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Abstract: Age-related macular degeneration (AMD) is a progressive neurodegenerative condition
leading to vision loss and eventual blindness, with exudative AMD posing a heightened risk due
to choroidal neovascularization and localized edema. Therapies targeting the VEGF pathway aim
to address this mechanism for treatment effectiveness. Our study aimed to evaluate associations
between specific genetic variants (RAD51B rs8017304, rs2588809; TRIB1 rs6987702, rs4351379; COL8A1
rs13095226; COL10A1 rs1064583; IL-9 rs1859430, rs2069870, rs11741137, rs2069885, rs2069884; IL-
10 rs1800871, rs1800872, rs1800896; VEGFA rs1570360, rs699947, rs3025033, rs2146323) and the
response to anti-VEGF treatment for exudative AMD. We enrolled 119 patients with exudative
AMD categorized as responders or non-responders based on their response to anti-VEGF treatment.
Statistical analysis revealed that RAD51B rs8017304 heterozygous and homozygous minor allele
carriers had increased CMT before treatment compared to wild-type genotype carriers (p = 0.004).
Additionally, TRIB1 rs4351379 heterozygous and homozygous minor allele carriers exhibited a greater
decrease in central macular thickness (CMT) after 6 months of treatment than wild-type genotype
carriers (p = 0.030). IL-9 rs1859430, rs2069870, and rs2069884 heterozygous and homozygous minor
allele carriers had worse BCVA before treatment than wild-type genotype carriers (p = 0.018, p = 0.012,
p = 0.041, respectively). Conversely, IL-9 rs2069885 heterozygous and homozygous minor allele
carriers showed greater improvement in BCVA after 6 months compared to wild-type genotype
carriers (p = 0.032). Furthermore, VEGFA rs699947 heterozygous and homozygous minor allele
carriers had better BCVA before treatment and after 3 and 6 months of treatment than wild-type
genotype carriers (p = 0.003, p = 0.022, respectively), with these carriers also exhibiting higher
CMT after 6 months of anti-VEGF treatment (p = 0.032). Not all results remained statistically
significant under this stringent correction for multiple comparisons. The comparisons of the serum
concentrations of IL-10, VEGF-A, and VEGF-R2/KDR between non-responders and responders did
not yield statistically significant differences. Our study identified significant associations between
genetic variants, including RAD51B rs8017304, TRIB1 rs4351379, IL-9 rs1859430, rs2069870, rs2069884,
rs2069885, and VEGFA rs699947, and parameters related to the efficacy of exudative AMD treatment,
such as BCVA and CMT.
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1. Introduction

Age-related macular degeneration (AMD) is a progressive neurodegenerative con-
dition affecting the macula, resulting in vision loss and eventual blindness. The macula
houses crucial photoreceptors for visual acuity and color perception [1]. Although typically
diagnosed in individuals aged 60 and older [2], symptoms can appear as early as age 40 [3],
leading to reduced visual acuity and quality of life, impacting activities such as facial recog-
nition and color discrimination [4]. AMD comprises early, intermediate, and advanced
stages, with exudative AMD carrying a higher risk of blindness [5,6]. Age, especially in
developed nations with longer life expectancies, is closely associated with the prevalence
of AMD [7], and projections suggest a substantial increase in cases by 2040 [8].

Crucial mechanisms involved in age-related changes in the eye, such as the formation
of drusen and oxidative stress, play a significant role in AMD [9]. Drusen, coupled with re-
active oxygen species (ROS), accumulate between the retinal pigment epithelium (RPE) and
Bruch’s membrane (BrM), triggering chronic inflammation and causing damage to RPE cells
and photoreceptors [10–12]. This process leads to the breakdown of the blood–ocular bar-
rier, releasing inflammatory mediators and contributing to degeneration [13,14]. Disrupted
inflammatory responses prompt an excessive release of proangiogenic factors like vascu-
lar endothelial factor A (VEGF-A), which fosters angiogenesis [15–17]. Exudative AMD,
characterized by choroidal neovascularization, results in localized edema [17]. Therapies
targeting the VEGF pathway aim to address this mechanism for treatment effectiveness [18].

Proteins play crucial roles in biological processes and are linked to many diseases,
including age-related conditions. Recently, one of the most comprehensive studies of
serum protein levels in various forms of AMD was conducted among a large elderly group,
analyzing 4782 human serum proteins in relation to all genetic risk loci for AMD. The
study found that serum proteins can indicate the severity of AMD independently of genetic
factors and can predict the progression from early to advanced AMD. Additionally, several
proteins were identified as causally related to AMD, with findings aligning with observa-
tional estimates [19]. Inflammatory mediators like IL-10 and IL-9, under the regulation
of the NF-kB and JAK/STAT pathways, play a role in AMD development and have been
identified as treatment targets [20]. Lifestyle elements such as smoking, alcohol intake, and
inadequate diet contribute to AMD susceptibility, with genetics being the predominant fac-
tor, responsible for approximately 70% of cases [21]. These discoveries prompt us to explore
potential biomarkers associated with early AMD diagnosis and treatment approaches.

Since genetic factors represent the primary risk contributors for AMD, we aimed to inves-
tigate the correlations between single-nucleotide variants (SNVs) in IL-9 and IL-10, collagen-
coding genes COL8A1 and COL10A1, lipid transport-associated gene TRIB, oxidative stress
and DNA damage-linked gene RAD51B, and the progressive angiogenesis-associated gene
VEGFA concerning the effectiveness of exudative AMD treatment. We hypothesize that
the selected SNVs and serum levels of IL-10, VEGF-A, and VEGF-R2/KDR may play a
significant role in the response to anti-VEGFA treatment for exudative AMD.

2. Results
2.1. Associations between Central Macular Thickness and Best-Corrected Visual Acuity with
Treatment Response

Our study group comprised 119 patients diagnosed with exudative AMD. We assessed
the treatment response of exudative AMD and categorized patients into responders (n = 22)
and non-responders (n = 97). We compared best-corrected visual acuity (BCVA) and central
macular thickness (CMT) before treatment and after 3 and 6 months, as well as the changes
in BCVA and CMT after 3 and 6 months, between responders and non-responders (Table 1).

Our findings revealed that after 6 months of treatment, responders exhibited signifi-
cantly lower central macular thickness (CMT) compared to non-responders (median (IQR):
271 (96) vs. 319.5 (101), respectively, p = 0.034), along with better best-corrected visual
acuity (BCVA) than non-responders (median (IQR): 0.40 (0.35) vs. 0.30 (0.29), respectively,
p = 0.028). Additionally, there were significant differences in CMT and BCVA changes after
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3 and 6 months of treatment between responders and non-responders. Specifically, CMT
decreased significantly in responders compared to non-responders after 3 and 6 months
(p = 0.005 and p = 0.001, respectively) (Table 1). BCVA increased more in responders com-
pared to non-responders after 3 months (p = 0.003); however, after 6 months of treatment,
BCVA increased more in non-responders compared to responders (p < 0.001) (Table 1).

Table 1. The relationship between central macular thickness and best-corrected visual acuity and
their association with the response to anti-VEGF treatment in patients with exudative AMD.

Parameter Measurement
Point

Responder
Median (IQR)

n = 97

Non-Responder
Median (IQR)

n = 22
p Value

CMT (µM)
Before treatment 338 (100.0) 284 (108.5) 0.269

After 3 months 270 (100) 291 (107.5) 0.315

After 6 months 271 (96) 319.5 (101) 0.034

CMT changes (µM) After 3 months 45 (98) 10 (51) 0.005

After 6 months 51 (105) −10 (144) 0.001

BCVA
Before treatment 0.30 (0.24) 0.40 (0.42) 0.306

After 3 months 0.40 (0.30) 0.30 (0.45) 0.607

After 6 months 0.40 (0.35) 0.30 (0.29) 0.028

BCVA changes After 3 months 0.025 (0.10) −0.1 (0.09) 0.003

After 6 months 0.05 (0.13) 0.30 (0.29) <0.001

Macular edema, n (%)

Before treatment
-Fluid 91 (100) 22 (100)

No fluid 0 0

After 3 months
0.004Fluid 53 (58.2) 20 (90.9)

No fluid 38 (41.8) 2 (9.1)

After 6 months
0.225Fluid 30 (66.7) 14 (82.4)

No fluid 15 (33.3) 3 (17.6)
BCVA—best-corrected visual acuity; CMT—central macular thickness; p-significance level, statistically significant
when p < 0.05; p-values marked with bold indicate statistically significant p-values.

