systemic lupus erythematosus. The analysis by
Jia-Min Wang and co-authors aimed to determine the associations of STAT4 polymorphisms
rs10168266 and rs7574865 with SLE risk. In the aforementioned study, the genotypes TT
and CT of the STAT4 polymorphisms rs10168266 and rs7574865 were found to be associated
with SLE risk [33]. In the literature, rs7574865 is also associated with type 1 diabetes.
The T allele and GT genotype of the STAT4 rs7574865 polymorphism were statistically
significantly associated with type 1 diabetes in Egyptian study patients [34]. In the scientific
literature, there are few studies on the STAT4 polymorphism rs7601754. One study in
the PubMed database examined the associations of the STAT4 rs7574865 and the STAT4
rs7601754 SNP with SLE. The results presented stated that the mentioned STAT4 rs7574865
polymorphism was associated with an increased risk of SLE, whereas the STAT4 rs7601754
polymorphism was associated with a reduced risk of SLE [35].

There are also very few studies on the STAT4 rs10168266 SNP. A literature review
revealed that this polymorphism has been studied in the scientific literature databases
mainly in the search for associations with SLE. A study conducted by Japanese researchers
on 308 SLE patients and 306 control patients concluded that the STAT4 polymorphisms
rs7574865, rs11889341, and the aforementioned rs10168266 were associated with SLE risk. It
was also found that the association between the above polymorphism and SLE was higher
in the Japanese population than in the European or American populations [36]. Studies
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conducted by researchers associate single nucleotide polymorphisms of the STAT4 gene
rs10181656, rs7574865, rs7601754, and rs10168266 with various autoimmune diseases.

In our study, we investigated the association between the STAT4 rs10181656, rs7574865,
rs7601754, and rs10168266 single nucleotide polymorphisms (SNPs) and AMD. Contrary to
our expectations, no significant associations were found, but it is important to note that
these specific STAT4 gene variants have not previously been studied, making definitive
conclusions challenging.

Interestingly, our analysis of serum STAT4 levels revealed noteworthy findings. Exuda-
tive AMD patients carrying at least one G allele of STAT4 rs10181656 exhibited significantly
lower serum STAT4 levels than subjects in the control group (p = 0.011). Similarly, those
with at least one T allele of STAT4 rs10168266 had lower serum STAT4 levels than the
control group subjects (p = 0.039). This observation suggests a potential link between
specific STAT4 genotypes and decreased serum STAT4 levels in individuals with exudative
AMD. Moreover, our study demonstrated a broader significance by revealing significantly
lower overall serum STAT4 levels in exudative AMD patients compared to the control
group (p = 0.005). This implies a potential association between decreased STAT4 levels
and the presence of exudative AMD. However, no significant differences were observed in
the STAT4 levels between the early AMD and control groups (p = 0.226). This suggests a
nuanced role of STAT4, specifically implicated in the exudative stage of AMD, indicating a
distinct association of STAT4 with different phases of AMD.

These findings not only contribute to our understanding of the genetic and serum
level factors associated with AMD but also highlight the need for further exploration of the
role of STAT4 in the context of different AMD stages.

While shedding light on the potential link between STAT4 gene polymorphisms and
AMD, our study has notable limitations. The existing literature lacks a definitive consensus
on the role of STAT4 in AMD pathogenesis, introducing an element of uncertainty. We
acknowledge the omission of environmental factors, such as chronic light damage and
aging, in our focus. Additionally, the use of serum STAT4 levels as a proxy for retinal tissue
expression presents a limitation, prompting consideration for direct assessments in future
research. The modest sample size, though offering initial insight, underscores the need for
larger cohorts to validate our findings. Despite these limitations, our study contributes to
the ongoing discourse on AMD, and we are committed to refining our approach in future
investigations for a more comprehensive understanding.
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Abstract: Background: Age-related macular degeneration (AMD) is the leading cause of late-onset
blindness in elderly. The occurrence and development of AMD is a multifactorial complex process
where autophagy plays an important role. The first-line drugs for neovascular AMD (nAMD) are
inhibitors of VEGF, with up to 30% of patients having an incomplete response to treatment. Genetic
factors may influence the response to anti-VEGF therapy and explain treatment outcome variability.
We aimed to estimate the role of polymorphic markers of the MTOR (rs1064261, rs1057079, rs11121704,
rs2295080), SQSTM1 (rs10277), ULK1 (rs11246867, rs3088051), MAP1LC3A (rs73105013) and ATG5
(rs573775) genes in the development of nAMD and the efficacy of anti-VEGF therapy response.
Methods: Genotyping by allele-specific PCR was performed in 317 controls and 315 nAMD patients
in the Russian population. Of them, 196 treatment-naive nAMD patients underwent three monthly
intravitreal injections (IVIs) of aflibercept. Genotypic frequencies were compared with OCT markers
of therapy effectiveness and best-corrected visual acuity (BCVA) measures. The main outcomes were
the BCVA gain and decrease in central retinal thickness (CRT). Results: MTOR-rs1057079-C, MTOR-
rs11121704-C and MTOR-rs2295080-G alleles were associated with an increased risk of nAMD. The
BCVA was increased in 117 (59.7%) patients by 10 [5–20] letters, did not changed in 59 (30.1%), and
was decreased in 20 (10.2%) patients. ULK1-rs3088051 was associated with BCVA change. Among
patients with the TT and CT genotypes for ULK1-rs3088051, an improvement in visual acuity was
noted in 67.6% and 53.8% of cases, while in patients with the CC genotype, an increase in BCVA was
recorded in 37.5% of cases (p = 0.01). The decrease in CRT was associated with SQSTM1-rs10277
(p = 0.001): it was significantly higher in TT (93 [58–122] mkm) and CT (66 [30–105] mkm) carriers
compared to the CC genotype (47 [24–68] mkm). Other SNPs did not show significant associations
with the outcome of anti-VEGF treatment. Conclusions: MTOR gene polymorphisms are moderately
associated with the risk of nAMD. SQSTM1-rs10277 and ULK1-rs3088051 may influence short-term
response to intravitreal anti-VEGF treatment. The results suggest that autophagy could be a target
for future drugs to overcome resistance to anti-VEGF therapy.

