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Preface

The second edition of Eye Diseases: Diagnosis and Treatment continues the objective of bringing

together current research focused on the mechanisms, diagnosis, and therapeutic management

of ocular diseases. Vision disorders remain one of the leading causes of disability and reduced

quality of life worldwide, representing an important clinical and public health challenge. Diseases

affecting the retina, optic nerve, and ocular surface, including glaucoma, diabetic retinopathy, dry eye

disease, keratoconus, and cataract, involve complex molecular and cellular alterations that require

multidisciplinary approaches for their study and treatment.

The contributions included in this Reprint provide complementary perspectives ranging from

molecular and experimental studies to clinical and translational research. Several articles address

oxidative stress, inflammation, neurodegeneration, retinal injury, and ocular surface dysfunction, while

others explore novel biomarkers, diagnostic methodologies, and emerging therapeutic strategies with

potential clinical relevance. Together, these studies reflect the growing integration of basic science and

clinical ophthalmology in the development of more precise and personalized approaches to eye care.

This Reprint is intended for researchers, clinicians, healthcare professionals, and students working

in ophthalmology, vision science, molecular biology, and related biomedical disciplines. By compiling

recent advances from different areas of ocular research, this collection aims to contribute to the

understanding of eye diseases and to encourage future developments in diagnosis and treatment.

Alba Martı́n-Gil and Laura De Diego-Garcı́a

Guest Editors
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Evaluation of Ocular and Systemic Oxidative Stress Markers in
Patients with Diabetic Retinopathy
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Abstract: Proliferative diabetic retinopathy (PDR) is the most severe complication of chronic hy-
perglycaemi stimulates oxidative stress that changes the retinal basement membrane function and
provokes neovascularization, macular edema and retinal detachment. But an oxidative–antioxidant
biomarker assessment in ocular matrices, such as aqueous humor (AH) and vitreous, might show
the oxidative stress (OS) status in the posterior segment. Here, we show a cross-sectional analytical
study of 39 patients who had a vitrectomy and assess the levels of different oxidative–antioxidant
biomarkers in blood, aqueous and vitreous humor in three groups: diabetes mellitus 2 (DM2) with
PDR [DM(+)PDR(+)] (n =13), DM2 without PDR [DM(+)PDR(−)] (n = 13) and non-DM2 non-PDR
[DM(−)PDR(−)] as the control group (n = 13). Our finding suggests the presence of oxidative stress
in diabetic retinopathy, as evidenced by increased levels of 8-isoprostanes and decreased levels of
total antioxidant capacity from stages before the development of diabetic retinopathy. Our results
reveal a notable increment in catalase levels in the DM(+)PDR(+) group in blood and vitreous humor.
Likewise, we identified that the DM(+)PDR(−) group presents significant levels in 8-IP and SOD
in vitreous humor and blood versus aqueous humor. These finding suggest the role of antioxidant
enzymes in compensating oxidative stress mechanisms in PDR development.

Keywords: oxidative stress; diabetic retinopathy; aqueous; vitreous

1. Introduction

Diabetic retinopathy (DR) is a serious sight-threatening complication that is closely
associated with diabetes mellitus. It is characterized by incessant damage to the blood
capillaries of the retina, which is attributed to various alterations caused by high levels of
glucose [1]. In diabetic retinopathy due to chronic hyperglycemia, the microvascular dam-
age in the basement membrane of the retina and capillarity thickening increases vascular
permeability, tissue ischemia and the release of several angiogenic factors that results in
neovascularization, macular edema and retinal detachment [2]. These events are indicators
of the progression in proliferative diabetic retinopathy (PDR), which represents one of

Life 2024, 14, 1588. https://doi.org/10.3390/life14121588 https://www.mdpi.com/journal/life1
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the most severe complications of diabetes [1–3]. Oxidative stress (OS) occurs when the
production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) is higher
than the antioxidant defenses present in organisms like superoxide dismutase, glutathione
peroxidase, catalase and non-enzymatic antioxidants; therefore, the balance between them
disappears [4–6]. Thus, OS is increased by the activation of secondary signaling pathways
mediated by protein kinase C (PKC) and the overactivity of the hexosamine and polyol
pathways, being considered one of the factors in the development of DR [6,7].