Macular edema was assessed for all patients before treatment, but additional data
were not recorded for all patients throughout the study. The results indicate that after
3 months of treatment, significantly fewer patients in the responder group had macular
edema compared to the non-responders (p = 0.004). After six months of treatment, the
edema decreased slightly in the non-responder group as well (Table 1).

2.2. Associations between Single-Nucleotide Variants (SNVs) and the Efficacy of Exudative
AMD Treatment

The study includes 18 SNVs which were analyzed in our previous studies. Analysis
showed associations between SNVs and early or exudative AMD development, so further
statistical analysis let us evaluate the association between these SNVs and exudative AMD
treatment efficacy.

2.3. RAD51B (rs8017304 and rs2588809), TRIB1 (rs6987702 and rs4351379), COL8A1
(rs13095226), and COL10A1 (rs1064583) Genetic Variant Associations with Exudative AMD
Treatment Efficacy

At this stage of our study, we compared the distributions of RAD51B (rs8017304
and rs2588809), TRIB1 (rs6987702 and rs4351379), COL8A1 (rs13095226), and COL10A1
(rs1064583) genotypes and alleles between responders and non-responders’ groups. How-
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ever, the analysis did not reveal any statistically significant differences (Supplementary
Material, Table S1).

Moreover, we wanted to find if there are associations between RAD51B (rs8017304
and rs2588809), TRIB1 (rs6987702 and rs4351379), COL8A1 (rs13095226), and COL10A1
(rs1064583) and CMT or BCVA before anti-VEGF treatment and during the treatment.
Statistical analysis showed that rs8017304 heterozygous and homozygous minor allele
carriers had higher CMT before treatment than wild-type genotype carriers (p = 0.004)
(Table 2). Also, we revealed that CMT decreased more for rs4351379 heterozygous and
homozygous minor allele carriers than for wild-type genotype carriers after 6 months
of treatment (p = 0.030), but these results did not survive the strict Bonferroni correction
for multiple comparison. Any other associations between these SNVs and BCVA were
determined (Table 3). Overall, these results show that RAD51B rs8017304 is associated with
increased CMT in exudative AMD before treatment, but it is not associated with treatment
efficacy. On the other hand, TRIB1 rs4351379 is not associated with CMT in exudative AMD
but with better anti-VEGF treatment response after 6 months (Table 3).

Table 2. Associations between the distribution of RAD51B (rs8017304 and rs2588809), TRIB1
(rs6987702 and rs4351379), COL8A1 (rs13095226), and COL10A1 (rs1064583) and central macular
thickness and best-corrected visual acuity.

Parameter Measurement Point Median (IQR) Median (IQR) p Value

RAD51B rs8017304

AG + GG AA

CMT (µM)
Before treatment 353 (57) 303.5 (97.75) 0.004

After 3 months 320 (114.5) 278 (97.25) 0.051

After 6 months 297 (113) 281 (83.5) 0.205

CMT changes (µM)
After 3 months 21.5 (77.75) 19 (62.5) 0.831

After 6 months 26 (100.5) 25 (80) 0.488

BCVA

Before treatment 0.3 (0.3) 0.2 (0.25) 0.624

After 3 months 0.3 (0.47) 0.275 (0.32) 0.580

After 6 months 0.3 (0.38) 0.3 (0.25) 0.630

BCVA changes
After 3 months 0 (0.1) 0.045 (0.11) 0.911

After 6 months 0 (0.14) 0.045 (0.1) 0.464

RAD51B rs2588809

CT + TT CC

CMT (µM)
Before treatment 350 (112) 329 (73) 0.217

After 3 months 270 (86) 307 (114) 0.951

After 6 months 295 (76) 283 (108) 0.872

CMT changes (µM)
After 3 months 25 (86) 19 (61) 0.217

After 6 months 30 (91) 39 (98) 0.576

BCVA

Before treatment 0.25 (0.24) 0.25 (0.24) 0.093

After 3 months 0.25 (0.3) 0.32 (0.44) 0.175

After 6 months 0.2 (0.32) 0.3 (0.34) 0.201

BCVA changes
After 3 months 0 (0.1) 0.03 (0.1) 0.841

After 6 months 0 (0.16) 0.02 (0.1) 0.880
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Table 2. Cont.

Parameter Measurement Point Median (IQR) Median (IQR) p Value

TRIB1 rs6987702

TC + CC TT

CMT (µM)
Before treatment 349.5 (69.25) 326 (93.5) 0.090

After 3 months 326.5 (124.5) 278 (183.25) 0.092

After 6 months 306 (128.5) 282 (68.75) 0.457

CMT changes (µM)
After 3 months 15 (69.75) 20.5 (69.75) 0.562

After 6 months 47 (154) 28.5 (70.75) 0.471

BCVA

Before treatment 0.275 (0.27) 0.25 (0.27) 0.645

After 3 months 0.35 (0.47) 0.275 (0.35) 0.792

After 6 months 0.31 (0.37) 0.3 (0.32) 0.510

BCVA changes
After 3 months 0.05 (0.21) 0 (0.1) 0.839

After 6 months 0.005 (0.21) 0.025 (0.1) 0.641

TRIB1 rs4351379

GC + CC GG

CMT (µM)
Before treatment 357 (138) 337 (76.5) 0.444

After 3 months 253.5 (136.5) 307 (92.5) 0.294

After 6 months 265.5 (86.25) 297 (101) 0.133

CMT changes (µM)
After 3 months 36.5 (144) 19 (62) 0.170

After 6 months 87.5 (88.25) 26.5 (93.5) 0.030

BCVA

Before treatment 0.325 (0.21) 0.25 (0.25) 0.592

After 3 months 0.45 (0.53) 0.275 (0.32) 0.497

After 6 months 0.41 (0.37) 0.3 (0.32) 0.332

BCVA changes
After 3 months 0.125 (0.32) 0 (0.1) 0.591

After 6 months 0.085 (0.16) 0 (0.16) 0.178

COL8A1 rs13095226

TC + CC TT

CMT (µM)
Before treatment 326 (80) 347 (100) 0.795

After 3 months 280 (64) 308 (127) 0.786

After 6 months 282 (65) 288 (116) 0.762

CMT changes (µM)
After 3 months 19 (54) 22 (82) 0.879

After 6 months 30 (72) 39 (126) 0.696

BCVA

Before treatment 0.2 (0.25) 0.3 (0.24) 0.733

After 3 months 0.3 (0.35) 0.3 (0.34) 0.697

After 6 months 0.3 (0.25) 0.32 (0.35) 0.495

BCVA changes
After 3 months 0 (0.2) 0.03 (0.1) 0.524

After 6 months 0 (0.14) 0.04 (0.1) 0.170

COL10A1 rs1064583

AG + GG AA

CMT (µM)
Before treatment 342 (114) 330.6 (61) 0.949

After 3 months 307 (124.5) 285 (75.5) 0.578

After 6 months 295 (130) 283 (86) 0.872

CMT changes (µM)
After 3 months 21 (71) 19 (71) 0.872

After 6 months 30 (86) 39 (116) 0.921
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Table 2. Cont.

Parameter Measurement Point Median (IQR) Median (IQR) p Value

BCVA

Before treatment 0.25 (0.25) 0.25 (0.25) 0.942

After 3 months 0.3 (0.42) 0.3 (0.29) 0.698

After 6 months 0.32 (0.35) 0.3 (0.23) 0.669

BCVA changes
After 3 months 0.04 (0.15) 0 (0.1) 0.455

After 6 months 0.02 (0.13) 0 (0.1) 0.541

BCVA—best-corrected visual acuity; CMT—central macular thickness; p-significance level, statistically significant
when p < 0.05; p-values marked with bold indicate statistically significant p-values.

Table 3. Associations between distribution of IL-9 (rs1859430, rs2069870, rs11741137, rs2069885,
rs2069884) and IL-10 (rs1800871, rs1800872, and rs1800896) and central macular thickness and best-
corrected visual acuity.