Keywords: age-related macular degeneration; autophagy; response to anti-VEGF therapy;
pharmacogenetics; aflibercept

1. Introduction

Age-related macular degeneration (AMD) is the leading cause of irreversible late-
onset blindness in developed countries. A recent meta-analysis of epidemiologic studies
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estimated that around 25.3% of people aged over 60 years present early or intermediate
AMD, while 2.4% present late AMD [1]. Due to population ageing, a number of AMD
patients is expected to increase by a third in the coming decades [2]. AMD is a progressive
disease affecting the macular area due to developing pathological processes in the retinal
pigment epithelium (RPE), Bruch’s membrane and choriocapillaries [3]. Because of the
significant multifactorial nature and complexity of the disease, the exact mechanism of
AMD pathogenesis remains uncertain. Most commonly, AMD starts in its dry form, which
may progress to a wet form or neovascular AMD (nAMD) in 10–20% of cases [2]. The main
symptom of nAMD is the macular neovascularization (MNV)—the pathological growth of
new blood vessels into the different layers of the central retina, causing the accumulation
of subretinal fluid (SRF), intraretinal fluid (IRF) and RPE detachment (PED) [4]. Without
treatment, nAMD causes 90% of cases of severe vision loss [2]. Therefore, it is highly
desirable to develop effective pharmacological treatment of macular degeneration [5].

The current standard of nAMD treatment is the antiangiogenic therapy targeting
vascular endothelial growth factor (VEGF), which has been a successful breakthrough in
the treatment of MNV. However, it requires repeated and costly intravitreal injections that
cannot be postponed, as well as frequent ophthalmological examinations, making treatment
expensive and time-consuming [6]. Moreover, despite its effectiveness, in some cases, there
is a discrepancy between the expected clinical morphological and functional data and
the obtained results: the therapeutic effect may be reduced or even absent. Up to 30% of
patients show an unsatisfactory response to anti-VEGF treatment, suggesting additional
factors are at work [7]. Variability in therapeutic response may be due to hereditary factors
such as genetic polymorphism. Indeed, the studies indicate that in patients with nAMD,
the response to anti-VEGF therapy depends on the genotype of genes in the complement
system [6,8–12] and VEGF-related pathway [6,13–15]. Recently, Paterno et al. [16] found
that single nucleotide polymorphisms (SNPs) of autophagy genes have been associated
with nAMD and the outcomes of anti-VEGF treatment in a cohort of Finnish patients. The
accumulated data indicate that genetic predisposition contributes to resistance to anti-VEGF
therapy. However, genetic factors could be population-specific. Thus, studies that focused
on the identification or replication of susceptibility genes in AMD development and on the
response to treatments in different populations do not lose their relevance [12].

Autophagy is a lysosomal-dependent degradation process that is highly conserved
and maintains cellular homeostasis by sequestering cytosolic material for degradation [17].
Dysfunctional autophagy leads to pathological accumulation of the cargo, which has been
linked to a range of human diseases, including neurodegenerative diseases, infectious and
autoimmune diseases, and various forms of cancer [18]. Recent studies proved the critical
role of autophagy in the homeostasis of aging RPE cells [19]. Disturbances in waste clearance
result in the accumulation of harmful lipid and protein aggregates, which can act as a physical
barrier to intracellular transport and disrupt RPE cell function [20]. According to a number
of characteristics, AMD can be attributed to ‘autophagopathies’—a class of complex human
diseases whose etiology is failure in the work of the autophagy machinery, whether directly
or indirectly related to an abnormal flux in autophagy, LC3-associated phagocytosis or any
associated trafficking [21]. Recently, autophagy has been implicated to cause tumor resistance
to antiangiogenic therapy [17], which suggests an analogous connection between autophagy
and anti-VEGF intravitreal injections during AMD treatment. Considering all of the above,
we assumed that genetic variability in autophagy pathway genes may influence the risk of
nAMD and the response to anti-VEGF therapy.

Here, we analyzed nine SNPs in autophagy-related genes (Table 1) for the association
with nAMD in a cohort of Russian patients. Further, we studied the effect of these gene
variants on anatomical and functional response to aflibercept treatment.
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Table 1. SNPs analyzed in the study.