There are also different microenvironments in the body, where each organ and tissue
may have its own environment, including blood and cells. A given biomarker may be
present at multiple sites, and its relationship to retinopathy status may vary depending
on the site where it is measured [8]. The variety of ocular matrices that can be collected
and analyzed to measure biomarkers is wide, but the application of a biomarker at a clinic
depends on the type of ocular matrix to be sampled [9]. In humans, aqueous humor (AH)
and vitreous humor are the most suitable matrices for assessing biomarkers relevant to
posterior segment disorders, such as DR [9,10]. AH is composed mainly of water (99.9%),
plus small amounts of sugars, vitamins, proteins along with other nutrients, as well as
growth factors and cytokines. It is primarily responsible for maintaining ocular pressure
and oxygenating structures such as the cornea and lens [11,12]. The vitreous is located
between the lens and the retina, and due to its close contact with the retina, which has high
levels of polyunsaturated fatty acids in addition to greater oxygen absorption and glucose
oxidation compared to other tissues, it is susceptible to oxidative stress [13], making the
passage of radicals possible towards the vitreous body, which, together with its anatomical
position, makes it ideal for sampling to reflect biochemical and pathophysiological changes
in retinal disease states, including PDR. The vitreous body is mainly composed of water
and a meshwork of fine collagen fibrils embedded with dissolved hyaluronan molecules,
inorganic salts, lipids, proteins such as albumin, globulins, coagulation proteins and
complement factors that have accumulated from blood filtration [14,15]. The aim of this
study was to evaluate the ocular and systemic oxidative stress markers in patients with
diabetic retinopathy.

2. Patients and Methods

This cross-sectional study was approved by the ethics committee of Hospital Civil de
Guadalajara “Fray Antonio Alcalde” Guadalajara, Jalisco, Mexico (folio 058/19), and con-
ducted in accordance with the principles of the Declaration of Helsinki. Written informed
consent was obtained from all the participants.

2.1. Subjects

All participants were recruited from the Department of Ophthalmology, Hospital
Civil de Guadalajara Fray Antonio Alcalde in Guadalajara from 1 February 2019 to 31
January 2021.

Inclusion criteria were as follows:
(a) Aged ≥ 18 years

2.1.1. First Group:

(b) Type 2 diabetic patients with proliferative diabetic retinopathy [DM(+)PDR(+)]
undergoing vitrectomy for vitreous hemorrhage (VH) or tractional retinal detachment
(TRD) or epiretinal membrane and vitreomacular traction (ERM), (c) HbA1c ≤ 9%, (d)
systolic blood pressure ≤ 160 mmHg, (e) diastolic blood pressure ≤ 100 mmHg, (f) serum
total cholesterol ≤ 250 mg/dL, and (g) blood Triglycerides ≤ 300 mg/dL.

2.1.2. Second Group:

(h) Type 2 diabetic patients without proliferative diabetic retinopathy [DM(+)PDR(−)]
undergoing vitrectomy for vitreous hemorrhage (VH) or tractional retinal detachment
(TRD) or epiretinal membrane and vitreomacular traction (ERM), (i) HbA1c ≤ 9%, (j) sys-
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tolic blood pressure ≤ 160 mmHg, (k) diastolic blood pressure ≤ 100 mmHg, (l) serum
total cholesterol ≤ 250 mg/dL, and (m) blood triglycerides ≤ 300 mg/dL.