Parameter Measurement Point Median (IQR) Median (IQR) p Value

IL-9 rs1859430

GA + AA GG

CMT (µM)
Before treatment 325 (104.5) 334.12 (99) 0.697

After 3 months 264 (83.5) 287.63 (122.5) 0.729

After 6 months 271 (87) 284.5 (110.75) 0.266

CMT changes (µM)
After 3 months 31 (73.5) 23.5 (89.5) 0.599

After 6 months 26 (100.5) 30 (106.25) 0.845

BCVA

Before treatment 0.25 (0.25) 0.32 (0.3) 0.018

After 3 months 0.3 (0.25) 0.4 (0.43) 0.124

After 6 months 0.3 (0.26) 0.31 (0.45) 0.714

BCVA changes
After 3 months 0 (0.1) 0.035 (0.11) 0.750

After 6 months 0.02 (0.1) 0 (0.2) 0.136

IL-9 rs2069870

AG + GG AA

CMT (µM)
Before treatment 327.5 (102.75) 336 (104) 0.744

After 3 months 265 (91) 276 (114.5) 0.911

After 6 months 272 (89.5) 283 (105) 0.422

CMT changes (µM)
After 3 months 28 (74.75) 24 (88.5) 0.774

After 6 months 25 (101) 30 (103) 0.623

BCVA

Before treatment 0.25 (0.25) 0.32 (0.3) 0.012

After 3 months 0.3 (0.24) 0.4 (0.43) 0.097

After 6 months 0.3 (0.25) 0.32 (0.45) 0.639

BCVA changes
After 3 months 0 (0.1) 0.03 (0.12) 0.703

After 6 months 0.016 (0.1) 0 (0.2) 0.122

IL-9 rs11741137

CT + TT CC

CMT (µM)
Before treatment 330 (103) 332.5 (119) 0.752

After 3 months 264 (93) 276.5 (109.25) 0.977

After 6 months 271 (55) 284.5 (116.5) 0.291

CMT changes (µM)
After 3 months 42 (86) 24 (84.75) 0.544

After 6 months 33 (103) 28.5 (102.5) 0.564
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Table 3. Cont.

Parameter Measurement Point Median (IQR) Median (IQR) p Value

BCVA

Before treatment 0.3 (0.25) 0.31 (0.3) 0.070

After 3 months 0.4 (0.24) 0.335 (0.42) 0.324

After 6 months 0.32 (0.3) 0.3 (0.42) 0.761

BCVA changes
After 3 months 0 (0.1) 0 (0.1) 0.313

After 6 months 0.02 (0.1) 0 (0.2) 0.057

IL-9 rs2069885

GA + AA GG

CMT (µM)
Before treatment 332 (109.5) 327.5 (113) 0.405

After 3 months 264 (94.5) 276.5 (107.5) 0.657

After 6 months 271 (66.5) 284.5 (116.25) 0.510

CMT changes (µM)
After 3 months 25 (83) 26 (86.25) 0.640

After 6 months 24 (104) 30 (103.75) 0.547

BCVA

Before treatment 0.3 (0.25) 0.31 (0.3) 0.053

After 3 months 0.4 (0.29) 0.35 (0.41) 0.261

After 6 months 0.30 (0.32) 0.3 (0.38) 0.761

BCVA changes
After 3 months 0 (0.11) 0 (0.1) 0.348

After 6 months 0.02 (0.11) 0 (0.2) 0.032

IL-9 rs2069884

GT + TT GG

CMT (µM)
Before treatment 332.5 (109.5) 327.5 (113) 0.623

After 3 months 264 (94.5) 276.5 (107.5) 0.824

After 6 months 271 (66.5) 284.5 (116.25) 0.416

CMT changes (µM)
After 3 months 25 (83) 26 (86.25) 0.703

After 6 months 24 (104) 30 (103.75) 0.669

BCVA

Before treatment 0.3 (0.25) 0.31 (0.3) 0.041

After 3 months 0.4 (0.29) 0.35 (0.41) 0.258

After 6 months 0.3 (0.32) 0.3 (0.38) 0.895

BCVA changes
After 3 months 0 (0.11) 0 (0.1) 0.266

After 6 months 0.02 (0.11) 0 (0.2) 0.050

IL-10 rs1800871

GA + AA GG

CMT (µM)
Before treatment 351.5 (108.5) 309 (83.5) 0.288

After 3 months 276 (96) 262 (107.5) 0.451

After 6 months 281 (92.5) 271 (106.5) 0.760

CMT changes (µM)
After 3 months 26.5 (100.25) 22 (75) 0.499

After 6 months 36.5 (121) 25 (90) 0.393

BCVA

Before treatment 0.3 (0.27) 0.3 (0.2) 0.662

After 3 months 0.375 (0.41) 0.4 (0.3) 0.466

After 6 months 0.29 (0.38) 0.4 (0.28) 0.719

BCVA changes
After 3 months 0 (0.1) 0 (0.11) 0.776

After 6 months 0.005 (0.18) 0 (0.12) 0.821



Int. J. Mol. Sci. 2024, 25, 6859 8 of 17

Table 3. Cont.

Parameter Measurement Point Median (IQR) Median (IQR) p Value

IL-10 rs1800872

GT + TT GG

CMT (µM)
Before treatment 351.5 (108.5) 309 (83.5) 0.288

After 3 months 276 (96) 262 (107.5) 0.451

After 6 months 281 (92.5) 271 (106.5) 0.760

CMT changes (µM)
After 3 months 26.5 (100.25) 22 (75) 0.499

After 6 months 36.5 (121) 25 (95) 0.393

BCVA

Before treatment 0.3 (0.27) 0.3 (0.2) 0.662

After 3 months 0.375 (0.41) 0.4 (0.3) 0.466

After 6 months 0.29 (0.38) 0.4 (0.28) 0.719

BCVA changes
After 3 months 0 (0.1) 0 (0.11) 0.776

After 6 months 0.005 (0.18) 0 (0.12) 0.821

IL-10 rs1800896

TC + CC TT

CMT (µM)
Before treatment 323 (117) 344 (79.5) 0.981

After 3 months 276 (109) 270 (91) 0.947

After 6 months 282 (106) 268 (90.25) 0.865

CMT changes (µM)
After 3 months 28 (87) 24 (80) 0.769

After 6 months 27 (100) 34.5 (107.25) 0.936

BCVA

Before treatment 0.3 (0.34) 0.3 (0.23) 0.458

After 3 months 0.32 (0.3) 0.4 (0.41) 0.107

After 6 months 0.3 (0.35) 0.335 (0.35) 0.060

BCVA changes
After 3 months 0 (0.1) 0.04 (0.2) 0.103

After 6 months 0 (0.17) 0.015 (0.17) 0.184

BCVA—best-corrected visual acuity; CMT—central macular thickness; p-significance level, statistically significant
when p < 0.05; p-values marked with bold indicate statistically significant p-values.

2.4. IL-9 and IL-10 Genetic Variant and IL-9 and IL-10 Serum Level Associations with Exudative
AMD Treatment Efficacy

In this stage of the study, we compared the distributions of IL-9 (rs1859430, rs2069870,
rs11741137, rs2069885, rs2069884) and IL-10 (rs1800871, rs1800872, and rs1800896) geno-
types and alleles between responder and non-responder groups, but the analysis did not
show any statistically significant differences (Supplementary Material, Table S2).

Also, we evaluated IL-9 (rs1859430, rs2069870, rs11741137, rs2069885, rs2069884) and
IL-10 (rs1800871, rs1800872, and rs1800896) associations with CMT and BCVA before the
treatment and during the treatment. Statistical analysis showed that rs1859430, rs2069870,
and rs2069884 heterozygous and homozygous minor allele carriers had worse BCVA before
treatment than wild-type genotype carriers (p = 0.018; p = 0.012; p = 0.041, respectively)
(Table 3). The same Bonferroni correction for multiple comparison was applied, and it
showed that the results did not remain significant after this correction. Moreover, we found
that rs2069885 heterozygous and homozygous minor allele carriers had more improved
BCVA after 6 months than wild-type genotype carriers (p = 0.032) (Table 3). These associa-
tions showed that IL-9 rs1859430, rs2069870, and rs2069884 SNVs are associated with worse
BCVA before anti-VEGF treatment, while rs2069885 might be associated with improved
BCVA after 6 months of anti-VEGF treatment (Table 3).