Gene SNP Location/Consequence Position Minor Allele MAF

ATG5 rs573775 Intron variant chr6:106316991 A 0.27
MAP1LC3A rs73105013 Intron variant chr20:34557008 C 0.08

MTOR

rs1064261 Missense variant chr1:11228701 G 0.28
rs1057079 Synonymous variant chr1:11145001 C 0.26

rs11121704 Intron variant chr1:11233902 C 0.28
rs2295080 Upstream variant chr1:11262571 G 0.31

SQSTM1 rs10277 3 Prime UTR Variant chr5:179837731 T 0.48

ULK1
rs11246867 Upstream variant chr12:131893472 A 0.06
rs3088051 3 Prime UTR Variant chr12:131922463 C 0.3

SNP: single nucleotide polymorphism. MAF: minor allele frequency in European populations according to
1000 Genomes.

2. Materials and Methods

2.1. Study Participants

This study was conducted in accordance with the ethical principles of the Declaration
of Helsinki and the National Standard for Good Clinical Practice and was approved by the
Institutional Review Board at the Institute of Cytology and Genetics SB RAS. The subjects
were informed and had provided written consent to the collection and scientific use of the
specimen prior to the procedure. The AMD group consisted of 315 patients (98 (31%) men
and 217 (69%) women with a mean age of 71.5 ± 8.6 years) diagnosed with nAMD at the
Department of Ophthalmology of the Novosibirsk Regional Clinical Hospital. The control
group comprised 317 subjects (103 (32%) men and 214 (68%) women with a mean age of
66.5 ± 7.5 years), undergoing routine cataract surgery without a history of AMD and macu-
lar changes such as drusen or pigment abnormalities [22]. A complete ophthalmological
examination was performed, including visometry, biomicroscopy, ophthalmoscopy, and
optical coherence tomography (OCT). Exclusion criteria from the study were active neovas-
cularization in the periphery of the retina and in the anterior segment of the eye, a history
of laser photocoagulation, medical intravitreal therapy in history, spherical equivalent more
than ±6.0 diopters, uveitis, geographic atrophy, surgical interventions on the vitreous body,
the presence of signs of intraocular inflammation, pathology of the vitreomacular interface
with traction component, polypoidal choroidal vasculopathy or any other confounding
retinopathies [12,22].

2.2. Optical Coherence Tomography Study

The subset OCT study included 196 treatment-naive patients diagnosed with nAMD.
After being diagnosed, all patients began to receive anti-VEGF therapy. Intravitreal in-
jections (IVIs) of aflibercept (Regeneron, Munich, Germany) (0.05 mL (2 mg)) were ad-
ministered according to the standard method in the operating room after local epibulbar
anesthesia with an alkaline solution (Alcon, Fort Worth, TX, USA) through a 31 G needle at
least 3 mm from the limbus. Three successive injections were performed with an interval
of 4 weeks. To assess the effectiveness of therapy, a clinical and instrumental examination
of patients was performed by OCT (Cirrus HD-OCT, Humphrey Zeiss, Inc., Jena, Ger-
many) and visometry, with the determination of best corrected visual acuity (BCVA) at
baseline and after three IVIs [22]. The following parameters were assessed: type of macular
neovascularization (MNV), BCVA, central retinal thickness (CRT), height of pigment ep-
ithelium detachment (PED), height of subretinal fluid (SRF) and the presence of intraretinal
fluid (IRF). BCVA was estimated using a letter count on the Early Treatment of Diabetic
Retinopathy Study (ETDRS) chart.

2.3. DNA Isolation and Genotyping

Peripheral venous blood was collected in vacutainers with EDTA for DNA analysis
at baseline visit. Genomic DNA was isolated by DNA Blood Kit (Biolabmix, Novosi-

146



Biomedicines 2023, 11, 3079

birsk, Russia) according to the manufacturer’s protocol. Genotyping was carried out with
TaqMan-based allelic discrimination assays. Primers and probes were designed using
Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/ (accessed on 1 January
2021) and Oligo Analyzer (version 1.0.3) (Table 2). LNA (locked nuckeic acid) modifications
were used to obtain the optimal melting temperature in probes. PCR was performed in
20 μL reaction volume containing 20 ng of genomic DNA, BioMaster HS-qPCR (2×) buffer
(Biolabmix), 0.3 mM primers and 0.1 mM FAM/VIC-conjugated probes. PCR thermal
cycling conditions were as follows: denaturation for 3 min at 95 ◦C followed by 35 cycles,
including denaturation at 95 ◦C for 10 s, primer annealing and subsequent elongation
at 60 ◦C for 30 s. Amplification was conducted using CFX96 Thermal Cycler (Bio-Rad,
Hercules, CA, USA). The PCR data were processed using «Bio-Rad CFX Manager 3.1»
software, Russian Edition #1845028, Novosibirsk, Russia. To verify the results of allelic
discrimination, Sanger sequencing was used in samples from different genotypes on an
ABI 3500 DNA sequencer (Thermo Fisher Scientific, Waltham, MA, USA) by means of
the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific, Waltham,
MA, USA).