2.1.3. Third Group:

(n) Non-diabetic controls patients without diabetic retinopathy [DM(−)PDR(−)] un-
dergoing vitrectomy for vitreous hemorrhage (VH) or tractional retinal detachment (TRD)
or epiretinal membrane and vitreomacular traction (ERM) due to accident and/or ocular
trauma, (o) HbA1c ≤ 5.7%, (p) systolic blood pressure < 130 mmHg, (q) diastolic blood
pressure < 85 mmHg, (r) serum total cholesterol ≤ 200 mg/dL, and (s) blood triglyc-
erides ≤ 150 mg/dL.

2.1.4. Healthy Volunteer Group:

Healthy age- and sex-matched volunteers were included as a systemic reference for
improving the understanding of the biochemical markers.

Non-inclusion criteria were as follows: (a) subjects who had undergone vitreoretinal
surgery or laser surgery in the last six months, (b) subjects who received an intravitreal
application of antiangiogenics in the last two months, (c) subjects who had taken oral
antioxidants above the recommended intake in the last six months, systemic corticosteroid
therapy or cytostatic, and all those without controlled cardiovascular status, (d) those who
had prior ophthalmic surgeries, intravitreal corticosteroid, or ocular infections, (e) diabetic
complications other than diabetic retinopathy, (f) pregnancy or breast-feeding, and (g) acute
or chronic kidney disease.

2.2. Examination Procedures

The diagnosis of Diabetes mellitus type 2 was based on criteria outlined by the
American Diabetes Association in 1997 and clinical history. The evaluation of DR was
according to the diagnostic criteria of the American Academy of Ophthalmology 2001
Annual Meeting by retinal examination using an ophthalmoscope by Retina Specialist.

Laboratory tests were performed to determine 8-isoprostanes (8-IP) and nitric oxide
(NO) levels as markers of OS, as well as total antioxidant capacity (TAC), catalase, superox-
ide dismutase and glutathione peroxidase (GPx) activity. All of these were measured in
blood, aqueous humor and vitreous humor.

2.3. Sample Collection

Blood, AH and vitreous samples were collected from all participants on the day of
surgery. Blood samples for serum and plasma analysis (5 mL) were simultaneously col-
lected from the cubital vein, in vials containing EDTA and without it, and were centrifuged
at 1200× g at room temperature for 15 min. Serum and plasma samples were stored at
−80 ◦C. AH samples (50–100 μL) were collected at the beginning of cataract surgery with
a 27-gauge needle on an insulin syringe. Special care was taken to avoid blood contami-
nation. Samples were immediately cooled and stored at −80 ◦C. Vitreous humor samples
(300–400 μL) were taken immediately after setting the trocars and before turning on the
infusion system to avoid dilution. Samples were placed in individual Eppendorf tubes,
stored at −80 ◦C. At the time of analysis, all samples were dissolved at room temperature.

2.4. 8-Isoprostanes ELISA Assay

The quantification of 8-isoprostanes was performed according to the methodology de-
scribed by the kit’s manufacturer (8-isoprostanes ELISA kit, Item No. 516351, Cayman chem-
icals, Ann Arbor, MI, USA). This assay is based on the competition between 8-isoprostanes
and an 8-isoprostane-acetylcholinesterase (AChE) conjugate for a limited number of spe-
cific rabbit antiserum binding sites. Since the concentration of the 8-isoprostane conjugate
was constant while the concentration of 8-isoprostanes in the samples was variable, the
amount of the 8-isoprostane conjugate capable of binding to the rabbit antiserum was in-
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versely proportional to the concentration of 8-isoprostanes per sample, and the absorbance
measurement was performed at 405–420 nm.

2.5. Nitric Oxide (NO) Assay

Before starting the assay, the samples were deproteinized by the addition of zinc
sulfate [16]. A colorimetric test was performed according to the instructions of the kit
(Nitric Oxide Assay Kit, User Protocol 482650, Calbiochem®, San Diego, CA, USA). Eighty
five microliters of the standard or sample was placed in wells and 10 μL of nitrate reductase
and 10 μL of 2 mM NADH were added. The plate was agitated for 20 min at room
temperature, 50 μL of colorant 1 was added and agitated, and 50 μL of colorant 2 was
added, agitated at room temperature, and read at 540 nm.