IL-10 serum protein concentrations were measured compared between responders
and non-responders, but the analysis did not reveal significant differences. (Supplementary
Material Figure S1).
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2.5. VEGFA Genetic Variant and VEGF-A and VEGF-R2/KDR Serum Level Associations with
Exudative AMD Treatment Efficacy

Further analysis included SNVs at the VEGFA gene and VEGF-A and VEGF-R2/KDR
serum protein level associations with exudative AMD treatment efficacy. We compared
the distributions of VEGFA rs1570360, rs699947, rs3025033, and rs2146323 genotypes and
alleles between responders and non-responders’ groups, but the analysis did not show any
statistically significant differences either (Supplementary Material, Table S3).

In VEGFA SNVs and anti-VEGF treatment response analysis, we found that rs699947
heterozygous and homozygous minor allele carriers had better BCVA before treatment and
after 3 and 6 months of treatment than wild-type genotype carriers (p = 0.027; p = 0.003;
p = 0.022, respectively). Because of the Bonferroni correction, statistical significance was
maintained only in the analysis of the genotype and BCVA results after 3 months of treatment.

Also, we found that rs699947 heterozygous and homozygous minor allele carriers
had higher CMT after 6 months of anti-VEGF treatment than wild-type genotype carriers
(p = 0.032) (Table 4). However, the results did not remain statistically significant after the
Bonferroni correction was applied.

We additionally conducted comparisons of the serum concentrations of VEGF-A and
VEGF-R2/KDR between non-responders and responders. Regrettably, our analysis did not
reveal statistically significant differences between these groups (Supplementary Material
Figures S2 and S3).

Table 4. Associations between VEGFA rs1570360, rs699947, rs3025033, and rs2146323 and central
macular thickness and best-corrected visual acuity.

Parameter Measurement Point Median (IQR) Median (IQR) p Value

VEGFA rs1570360

GA + AA GG

CMT (µM)
Before treatment 353.5 (64.75) 325 (107) 0.547

After 3 months 318 (120.25) 270 (98) 0.732

After 6 months 268 (86) 293 (123) 0.282

CMT changes (µM)
After 3 months 24 (89) 42 (109.5) 0.458

After 6 months 55 (109) 27 (113) 0.347

BCVA

Before treatment 0.25 (0.35) 0.30 (0.24) 0.312

After 3 months 0.375 (0.27) 0.32 (0.35) 0.570

After 6 months 0.325 (0.37) 0.30 (0.32) 0.736

BCVA changes
After 3 months 0.035 (0.11) 0.00 (0.10) 0.364

After 6 months 0.05 (0.27) 0.01 (0.10) 0.603

VEGFA rs699947

AC + CC AA

CMT (µM)
Before treatment 308.5 (122.5) 341 (95) 0.650

After 3 months 273.5 (89.25) 276 (101) 0.358

After 6 months 293 (104) 257 (50) 0.032

CMT changes (µM)
After 3 months 24 (108) 32 (73) 0.476

After 6 months 27 (123.5) 58 (96) 0.227

BCVA

Before treatment 0.40 (0.21) 0.30 (0.25) 0.027

After 3 months 0.40 (0.30) 0.30 (0.34) 0.003

After 6 months 0.40 (0.30) 0.30 (0.35) 0.022

BCVA changes
After 3 months 0.00 (0.18) 0.00 (0.10) 0.508

After 6 months 0.025 (0.18) 0.02 (0.10) 0.621
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Table 4. Cont.

Parameter Measurement Point Median (IQR) Median (IQR) p Value

VEGFA rs3025033

AG + GG AA

CMT (µM)
Before treatment 266.5 (-) 332 (102.5) 0.562

After 3 months 233 (-) 276 (102.5) 0.263

After 6 months 282 (107) 282 (102) 0.763

CMT changes (µM)
After 3 months 15 (102) 39 (87) 0.502

After 6 months 14 (123) 48 (98) 0.267

BCVA

Before treatment 0.16 (-) 0.30 (0.24) 0.510

After 3 months 0.30 (-) 0.35 (0.35) 0.773

After 6 months 0.275 (-) 0.32 (0.30) 0.700

BCVA changes
After 3 months 0.14 (-) 0.00 (0.10) 0.427

After 6 months 0.115 (-) 0.02 (0.10) 0.195

VEGFA rs2146323

CA + AA CC

CMT (µM)
Before treatment 285 (73) 341.5 (100) 0.068

After 3 months 262 (53) 277.5 (100.75) 0.367

After 6 months 281 (85.5) 283 (119) 0.779

CMT changes (µM)
After 3 months 26.5 (79.25) 46.5 (130.5) 0.957

After 6 months 34.5 (93.25) 40.5 (158.75) 0.709

BCVA

Before treatment 0.25 (0.35) 0.30 (0.24) 0.963

After 3 months 0.40 (0.30) 0.335 (0.37) 0.835

After 6 months 0.30 (0.40) 0.31 (0.30) 0.992

BCVA changes
After 3 months 0.05 (0.10) 0.00 (0.10) 0.496

After 6 months 0.05 (0.15) 0.005 (0.10) 0.705

BCVA—best-corrected visual acuity; CMT—central macular thickness; p-significance level, statistically significant
when p < 0.05; p-values marked with bold indicate statistically significant p-values.

3. Discussion

Immunogenetic marker association analysis with exudative AMD treatment efficacy
was performed in our study. We evaluated the exudative AMD treatment response and
divided patients into responders (n = 22) and non-responders (n = 97) based on ophthalmo-
logical parameters.

Initially, we examined the distributions of RAD51B (rs8017304 and rs2588809), TRIB1
(rs6987702 and rs4351379), COL8A1 (rs13095226), and COL10A1 (rs1064583) genotypes and
alleles among responders and non-responders, yet no statistically significant differences
were observed. However, we did find an association between RAD51B rs8017304 and
increased central macular thickness (CMT) in exudative AMD, although it was not linked
to treatment efficacy. Conversely, TRIB1 rs4351379 showed no association with CMT in
exudative AMD but exhibited a favorable response to anti-VEGF treatment after 6 months.

Further analysis revealed that IL-9 rs1859430, rs2069870, and rs2069884 SNVs are
associated with worse BCVA before anti-VEGF treatment. In contrast, rs2069885 might be
associated with the improved BCVA after 6 months of anti-VEGF treatment.

The analysis of the VEGFA SNV revealed that the rs699947 C allele correlated with
improved best-corrected visual acuity (BCVA) both before and after 3 and 6 months of
treatment. Additionally, this SNV was linked to higher central macular thickness (CMT)
after 6 months of anti-VEGF therapy, indicating that the VEGFA rs699947 C allele is associ-
ated with poorer treatment efficacy. To account for the potential type I error from multiple
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comparisons in our study, we applied the Bonferroni correction. Consequently, not all
results remained statistically significant under this stringent correction.

Other researchers are also investigating the associations between genetic markers and
the response to anti-VEGF treatment. They are particularly focusing on genetic variants
previously linked to the development of exudative AMD, as these variants may impact the
response to treatment with anti-VEGF agents. Well-studied genetic markers such as HTRA1
(rs11200638), A69S at LOC387715/ARMS2, rs10490924 in ARMS2/HTRA1, or CFH Y402H
have been associated with poorer visual outcomes following anti-VEGF treatment [22–24].
These findings suggest the potential for personalized treatment approaches based on patients’
genotypes to achieve optimal treatment responses in AMD.

While previous studies have not examined the association of RAD51B (rs8017304 and
rs2588809), TRIB1 (rs6987702 and rs4351379), COL8A1 (rs13095226), COL10A1 (rs1064583),
IL-9 (rs1859430, rs2069870, rs11741137, rs2069885, rs2069884), and IL-10 (rs1800871, rs1800872,
rs1800896) genetic variants with the response to exudative AMD treatment, VEGFA SNVs
have been the focus of several studies as potential biomarkers. These SNVs could potentially
aid in achieving optimal treatment responses and in developing individualized therapeutic
approaches for exudative AMD.