Table 2. Primers/probes sequences.

rsID Gene Name Sequence

rs573775 ATG5

Forward 5′-CCCTACCTAGTATGCTCCTC-3′
Reverse 5′-AAAAGCCATGTCCTTATGCC-3′

5′-FAM-CCTCTGGCCCCAGTGAAACAG-BHQ1-3′
5′-VIC-CTCTGGCCCCA[+A]TGAAACAGT-BHQ1-3′

rs1064261 MTOR

Forward 5′-AAGGATTGGGGTTTGAGGTA-3′
Reverse 5′-GACCAGTCACTCTCTCATCA-3′

5′-FAM-CACGTTCCTTAA[+C]GTCATTCGA-BHQ1-3′
5′-VIC-CACGTTCCTTAA[+T]GTCATTCGA-BHQ1-3′

rs1057079 MTOR

Forward 5′-GCAGCCTGTAAGTTCTCAAT-3′
Reverse 5′-CCCAAGGGTTGTTTCTCTTC-3′

5′-FAM-CTCCTGCCATCGCAGTTAATTCA-BHQ1-3′
5′-VIC-CTCCTGCCAT[+T]GCAGTTAATT-BHQ1-3′

rs11121704 MTOR

Forward 5′-TTTTTCCTCATTTTGGGCGA-3′
Reverse 5′-TATCAGTTGCAGGAAAGTGC-3′

5′-FAM-CAGGCACATCATCGCAGATGTTT-BHQ1-3′
5′-VIC-CAGGCACATCATCACAGATGTTTG-BHQ1-3′

rs2295080 MTOR

Forward 5′-TTCCCCGCTGTCCTCTA-3′
Reverse 5′-GCCTGTTTTTCAGTCCATCT-3′

5′-FAM-CCTCAGGGCTGGGAACCC-BHQ1-3′
5′-VIC-CCTCAGGG[+A]TGGGAACCCTC-BHQ1-3′

rs73105013 MAP1LC3A

Forward 5′-CAGCCTTAAAAACAAAAACCCT-3′
Reverse 5′-ATGGAAGGCAGAAAGGGAGA-3′

5′-FAM-CTTATCCCCAG[+T]GTCTTCTGC-BHQ1-3′
5′-VIC-CTTATCCCCAG[+C]GTCTTCTGC-BHQ1-3′

rs10277 SQSTM1

Forward 5′-GTCCCTCTGAAGAGACCTTG-3′
Reverse 5′-CTGGGAAGGAGCTATGGAG-3′

5′-FAM-AGGACAAAT[+T]GCGCCCAT-BHQ1-3′
5′-VIC-CAGGACAAATCGCGCCCATT-BHQ1-3′

rs11246867 ULK1

Forward 5′-GTACGGTGAACAGCACTAAC-3′
Reverse 5′-CAGCCAAAAGAGCCCG-3′

5′-FAM-CAGCCAACAG[+C]GATTGCTCT-BHQ1-3′
5′-VIC-CAGCCAACAG[+T]GATTGCTCT-BHQ1-3′

rs3088051 ULK1

Forward 5′-GGAAGCAGATGAGGGGAATA-3′
Reverse 5′-CTCTCTGCAGATGCCCTC-3′

5′-FAM-CAGTCAGTTT[+T]GATGTCAGCTC-BHQ1-3′
5′-VIC-CAGTCAGTTT[+C]GATGTCAGCTC-BHQ1-3′

[+X]—LNA modifications.
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2.4. Statistical Analysis

An analysis of the comparisons of frequencies of genotypes between AMD and control
groups was performed using the chi-square test. SNPs with genotype frequencies that
differ significantly between groups (p-value < 0.05, χ2 < 5.991) were selected for further
analysis. To evaluate the effects of these SNPs, odds ratios (ORs) and 95% confidence
intervals (CIs) were calculated using a logistic regression analysis adjusted for sex and
age adopting codominant, dominant, recessive, overdominant and additive models of
inheritance using SNPstats [23]. The significance threshold after the implementation of
Bonferroni correction for multiple testing was set on p = 0.05/15 = 0.003.

Statistical analysis of association between SNPs and OCT markers was performed
using StatTech v. 3.1.10 (Developer—StatTech LLC, Russia). Quantitative variables were
assessed for normality using the Kolmogorov–Smirnov test. Quantitative variables follow-
ing a normal distribution were described using mean (M) and standard deviation (SD).
Quantitative variables following non-normal distribution were described using median
(Me) and lower and upper quartiles (Q1–Q3). Categorical data are shown as absolute
values (percentage). Comparisons of three groups on a quantitative variable whose distri-
bution differed from normal were made using the Kruskal–Wallis test and Dunn’s criterion
with Holm correction as a post hoc method. Comparison of frequencies in the analysis of
multifield contingency tables was performed using Pearson’s chi-square test (for expected
values greater than 10). Wilcoxon test was used for comparison of quantitative variable
following non-normal distribution between two matched samples. Comparison of binary
variables in two paired samples was performed using McNemar test. The differences were
considered significant at p < 0.05.