Researchers conducted an analysis of the associations of rs699947 with anti-VEGF
treatment and obtained similar findings. They observed that the rs699947 AA genotype was
associated with a higher likelihood of improving best-corrected visual acuity or achieving
a better overall response when intravitreal ranibizumab [25,26] or bevacizumab [27] was
administered for AMD treatment. Additionally, VEGFA rs699947 was linked to better
response to photodynamic therapy, not only with intravitreal injections [28]. Furthermore,
several studies identified associations between VEGFA rs699947 and treatment efficacy:
carriers of the AA genotype had a higher likelihood of a good response compared to other
genotypes [29] or showed an association with retinal thickness [30], although statistical
significance did not persist after corrections for multiple testing. However, one study
reported no associations between VEGFA rs699947 and anti-VEGF response [31]. Con-
versely, conflicting results were reported in another study, where ranibizumab treatment
was significantly more effective in patients carrying the C allele at rs699947, with the AA
genotype associated with the absence of an early functional response to ranibizumab [32].

VEGFA rs1570360 and rs3025033 with two other VEGFA SNVs (rs699947 and rs2010963)
were assessed for their association with the response to photodynamic therapy. However,
no associations were detected [28,33].

Although the study by Yildiz et al. confirmed that VEGFA rs2146323 has no influence
on the response to anti-VEGF treatment [31], discrepancies in rs2146323 genotype distribu-
tions were observed between PDT non-responders and PDT responders [28]. Hagstrom
et al. illustrated an association between VEGFA rs2146323 and retinal thickness; however,
the adjusted p-value did not reach statistical significance, indicating no associations with
the response to anti-VEGF therapy (ranibizumab or bevacizumab) for exudative AMD [32].

Additional SNVs within the VEGFA gene (rs699946 and rs3025000) were similarly
associated with improved visual outcomes following anti-VEGF treatment [34,35].

However, investigations into VEGF-A serum levels in response to intravitreal anti-
VEGF treatment have been relatively limited. It has been demonstrated that aflibercept
significantly decreases serum and plasma VEGF-A concentrations one month after injec-
tion [36], while conbercept notably reduces serum VEGF-A levels one day and one week
after injection [37]. In contrast, ranibizumab has shown no significant effect on changes in
serum or plasma VEGFA concentrations [39,40. In our study, we compared serum protein
concentrations of VEGF-A and VEGF-R2/KDR between responders and non-responders;
however, the analysis did not uncover significant differences. Notably, serum levels of
VEGF-R2/KDR have not been previously analyzed in studies examining the response to
exudative AMD treatment.
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4. Materials and Methods
4.1. Ethics

This Lithuanian population-based case–control study was conducted according to
the guidelines of the Declaration of Helsinki, and the protocol was approved by Kaunas
Regional Biomedical Research Ethics Committee, Lithuanian University of Health Sciences
(No. BE-2-/48). All participants were informed about the study and signed the informed
consent form.

4.2. Study Design and Structure
Study Design

The study groups consisted of subjects who were admitted for the ophthalmological
evaluation to the Ophthalmology Department, Hospital of Lithuanian University of Health
Sciences, during the period from 2014 to 2023. An ophthalmological evaluation was
performed for all the study subjects, and data about general health and other diseases were
obtained during an examination by a family doctor and gathered from medical records.

4.3. Ophthalmological Evaluation

The present study subjects were evaluated by slit-lamp biomicroscope as described in
our previous publication [21]. All AMD patients underwent optical coherence tomography
(OCT), and optical coherence tomography angiography (OCT-A) was performed to confirm
advanced AMD after the OCT examination.

4.4. AMD Group

The AMD group consisted of subjects who underwent ophthalmological evaluation
and were diagnosed with exudative AMD (Figure 1).
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Figure 1. Macular changes in exudative AMD.

4.4.1. AMD Exclusion Criteria

1. Unrelated eye disorders, e.g., high refractive error, cloudy cornea, lens opacity (nuclear,
cortical, or posterior subcapsular cataract) except minor opacities, keratitis, acute or
chronic uveitis, glaucoma, or diseases of the optic nerve;

2. Systemic illnesses, e.g., diabetes mellitus, malignant tumors, systemic connective tis-
sue disorders, chronic infectious and non-infectious diseases, hypertension, coronary
artery disease, stroke, or conditions following organ or tissue transplantation;
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3. Ungraded color fundus photographs resulting from obscuring the ocular optic system
or because of the low fundus photograph quality;

4. The use of antiepileptic or sedative drugs.

4.4.2. Exudative AMD Response to Anti-VEGF Injection Treatment

The anti-VEGF treatment efficacy was evaluated for exudative AMD patients present-
ing exudative or hemorrhagic features in the macula but who had no previous intravitreal
anti-VEGFA injections or any other treatment and were followed-up at least six months
after the first injection of anti-VEGF. Central macular thickness (CMT) and best-corrected
visual acuity (BCVA) measurements were performed before therapy, at three months, and
at six months after the first anti-VEGF intravitreal injection.

Best-corrected visual acuity (BCVA) was assessed using a Snellen chart before treat-
ment and six months after the first intravitreal anti-VEGF injection. A deterioration in
visual acuity was defined as a loss of one or more lines (>5 letters) on the chart. Changes
in BCVA during the treatment period were calculated using the following formula: BCVA
after six months minus BCVA before treatment.

A good response was defined as the resolution of fluid according to OCT six months
after the first injection and/or an improvement of >5 letters. Non-response was defined as
an increase in fluid of 100 µM (IRF, SRF, and CMT) or increasing hemorrhage compared to
baseline and/or a loss of >5 letters compared to baseline or best-corrected vision subse-
quently. Changes in CMT were calculated as follows: CMT before treatment minus CMT
after six months.

4.5. Control Group

Subjects who underwent ophthalmological evaluation were involved in the control group.

4.5.1. Control Group Inclusion Criteria

1. Older than 18 years;
2. Patients after senile cataract surgeries (without any other ocular comorbidities);
3. Signed informed consent form.

4.5.2. Control Group Exclusion Criteria

1. Unrelated eye disorders, e.g., high refractive error, cloudy cornea, lens opacity (nuclear,
cortical, or posterior subcapsular cataract) except minor opacities, keratitis, acute or
chronic uveitis, glaucoma, or diseases of the optic nerve;

2. Systemic illnesses, e.g., diabetes mellitus, malignant tumors, systemic connective tis-
sue disorders, chronic infectious and non-infectious diseases, hypertension, coronary
artery disease, stroke, or conditions following organ or tissue transplantation;

3. Ungraded color fundus photographs resulting from obscuring the ocular optic system
or because of fundus photograph quality;

4. The use of antiepileptic or sedative drugs.

4.6. Deoxyribonucleic Acid Extraction from Peripheral Venous Blood and Genotyping

Deoxyribonucleic acid (DNA) extraction and the genotyping of eighteen single-nucleotide
variants (SNVs) were conducted, targeting RAD51B (rs8017304 and rs2588809), TRIB1
(rs6987702 and rs4351379), COL8A1 (rs13095226), COL10A1 (rs1064583), IL-9 (rs1859430,
rs2069870, rs11741137, rs2069885, and rs2069884), IL-10 (rs1800871, rs1800872, and rs1800896),
and VEGFA (rs1570360, rs699947, rs3025033, and rs2146323). These procedures were per-
formed at the Laboratory of Ophthalmology, Neuroscience Institute, Lithuanian University
of Health Sciences, utilizing predesigned TaqManTM Genotyping assays from Thermo
Fisher Scientific, Pleasanton, CA, USA, following the manufacturer’s guidelines and as
previously described in our publications [38–40].
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4.7. Single-Nucleotide Variant Selection

The selection of single-nucleotide variants (SNVs) for this study was based on previ-
ously published research and established associations with AMD and related biological
pathways, specifically as follows:

1. RAD51B, TRIB1, COL8A1, and COL10A1 genetic variants: These variants were
chosen due to their direct associations with AMD development, their involvement in
processes such as oxidative stress and DNA damage linked to aging and AMD, and
their regulation by inflammatory stimulation. Additionally, their associations with
AMD in other populations were considered.