3. Results

3.1. Association with Risk of nAMD

The genotypes of SNPs of the mTOR (rs1064261, rs1057079, rs11121704, rs2295080),
SQSTM1 (rs10277), Ulk1 (rs11246867, rs3088051), MAP1LC3A (rs73105013) and Atg5
(rs573775) genes were determined in the AMD and in the control group (Table 3). The
allele frequencies calculated for ethnic Russians in our study were close or similar to the
corresponding frequencies in European populations reported by the 1000 Genomes Project.
The genotype frequencies of rs1057079, rs11121704 and rs2295080 of the mTOR gene differ
significantly between groups (p-value < 0.05, χ2 < 5.991). These SNPs were selected for an
logistic regression analysis adjusted for sex and age to evaluate the odds ratios (ORs) and
95% confidence intervals (CIs) (Table 4).

Table 3. Allele and genotype frequencies in the nAMD and control groups in a Russian cohort.

SNP Genotype/Allele Control AMD p-Value, χ2

rs573775
ATG5

A/A 24 (8%) 26 (8%)

p = 0.838, 0.354G/A 145 (46%) 137 (43%)
G/G 148 (47%) 152 (48%)
MAF 0.3 0.3

rs1064261
MTOR

A/A 150 (47%) 125 (40%)

p = 0.093, 4.757A/G 130 (41%) 156 (50%)
G/G 37 (12%) 34 (11%)
MAF 0.32 0.36

rs1057079
MTOR

C/C 28 (9%) 21 (7%)

p = 0.002, 12.563T/C 109 (34%) 152 (48%)
T/T 180 (57%) 142 (45%)
MAF 0.26 0.31
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Table 3. Cont.

SNP Genotype/Allele Control AMD p-Value, χ2

rs11121704
MTOR

C/C 28 (9%) 29 (9%)

p = 0.006, 10.324T/C 121 (38%%) 158 (50%)
T/T 168 (53%) 128 (41%)
MAF 0.28 0.34

rs2295080
MTOR

G/G 36 (11%) 31(10%)

p = 0.002, 12.562T/G 123 (39%) 166 (53%)
T/T 158 (5%) 118 (37%)
MAF 0.31 0.36

rs73105013
MAP1LC3A

C/C 2 (0.6%) 0 (0%)

p = 0.169, 3.557T/C 41 (13%) 52 (17%)
T/T 273 (86%) 261 (83%)
MAF 0.07 0.08

rs10277
SQSTM1

C/C 118 (37%) 106 (34%)

p = 0.385, 1.913C/T 157 (50%) 156 (50%)
T/T 42 (13%) 53 (17%)
MAF 0.38 0.42

rs11246867
ULK1

A/A 2 (0.6%) 1 (0.3%)

p = 0.574, 1.113G/A 33 (10%) 40 (13%)
G/G 282 (89%) 274 (87%)
MAF 0.06 0.07

rs3088051
ULK1

C/C 32 (10%) 27 (9%)

p = 0.579, 1.096T/C 121 (38%) 132 (42%)
T/T 164 (52%) 156 (50%)
MAF 0.29 0.3

χ2—chi-square test. The critical value of χ2 at the significance level p < 0.05 is 5.991. The null hypothesis is rejected
if χ2 > 5.99.

Table 4. Association of the MTOR polymorphisms with the risk of nAMD in a Russian cohort.

SNP Model of Inheritance
OR (95% CI) Adjusted for Sex

and Age by Logistic Regression
p-Value AIC

rs1057079
MTOR

Codominant:
0.0018 814.5C/T vs. T/T 1.85 (1.31–2.62)

C/C vs. T/T 1.07 (0.57–2.03)
Dominant: C/T-C/C vs. T/T 1.70 (1.22–2.36) 0.0017 815.2

Overdominant: C/T vs. C/C-T/T 1.83 (1.31–2.56) 0.0004 812.5
Recessive: C/C vs. C/T-T/T 0.82 (0.44–1.51) 0.51 824.6

Additive 1.34 (1.03–1.74) 0.028 820.2

rs11121704
MTOR

Codominant:
0.0067 817C/T vs. T/T 1.74 (1.23–2.46)

C/C vs. T/T 1.47 (0.81–2.68)
Dominant: C/T-C/C vs. T/T 1.69 (1.21–2.35) 0.0018 815.3

Overdominant: C/T vs. C/C-T/T 1.63 (1.17–2.27) 0.0038 816.7
Recessive: C/C vs. C/T-T/T 1.13 (0.64–2.00) 0.68 824.9

Additive 1.40 (1.09–1.81) 0.0094 818.3

rs2295080
MTOR

Codominant:
0.0021 814.8G/T vs. T/T 1.86 (1.31–2.64)

G/G vs. T/T 1.29 (0.73–2.26)
Dominant: G/T-G/G vs. T/T 1.74 (1.24–2.42) 0.0011 814.4

Overdominant: G/T vs. G/G-T/T 1.77 (1.27–2.47) 0.0007 813.5
Recessive: G/G vs. G/T-T/T 0.93 (0.55–1.59) 0.8 825

Additive 1.35 (1.05–1.73) 0.019 819.6

OR: odds ratio; CI: confidence interval; AIC: Akaike’s information criterion. The significance threshold taking
into account multiple comparisons is p = 0.003.
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The MTOR rs1057079 C/T genotype was associated with increased odds of nAMD risk
under the codominant (OR = 1.85; CI: 1.31–2.61; p = 0.0018) and overdominant (OR = 1.83;
CI: 1.31–2.56; p = 0.00004) models, and C/T-C/C genotypes were associated with 1.7-fold
(OR = 1.7; CI: 1.22–2.36; p = 0.0017) increased odds of nAMD according to the dominant
model (Table 4). Each C allele increases the odds of developing nAMD by 1.34-fold under
the additive model (OR = 1.54; CI: 1.07–2.20; p = 0.017). According to Akaike’s information
criterion (AIC), the overdominant model was preferable.

The MTOR rs11121704 C/T genotype was associated with increased odds of develop-
ing AMD under the codominant (OR = 1.74; CI: 1.23–2.46; p = 0.0067) and overdominant
(OR = 1.63; CI: 1.17–2.27; p = 0.0038) models, and C/T+C/C genotypes were associated
with 1.69-fold (OR = 1.69; CI: 1.21–2.35; p = 0.0018) increased odds of AMD according to the
dominant model. Each C allele increases the odds of developing AMD by 1.4-fold under
the additive model (OR = 1.4; CI: 1.09–1.81; p = 0.0094). According to AIC, the dominant
model was preferable.

The MTOR rs2295080 G/T genotype was associated with increased odds of a risk of
nAMD under the codominant (OR = 1.86; CI: 1.31–2.64; p = 0.0021) and overdominant
(OR = 1.77; CI: 1.27–2.47; p = 0.0007) models, and G/T+G/G genotypes were associated
with 1.74-fold (OR = 1.74; CI: 1.24–2.42; p = 0.0011) increased odds of AMD according to
the dominant model. Each G allele increases the odds of developing AMD by 1.35-fold
under the additive model (OR = 1.35; CI: 1.05–1.73; p = 0.019). According to AIC, the
overdominant model was preferable.

Bonferroni correction was performed to reduce type I error in multiple testing, and a
significant threshold was set at 0.05/15 = 0.003 for genotype analyses. After that, only the
codominant, dominant and overdominant models for rs1057079; the dominant model for
rs11121704; and the dominant and overdominant models for rs2295080 were still valid.

The overdominant model of inheritance may be explained with the fact that all com-
ponents, including mTOR, are dimerized in the mTORC1 and mTORC2 complexes. Non-
coding substitutions in the MTOR gene can lead to changes in mRNA stability, interaction
with transcription factors, and the rate of protein synthesis, and the simultaneous presence
of two heterogeneous protein populations in heterozygous cells can affect the structure or
concentration of an efficient homodimer in the cell.

An analysis of linkage disequilibrium (LD) shows strong non-random association of
all variants in the MTOR gene (spanning region of 117.5 kb) with D’ > 0.867. The GCCG
haplotype, corresponding to the minor alleles of rs1064261, rs1057079, rs11121704 and
rs2295080, respectively, was associated with 1.45-fold (OR = 1.54; CI: 1.09–1.92; p = 0.01)
increased odds of nAMD compared with the most frequent ATTT haplotype.

No evidence of association with nAMD risk was observed for the other SNPs.

3.2. Association between SNPs and OCT Markers

In total, 196 patients with treatment-naive nAMD were included in the OCT study.
The mean age of the study population was 71 ± 9 years, of which there were 60 (30.6%)
males and 136 (69.4%) females. The OCT characteristics of the study participants are shown
in Table 5. According to the type of MNV, MNV type 1 was diagnosed in 93 (47.4%) eyes,
MNV type 2 was diagnosed in 94 (48%) eyes and MNV type 3 was diagnosed in 9 (4.6%)
eyes. The median baseline PED height was 126 μm (interquartile range (IQR) 89 μm to 190
μm), mean baseline CRT was 316 μm (IQR 271 μm to 372 μm) and median baseline SRF
height was 126 μm (IQR 89 μm to 190 μm). IRF was seen in 140 eyes (71.4%). According to
OCT, a significant BCVA gain and significant decreases in CRT, PED and SRF height were
achieved in patients after three loading IVIs (Table 5).
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Table 5. Characterization of functional and anatomical parameters of the retina in patients
with nAMD.

Baseline 3 IVIs p-Value

BCVA, letters 48 ± 22 55 ± 21 <0.001 a

CRT, mkm 316 [271–372] 246 [218–289] <0.001 a

PED height, mkm 126 [89–190] 46 [21–96] <0.001 a

SRF height, mkm 56 [29–90] 22 [0–44] <0.001 a

IRF, abs. (%) 140 (71.4) 89 (45.4) <0.001 b

BCVA—best corrected visual acuity; CRT—central retinal thickness; PED—detachment of the pigment epithelium;
SRF—subretinal fluid; IRF—intraretinal fluid. Mean ± sd or Median (Q1–Q3). Applied methods for matched
samples: a Wilcoxon test, b McNemar test.

The decrease in CRT was associated with SQSTM1-rs10277 (p = 0.001): it was signifi-
cantly higher in TT (93 [58–122] μm) and CT (66 [30–105] μm) carriers compared with the
CC genotype (47 [24–68] μm) (Table 6).