2. IL-9 and IL-10 genetic variants: These variants were selected based on interactions
between IL-9 and IL-10, their minor allele frequencies, and previous associations with
diseases like asthma and allergic rhinitis. This study marks their first use as potential
biomarkers for AMD.

3. VEGFA genetic variants: These variants were chosen based on haplotype block
coverage and prior research on VEGFA variants, which have shown inconsistent
results regarding AMD associations.

These SNVs were identified and chosen for their potential roles as biomarkers in the
development and progression of early and exudative AMD. More accurate SNP selection
criteria were described in our previous publications [21,38,39].

4.8. Serum Concentration Measurement

The obtained serum was aliquoted into 200 µL portions in Eppendorf tubes and
stored at −80 ◦C. Human IL-9, IL-10, VEGF-A, and VEGF-R2/KDR assays were conducted
using the Invitrogen ELISA Kit. For human IL-9 (Cat. No. BMS2081, Thermofisher
Scientific, Waltham, MA, USA), the assay range was 3.1–200 pg/mL with a sensitivity of
0.5 pg/mL. For human IL-10 (Cat. No. BMS215-2, Thermofisher Scientific, Waltham, MA,
USA), the assay range was 3.15–200 pg/mL with a sensitivity of 1 pg/mL. For VEGF-A
(Cat. No. BMS277-2, Thermofisher Scientific, Waltham, MA, USA), the assay range was
15.6–1000 pg/mL with a sensitivity of 7.9 pg/mL. For VEGF-R2/KDR (Cat. No. BMS2019,
Thermofisher Scientific, Waltham, MA, USA), the assay range was 78–5000 pg/mL with a
sensitivity of 7 pg/mL, all following the manufacturer’s instructions. Protein concentrations
were determined and calculated using the Multiskan FC Microplate Photometer (Thermo
Scientific, Waltham, MA, USA) at 450 nm. Samples were excluded if serum cytokine
concentrations fell below the detection range.

4.9. Statistical Analysis

Statistical analysis was performed using the SPSS/W 27.0 software (Statistical Package
for the Social Sciences for Windows, Inc., Chicago, IL, USA). Continuous data (age, protein
serum concentrations, BCVA, and CMT) were evaluated for normality by the Shapiro–Wilk
test. Continuous variables presented the median with an interquartile range (IQR) based on
non-normal data distributions. The Mann–Whitney test was used to compare two groups
for non-normally distributed data.

Categorical data (gender and genotype distributions) are presented as absolute num-
bers with percentages in brackets and compared between groups using the Chi-square (χ2)
test. Fisher’s exact test was used only to compare the allele distributions between exudative
AMD subgroups, ‘responders’ and ‘non-responders’, when the number of subjects was less
than 50 in one subgroup.

Due to the multiple association calculations, we introduced a Bonferroni correction and
applied an adjusted significance threshold for multiple comparisons α = 0.0028 (0.05/18, as
we analyzed eighteen different SNVs).

Graphs were created using GraphPad Prism version 9.0.0 for Mac (GraphPad Software,
San Diego, CA, USA).
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5. Conclusions

We identified significant associations between genetic variants, including RAD51B
rs8017304, TRIB1 rs4351379, IL-9 rs1859430, rs2069870, rs2069884, rs2069885, and VEGFA
rs699947, and parameters related to the efficacy of exudative AMD treatment, such as
BCVA and CMT. While our study yielded significant results, we recommend that all these
SNVs be considered in future research endeavors aimed at identifying optimal treatment
responses for exudative AMD or treatments for other forms of AMD.
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www.mdpi.com/article/10.3390/ijms25136859/s1.

Author Contributions: Conceptualization, A.V., D.C. and R.L.; methodology, A.V, D.C., R.L., L.K. and
D.Z; formal analysis, A.V., D.C., R.L.; investigation, A.V., D.C., R.L; resources, D.Z.; R.L.; data curation,
D.C. and A.V.; writing—A.V,; writing—review and editing, A.V.; D.C, R.L, L.K., D.Z.; visualization,
A.V. and D.C.; supervision, R.L.; project administration, R.L.; funding acquisition, D.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Research Council of Lithuania under the initiative of
Researcher Group Projects, grant No. S-MIP-23-96.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Biomedical Research Ethics Committee, Lithuanian University of
Health Sciences (No. BE-2-/48). All study participants signed the informed consent form. An oph-
thalmological evaluation was performed for all the study subjects admitted to the ophthalmological
assessment at the Ophthalmology Department, Hospital of Lithuanian University of Health Sciences,
from 2014 to 2023. Their health and other disease data were obtained during the general practitioner
examination and gathered from medical records. This study was conducted at the Laboratory of
Ophthalmology, Neuroscience Institute, LUHS.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. van Lookeren Campagne, M.; Lecouter, J.; Yaspan, B.L.; Ye, W. Mechanisms of age-related macular degeneration and therapeutic

opportunities. J. Pathol. 2014, 232, 151–164. [CrossRef]
2. Wong, W.L.; Su, X.; Li, X.; Cheung, C.M.G.; Klein, R.; Cheng, C.Y.; Wong, T.Y. Global prevalence of age-related macular

degeneration and disease burden projection for 2020 and 2040: A systematic review and meta-analysis. Lancet Glob. Health 2014,
2, e106–e116. [CrossRef]

3. Klein, R.; Klein, B.E.; Jensen, S.C.; Meuer, S.M. The five-year incidence and progression of age-related maculopathy: The Beaver
Dam Eye Study. Ophthalmology 1997, 104, 7–21. [CrossRef]

4. Yuzawa, M.; Fujita, K.; Tanaka, E.; Wang, E.C.Y. Assessing quality of life in the treatment of patients with age-related macular
degeneration: Clinical research findings and recommendations for clinical practice. Clin. Ophthalmol. 2013, 7, 1325. [CrossRef]

5. The Age-Related Eye Disease Study system for classifying age-related macular degeneration from stereoscopic color fundus
photographs: The Age-Related Eye Disease Study Report Number 6. Am. J. Ophthalmol. 2001, 132, 668–681. [CrossRef]

6. Wang, J.J.; Rochtchina, E.; Lee, A.J.; Chia, E.-M.; Smith, W.; Cumming, R.G.; Mitchell, P. Ten-year incidence and progression of
age-related maculopathy: The Blue Mountains Eye Study. Ophthalmology 2007, 114, 92–98. [CrossRef]

7. Age-Related Macular Degeneration (AMD) Tables | National Eye Institute. Available online: https://www.nei.nih.gov/learn-
about-eye-health/outreach-campaigns-and-resources/eye-health-data-and-statistics/age-related-macular-degeneration-
amd-data-and-statistics/age-related-macular-degeneration-amd-tables (accessed on 23 February 2022).

8. Colijn, J.M.; Buitendijk, G.H.S.; Prokofyeva, E.; Alves, D.; Cachulo, M.L.; Khawaja, A.P.; Cougnard-Gregoire, A.; Merle, B.M.J.;
Korb, C.; Erke, M.G.; et al. Prevalence of age-related macular degeneration in Europe: The past and the future. Ophthalmology
2017, 124, 1753–1763. [CrossRef]

9. Green, W.R.; Key, S.N. Senile macular degeneration: A histopathologic study. Trans. Am. Ophthalmol. Soc. 1978, 75, 180–254.
[CrossRef]