Table 6. Analysis of decrease in CRT depending on SQSTM1-rs10277.

SNP Genotype
Decrease in CRT, μm p-Value

Me Q1–Q3 n

rs10277
SQSTM1

C/C 47 24–68 63 0.001
p C/T–C/C = 0.014
p T/T–C/C = 0.002

C/T 66 30–105 100

T/T 93 58–122 33

Applied method: Kruskal–Wallis test and Dunn’s criterion with Holm correction as a post hoc method.

The BCVA was increased in 117 (59.7%) patients by 10 [5–20] letters, did not changed in
59 (30.1%) and was decreased in 20 (10.2%) patients. ULK1-rs3088051 was associated with
BCVA change. Among patients with the TT and CT genotypes for the ULK1-rs3088051, an
improvement in visual acuity was noted in 67.6% and 53.8% of cases, while in patients with
the CC genotype, an increase in BCVA was recorded in 37.5% of cases (p = 0.01) (Table 7,
Figure 1). Moreover, in carriers of the CC genotype, the median BCVA change was the
smallest—0 letters (IQR −0 to −6 letters)—while in CT and TT carriers, it was 5 letters (IQR
0 to 12 letters) and 5 letters (IQR 0 to 16 letters), respectfully (p = 0.008, Table 7).

Table 7. Analysis of BCVA change after three IVIs depending on ULK1-rs3088051.

ULK1-rs3088051
BCVA Change, abs. (%). p-Value,

Pearson’s Chi-SquareDecline no Change Increase

C/C 4 (25.0) 6 (37.5) 6 (37.5) 0.013
p C/C–T/T = 0.010
p C/T–T/T = 0.037

C/T 12 (15.4) 24 (30.8) 42 (53.8)

T/T 4 (3.9) 29 (28.4) 69 (67.6)

ULK1-rs3088051
BCVA change, letters. p-value,

Kruskal–WallisMe Q1–Q3 n

C/C 0 −0–6 16
0.008

p T/T–C/C = 0.022C/T 5 0–12 78

T/T 5 0–16 102

151



Biomedicines 2023, 11, 3079

Figure 1. Analysis of BCVA change after three IVIs depending on ULK1-rs3088051.

Other SNPs did not show significant associations with the outcome of anti-VEGF
treatment.

4. Discussion

AMD is a complex degenerative disease of the retina with multiple risk-modifying
factors, including aging, genetics and diet. The progression of AMD is initially characterized
by atrophic alterations in the RPE, as well as the formation of lysosomal lipofuscin and
extracellular drusen deposits [21]. Autophagy is a catabolic process indispensable for
retinal cell homeostasis. The role of autophagy in AMD pathology and treatment is steadily
emerging [24]. Although anti-VEGF therapy has achieved a good therapeutic effect in
nAMD, the recurrence of MNV is inevitable, which increases the cost of treatment [25].
Therefore, it is especially important to uncover the mechanisms of the processes that
control the development of MNV and to reduce its recurrence. According to the latest
data [17,18,21], autophagy may be one of these controlling processes. In particular, attention
has been drawn to research in the field of cancer therapy, where, as in nAMD, anti-VEGF
drugs are used [26]. Recent studies have shown that autophagy plays a key role in the
mechanism of formation of tumor resistance to antiangiogenic therapy [17].

As well as in tumor treatment, autophagy may be responsible for resistance develop-
ment to anti-VEGF therapy during nAMD treatment. Recently, the in vitro study showed
that ranibizumab and conbercept can trigger the autophagy of vascular endothelial cells
while aflibercept can inhibit it. The mechanism of autophagy activation was related to the
activation of the p53/DRAM pathway [25].

In this study, we showed that regulatory SNPs (rs1057079, rs11121704 and rs2295080)
in the MTOR gene are moderately associated with a risk of nAMD in the Russian population.
The kinase mTOR (mechanistic Target of Rapamycin) affects the most fundamental cellular
processes. It is essential for cellular and organismal physiology, and its dysregulation is fre-
quently associated with human aging and age-related diseases. As the PI3K/AKT/mTOR
signaling pathway’s key player, mTOR is essential for the sensing of cellular energy, oxygen
and nutrients [27]. The most significant stimulus that controls mTORC1 activity is nutrient
deficiency. Actually, mTORC1 serves as an amino acid molecular sensor, connecting cellular
demand with dietary supply [28]. Acting as a crucial upstream regulator of autophagy,
mTOR inhibits the ULK1-ATG13-RB1CC1/FIP200 complex on the initial step of autophagy.
Recently, it was shown that the mTOR pathway is partially responsible for the mitochon-
drial damage caused by complement factor H protein loss in RPE cells [29]. Previously, a
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similar link between SNPs (rs1057079, rs11121704 and rs2295080) in the MTOR gene and
wet AMD was found in the Finnish population [16]. It is known that pharmacogenetic
association may differ by ethnicity if the allele distribution of a candidate polymorphism
varies among populations. As a result, the studies aimed at identifying or replicating genes
for susceptibility to AMD risk and response to treatment in various populations continue
to be relevant [12].

The main aim of pharmacogenetic studies is to identify the patients who could benefit
the most from treatment. Our study links polymorphisms in autophagy-related genes to
anti-VEGF treatment response. We showed that Sqstm1-rs10277 and Ulk1-rs3088051 influ-
ence short-term response to aflibercept therapy. The results are consistent with the study
by Paterno et al. [16], where a correlation was also found between these polymorphisms
and the response to antiangiogenic therapy.

The members of the ULK (Unc-51-like kinase) family of proteins are the orthologues
of the yeast Atg1, a serine/threonine protein kinase essential for autophagy initiation [30].
ULK1 or ULK2 are part of a protein complex that is responsible for driving autophagy
initiation upon autophagy-inducing stimuli [31]. Moreover, the ULK1/2 protein complex
carries other different autophagy-related functions, such as ATG9-vesicle recruitment or
regulation of ATG4B activity, and contributes to regulating the mitophagy and degradation
of protein aggregates [32]. Several pathogenic variants of the ULK1/2 kinase complex have
been identified [30]. Polymorphisms in members of the ULK1/2 kinase complex have been
associated with a variety of pathologies related to immune system dysfunction: Crohn’s
disease susceptibility [33], tuberculosis [34] and ankylosing spondylitis [35].

The SQSTM1 gene codes a p62 protein—a multifunctional protein important for pro-
tein aggregate degradation, mitophagy and the engulfment of intracellular pathogens by
autophagosomes [36] and the most studied ubiquitin-binding selective autophagy receptor
(SAR). SARs mediate the recognition and engulfment of specific cargo in autophagosomes
by simultaneously binding both to the target molecules and to the ATG8 proteins conju-
gated on the concave side of the autophagosomal membrane [37]. The dysregulation of
SAR function plays a role in the pathogenesis of a wide variety of diseases, with most
pathogenic variants being identified in the SQSTM1 gene [30]. Nucleotide changes on
SQSTM1 are known to contribute to the origin of neurological alterations [38], implicated
in the pathogenesis of amyotrophic lateral sclerosis [39] and frontotemporal dementia [40].

Obviously, angiogenesis, including VEGF-dependent pathological vascular growth,
and autophagy are closely related processes. Our results fit into the concept recently
proposed by the Grosjean et al. [21]. The authors of this model proposed the term “au-
tophagopathy” to encompass a class of genetic diseases whose etiology is associated with a
defect in the autophagy machinery, whether directly related to abnormal autophagic flux,
LC3-associated phagocytosis or any concomitant process of cellular debris removal. This
model suggests that neither genetic variants of autophagy nor environmental exposures
alone cause disease. However, SNPs that result in low-level autophagy may alter the cell’s
ability to detoxify damaged organelles when exposed to environmental factors. As a conse-
quence, regulatory autophagy-related SNPs will predispose individuals to develop broad
range of diseases (such as cancer, infections, neurodegenerative, cardiovascular, metabolic
and inflammatory diseases) only when exposed to this specific environmental risk, the na-
ture of which will determine the affected organ and disease [21]. Therefore, it will be critical
to recognize these autophagy-related SNP carriers to aid disease screening, prevention and
precision treatment programs to rapidly alleviate comorbid complications [21]. Similarly, it
can be assumed that the carriage of certain variants of autophagy genes, which determine
the characteristics of the autophagy apparatus under stress, can influence the success of
antiangiogenic therapy, as we and Paterno et al. [16] have shown for nAMD. Therefore,
autophagy SNP genotyping may be useful for investigating treatment response to other
diseases that use an antiangiogenic protocol, such as diabetic macular edema, retinopathy
of prematurity and various types of cancer. To our knowledge, there are no ongoing clinical
trials targeted at the autophagy pathway in nAMD. Our results suggest that such trials may
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be relevant and that autophagy could be a target for future drugs to overcome resistance to
anti-VEGF therapy.

A limitation of our study is the relatively small sample size of the patient cohort,
which reduces the statistical power available to detect statistically significant associations.
Another limitation of our study is the use of patients with cataracts as a control group due
to the inability to recruit healthy elderly people. Also, we studied only short-term response.
On the other hand, a significant time point for the prediction of long-term functional
outcomes may be the period after the three IVIs associated with the loading phase [41].
The strength of this study is the inclusion of patients who had never received treatment,
thereby eliminating any potential influence of a retreatment regimen.

5. Conclusions

Our study provides further insight into the pharmacogenetics of the clinical response
of nAMD to anti-VEGF therapy by identifying an association between autophagy-related
gene polymorphisms and treatment response outcome. We confirmed the previously found
effects of polymorphisms in autophagy genes on both nAMD risk and anti-VEGF response
in a larger and independent cohort of patients. Based on our results, (1) variants in the
mTOR gene are associated with nAMD risk, and (2) Sqstm1-rs10277 and Ulk1-rs3088051
could be considered as biomarkers of response to anti-VEGF treatment in nAMD patients.
However, to uncover the molecular mechanisms mediating the influence of autophagy on
VEGF pathway in AMD vulnerable eye tissues, further studies with the inclusion of in vivo
and in vitro model systems are necessary.
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