10. Ferris, F.L.; Davis, M.D.; Clemons, T.E.; Lee, L.Y.; Chew, E.Y.; Lindblad, A.S.; Milton, R.C.; Bressler, S.B.; Klein, R.; Age-Related
Eye Disease Study (AREDS) Research Group. A simplified severity scale for age-related macular degeneration: AREDS Report
No. 18. Arch. Ophthalmol. 2005, 123, 1570–1574. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms25136859/s1
https://www.mdpi.com/article/10.3390/ijms25136859/s1
https://doi.org/10.1002/PATH.4266
https://doi.org/10.1016/S2214-109X(13)70145-1
https://doi.org/10.1016/s0161-6420(97)30368-6
https://doi.org/10.2147/OPTH.S45248
https://doi.org/10.1016/S0002-9394(01)01218-1
https://doi.org/10.1016/J.OPHTHA.2006.07.017
https://www.nei.nih.gov/learn-about-eye-health/outreach-campaigns-and-resources/eye-health-data-and-statistics/age-related-macular-degeneration-amd-data-and-statistics/age-related-macular-degeneration-amd-tables
https://www.nei.nih.gov/learn-about-eye-health/outreach-campaigns-and-resources/eye-health-data-and-statistics/age-related-macular-degeneration-amd-data-and-statistics/age-related-macular-degeneration-amd-tables
https://www.nei.nih.gov/learn-about-eye-health/outreach-campaigns-and-resources/eye-health-data-and-statistics/age-related-macular-degeneration-amd-data-and-statistics/age-related-macular-degeneration-amd-tables
https://doi.org/10.1016/J.OPHTHA.2017.05.035
https://doi.org/10.1097/00006982-200507001-00005
https://doi.org/10.1001/archopht.123.11.1570
https://www.ncbi.nlm.nih.gov/pubmed/16286620


Int. J. Mol. Sci. 2024, 25, 6859 16 of 17

11. Freund, K.B.; Yannuzzi, L.A.; Sorenson, J.A. Age-related macular degeneration and choroidal neovascularization. Am. J.
Ophthalmol. 1993, 115, 786–791. [CrossRef] [PubMed]

12. Beatty, S.; Koh, H.H.; Henson, D.; Boulton, M. The role of oxidative stress in the pathogenesis of age-related macular degeneration.
Surv. Ophthalmol. 2000, 45, 115–134. [CrossRef] [PubMed]

13. Cunha-Vaz, J.; Bernardes, R.; Lobo, C. Blood-retinal barrier. Eur. J. Ophthalmol. 2011, 21 (Suppl. 6), 3–9. [CrossRef] [PubMed]
14. Handa, J.T.; Verzijl, N.; Matsunaga, H.; Aotaki-Keen, A.; A Lutty, G.; Koppele, J.M.T.; Miyata, T.; Hjelmeland, L.M. Increase in the

advanced glycation end product pentosidine in Bruch’s membrane with age. Investig. Ophthalmol. Vis. Sci. 1999, 40, 775–779.
15. Nashine, S. Potential therapeutic candidates for age-related macular degeneration (AMD). Cells 2021, 10, 2483. [CrossRef]

[PubMed]
16. Ambreen, F.; Ismail, M.; Qureshi, I.Z. Association of gene polymorphism with serum levels of inflammatory and angiogenic

factors in Pakistani patients with age-related macular degeneration. Mol. Vis. 2015, 21, 985. [PubMed]
17. Courtenay, M.D.; Cade, W.H.; Schwartz, S.G.; Kovach, J.L.; Agarwal, A.; Wang, G.; Haines, J.L.; Pericak-Vance, M.A.; Scott, W.K.

Set-based joint test of interaction between SNPs in the VEGF pathway and exogenous estrogen finds association with age-related
macular degeneration. Investig. Ophthalmol. Vis. Sci. 2014, 55, 4873–4879. [CrossRef] [PubMed]

18. Fogli, S.; del Re, M.; Rofi, E.; Posarelli, C.; Figus, M.; Danesi, R. Clinical pharmacology of intravitreal anti-VEGF drugs. Eye 2018,
32, 1010–1020. [CrossRef] [PubMed]

19. Emilsson, V.; Gudmundsson, E.F.; Jonmundsson, T.; Jonsson, B.G.; Twarog, M.; Gudmundsdottir, V.; Li, Z.; Finkel, N.; Poor, S.;
Liu, X.; et al. A proteogenomic signature of age-related macular degeneration in blood. Nat. Commun. 2022, 13, 340. [CrossRef]
[PubMed]

20. Lin, T.; Walker, G.B.; Kurji, K.; Fang, E.; Law, G.; Prasad, S.S.; Kojic, L.; Cao, S.; White, V.; Cui, J.Z.; et al. Parainflammation
associated with advanced glycation endproduct stimulation of RPE in vitro: Implications for age-related degenerative diseases of
the eye. Cytokine 2013, 62, 369–381. [CrossRef]

21. Cackett, P.; Wong, T.Y.; Aung, T.; Saw, S.-M.; Tay, W.T.; Rochtchina, E.; Mitchell, P.; Wang, J.J. Smoking, cardiovascular risk
factors, and age-related macular degeneration in Asians: The Singapore Malay Eye Study. Am. J. Ophthalmol. 2008, 146, 960–967.
[CrossRef]

22. Zehetner, C.; Kralinger, M.T.; Modi, Y.S.; Waltl, I.; Ulmer, H.; Kirchmair, R.; Bechrakis, N.E.; Kieselbach, G.F. Systemic levels of
vascular endothelial growth factor before and after intravitreal injection of aflibercept or ranibizumab in patients with age-related
macular degeneration: A randomised, prospective trial. Acta Ophthalmol. 2015, 93, e154–e159. [CrossRef] [PubMed]

23. Yamashiro, K.; Mori, K.; Honda, S.; Kano, M.; Yanagi, Y.; Obana, A.; Sakurada, Y.; Sato, T.; Nagai, Y.; Hikichi, T.; et al. A prospective
multicenter study on genome wide associations to ranibizumab treatment outcome for age-related macular degeneration. Sci.
Rep. 2017, 7, 9196. [CrossRef] [PubMed]

24. Gourgouli, K.; Gourgouli, I.; Tsaousis, G.; Spai, S.; Niskopoulou, M.; Efthimiopoulos, S.; Lamnissou, K. Investigation of genetic
base in the treatment of age-related macular degeneration. Int. Ophthalmol. 2020, 40, 985–997. [CrossRef] [PubMed]

25. Lin, J.-M.; Wan, L.; Tsai, Y.-Y.; Lin, H.-J.; Tsai, Y.; Lee, C.-C.; Tsai, C.-H.; Tseng, S.-H.; Tsai, F.-J. Vascular endothelial growth factor
gene polymorphisms in age-related macular degeneration. Am. J. Ophthalmol. 2008, 145, 1045–1051. [CrossRef] [PubMed]

26. Cruz-Gonzalez, F.; Cabrillo-Estévez, L.; López-Valverde, G.; Cieza-Borrella, C.; Hernández-Galilea, E.; González-Sarmiento, R.
Predictive value of VEGF A and VEGFR2 polymorphisms in the response to intravitreal ranibizumab treatment for wet AMD.
Graefes Arch. Clin. Exp. Ophthalmol. 2014, 252, 469–475. [CrossRef] [PubMed]

27. Cobos, E.; Recalde, S.; Anter, J.; Hernandez-Sanchez, M.; Barreales, C.; Olavarrieta, L.; Valverde, A.; Suarez-Figueroa, M.; Cruz, F.;
Abraldes, M.; et al. Association between CFH, CFB, ARMS2, SERPINF1, VEGFR1 and VEGF polymorphisms and anatomical
and functional response to ranibizumab treatment in neovascular age-related macular degeneration. Acta Ophthalmol. 2018,
96, e201–e212. [CrossRef] [PubMed]

28. Tsuchihashi, T.; Mori, K.; Horie-Inoue, K.; Gehlbach, P.L.; Kabasawa, S.; Takita, H.; Ueyama, K.; Okazaki, Y.; Inoue, S.;
Awata, T.; et al. Complement factor H and high-temperature requirement A-1 genotypes and treatment response of age-related
macular degeneration. Ophthalmology 2011, 118, 93–100. [CrossRef] [PubMed]

29. Papachristos, A.; Karatza, E.; Kalofonos, H.; Sivolapenko, G. Pharmacogenetics in model-based optimization of bevacizumab
therapy for metastatic colorectal cancer. Int. J. Mol. Sci. 2020, 21, 3753. [CrossRef] [PubMed]

30. Abedi, F.; Wickremasinghe, S.; Richardson, A.J.; Islam, A.F.M.; Guymer, R.H.; Baird, P.N. Genetic influences on the outcome
of anti-vascular endothelial growth factor treatment in neovascular age-related macular degeneration. Ophthalmology 2013,
120, 1641–1648. [CrossRef]

31. Mori, K.; Horie-Inoue, K.; Gehlbach, P.L.; Takita, H.; Kabasawa, S.; Kawasaki, I.; Ohkubo, T.; Kurihara, S.; Iizuka, H.;
Miyashita, Y.; et al. Phenotype and genotype characteristics of age-related macular degeneration in a Japanese population.
Ophthalmology 2010, 117, 928–938. [CrossRef]

32. Hagstrom, S.A.; Ying, G.-S.; Pauer, G.J.T.; Sturgill-Short, G.M.; Huang, J.; Maguire, M.G.; Martin, D.F.; for the Comparison of
Age-Related Macular Degeneration Treatments Trials (CATT) Research Group. VEGFA and VEGFR2 gene polymorphisms and
response to anti-vascular endothelial growth factor therapy: Comparison of age-related macular degeneration treatments trials
(CATT). JAMA Ophthalmol. 2014, 132, 521–527. [CrossRef]

https://doi.org/10.1016/S0002-9394(14)73649-9
https://www.ncbi.nlm.nih.gov/pubmed/7685148
https://doi.org/10.1016/S0039-6257(00)00140-5
https://www.ncbi.nlm.nih.gov/pubmed/11033038
https://doi.org/10.5301/EJO.2010.6049
https://www.ncbi.nlm.nih.gov/pubmed/23264323
https://doi.org/10.3390/CELLS10092483
https://www.ncbi.nlm.nih.gov/pubmed/34572131
https://www.ncbi.nlm.nih.gov/pubmed/26330749
https://doi.org/10.1167/IOVS.14-14494
https://www.ncbi.nlm.nih.gov/pubmed/25015356
https://doi.org/10.1038/S41433-018-0021-7
https://www.ncbi.nlm.nih.gov/pubmed/29398697
https://doi.org/10.1038/s41467-022-31085-x
https://www.ncbi.nlm.nih.gov/pubmed/35697682
https://doi.org/10.1016/j.cyto.2013.03.027
https://doi.org/10.1016/J.AJO.2008.06.026
https://doi.org/10.1111/AOS.12604
https://www.ncbi.nlm.nih.gov/pubmed/25488124
https://doi.org/10.1038/S41598-017-09632-0
https://www.ncbi.nlm.nih.gov/pubmed/28835685
https://doi.org/10.1007/S10792-019-01274-7
https://www.ncbi.nlm.nih.gov/pubmed/31916060
https://doi.org/10.1016/J.AJO.2008.01.027
https://www.ncbi.nlm.nih.gov/pubmed/18378209
https://doi.org/10.1007/S00417-014-2585-7
https://www.ncbi.nlm.nih.gov/pubmed/24522370
https://doi.org/10.1111/AOS.13519
https://www.ncbi.nlm.nih.gov/pubmed/28926193
https://doi.org/10.1016/J.OPHTHA.2010.04.007
https://www.ncbi.nlm.nih.gov/pubmed/20678803
https://doi.org/10.3390/IJMS21113753
https://www.ncbi.nlm.nih.gov/pubmed/32466535
https://doi.org/10.1016/J.OPHTHA.2013.01.014
https://doi.org/10.1016/J.OPHTHA.2009.10.001
https://doi.org/10.1001/JAMAOPHTHALMOL.2014.109


Int. J. Mol. Sci. 2024, 25, 6859 17 of 17

33. Tsuchihashi, T.; Mori, K.; Horie, K.; Okazaki, Y.; Awata, T.; Inoue, S.; Yoneya, S. Prognostic phenotypic and genotypic factors
associated with photodynamic therapy response in patients with age-related macular degeneration. Clin. Ophthalmol. 2014, 8,
2471–2478. [CrossRef] [PubMed]

34. Lazzeri, S.; Figus, M.; Orlandi, P.; Fioravanti, A.; Di Desidero, T.; Agosta, E.; Sartini, M.S.; Posarelli, C.; Nardi, M.; Danesi, R.; et al.
VEGF-A polymorphisms predict short-term functional response to intravitreal ranibizumab in exudative age-related macular
degeneration. Pharmacogenomics 2013, 14, 623–630. [CrossRef]

35. Nakata, I.; Yamashiro, K.; Nakanishi, H.; Tsujikawa, A.; Otani, A.; Yoshimura, N. VEGF gene polymorphism and response to
intravitreal bevacizumab and triple therapy in age-related macular degeneration. Jpn. J. Ophthalmol. 2011, 55, 435–443. [CrossRef]

36. Abedi, F.; Wickremasinghe, S.; Richardson, A.J.; Makalic, E.; Schmidt, D.F.; Sandhu, S.S.; Baird, P.N.; Guymer, R.H. Variants in the
VEGFA gene and treatment outcome after anti-VEGF treatment for neovascular age-related macular degeneration. Ophthalmology
2013, 120, 115–121. [CrossRef]

37. Wang, X.; Sawada, T.; Sawada, O.; Saishin, Y.; Liu, P.; Ohji, M. Serum and plasma vascular endothelial growth factor concentrations
before and after intravitreal injection of aflibercept or ranibizumab for age-related macular degeneration. Am. J. Ophthalmol. 2014,
158, 738–744. [CrossRef]

38. Vilkeviciute, A.; Kriauciuniene, L.; Chaleckis, R.; Deltuva, V.P.; Liutkeviciene, R. RAD51B (rs8017304 and rs2588809), TRIB1
(rs6987702, rs4351379, and rs4351376), COL8A1 (rs13095226), and COL10A1 (rs1064583) gene variants with predisposition to
age-related macular degeneration. Dis. Markers 2019, 2019, 5631083. [CrossRef]

39. Vilkeviciute, A.; Cebatoriene, D.; Kriauciuniene, L.; Zemaitiene, R.; Liutkeviciene, R. IL-9 and IL-10 single-nucleotide variants and
serum levels in age-related macular degeneration in the Caucasian population. Mediat. Inflamm. 2021, 2021, 662293. [CrossRef]
[PubMed]

40. Vilkeviciute, A.; Cebatoriene, D.; Kriauciuniene, L.; Liutkeviciene, R. VEGFA haplotype and VEGF-A and VEGF-R2 protein
associations with exudative age-related macular degeneration. Cells 2022, 11, 996. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2147/OPTH.S71305
https://www.ncbi.nlm.nih.gov/pubmed/25525324
https://doi.org/10.2217/PGS.13.43
https://doi.org/10.1007/S10384-011-0061-Z
https://doi.org/10.1016/J.OPHTHA.2012.10.006
https://doi.org/10.1016/J.AJO.2014.06.009
https://doi.org/10.1155/2019/5631083
https://doi.org/10.1155/2021/6622934
https://www.ncbi.nlm.nih.gov/pubmed/33953642
https://doi.org/10.3390/CELLS11060996
https://www.ncbi.nlm.nih.gov/pubmed/35326447

	Introduction 
	Results 
	Associations between Central Macular Thickness and Best-Corrected Visual Acuity with Treatment Response 
	Associations between Single-Nucleotide Variants (SNVs) and the Efficacy of Exudative AMD Treatment 
	RAD51B (rs8017304 and rs2588809), TRIB1 (rs6987702 and rs4351379), COL8A1 (rs13095226), and COL10A1 (rs1064583) Genetic Variant Associations with Exudative AMD Treatment Efficacy 
	IL-9 and IL-10 Genetic Variant and IL-9 and IL-10 Serum Level Associations with Exudative AMD Treatment Efficacy 
	VEGFA Genetic Variant and VEGF-A and VEGF-R2/KDR Serum Level Associations with Exudative AMD Treatment Efficacy 

	Discussion 
	Materials and Methods 
	Ethics 
	Study Design and Structure 
	Ophthalmological Evaluation 
	AMD Group 
	AMD Exclusion Criteria 
	Exudative AMD Response to Anti-VEGF Injection Treatment 

	Control Group 
	Control Group Inclusion Criteria 
	Control Group Exclusion Criteria 

	Deoxyribonucleic Acid Extraction from Peripheral Venous Blood and Genotyping 
	Single-Nucleotide Variant Selection 
	Serum Concentration Measurement 
	Statistical Analysis 

	Conclusions 
	References