2.6. Total Antioxidant Capacity (TAC) Assay

TAC was measured according to the kit’s instructions (Total Antioxidant Power Kit,
No. TA02.120530, Oxford Biomedical Research®, Rochester Hills, MI, USA) to obtain a
concentration in μM Trolox equivalents. Standards and samples were diluted 1:40, and
200 μL aliquots were placed in each well. The plate was read at 450 nm as a reference value,
50 μL of copper solution was added and incubated for 3 min at room temperature, then
50 μL of stop solution was added, and finally, the microplate was read at 450 nm.

2.7. Catalase Assay

Catalase was determined according to the kit manufacturer’s instructions (Bioxytech
Catalase-520®, cat. 21042, OXIS Int, Tampa, FL, USA), where 30 μL of the diluted standard
or sample and 500 μL of substrate (10 mM of H2O2) were added into tubes, samples were
incubated for 1 min at room temperature, and 500 μL of the stop reagent was added. The
sample/standard was covered and mixed by immersion, and 20 μL of each reagent was
added to a microplate. Two milliliters of HRP/reactive chromogen were deposited, mixed
in a water bath, and incubated for 10 min at room temperature. The absorbance was read
at 520 nm.

2.8. Superoxide Dismutase (SOD) Assay

Measure SOD activity according to the kit manufacturer’s instructions (Superoxide
dismutase Assay Kit, Item No. 706002, Cayman Chemicals). Start by adding 200 μL of the
diluted radical detector and 10 μL of the standard and sample per well. Start the reaction
by adding 20 μL of xanthine oxidase to all previously loaded wells. Record the precise time
of the start and addition of xanthine oxidase. Mix the microplate for a few seconds and
cover with the lid. Incubate in a mixer for 30 min at room temperature and then read the
absorbance at 440–460 nm.

2.9. Glutathione Peroxidase (GPx) Assay

The measurement of the GPx activity was performed according to the manufacturer’s
instructions (Bioxytech GPx-340®, cat. 21017, Richmond, CA, USA). The reagent was based
on the oxidation of reduced glutathione in the presence of tert-butyl hydroperoxide, glu-
tathione reductase, and NADPH. The decrease in absorbance at 340 nm following substrate
addition was recorded; the rate of decrease in absorbance was directly proportional to
GPx activity.

2.10. Statistical Analysis

Sample size was calculated using a formula to compare means, where n of 13 subjects
per group was calculated using a 95% confidence interval, to achieve a power of 80% and
a level of significance of p < 0.05 to detect a difference in means between the test and
reference group (117.13 U/Min/Mg severe Non-proliferative diabetic retinopathy group
vs. 100.32 U/Min/Mg mild non-proliferative diabetic retinopathy group, respectively) and
14.84 U/Min/Mg of the standard deviation [17].

4



Life 2024, 14, 1588

The distribution of variables was assessed with the Shapiro–Wilk test, where the
measured values were mainly non-normally distributed. For a better understanding, the
results are expressed as the mean ± standard error of the mean (SEM). The significance
of the difference between groups was evaluated using the Mann–Whitney test, and the
Kruskal–Wallis test were used to compare values among study groups. Frequencies were
determined per category, as well as percentages and the χ2 (or Fisher’s exact) test. All data
were computed using an Excel database and SPSS PC for Windows version 26 (Chicago, IL,
USA) for the statistical analysis.

3. Results

A total of 53 patients were evaluated in the study, and only 39 patients were included,
with 13 patients in each study group. As shown in Table 1, there were no significant
differences between the ages of the patients in each group, nor in clinical parameters
such as heart rate, respiratory rate, weight and height, or in analytes such as glucose,
creatinine and cholesterol. However, there were significant differences between patients in
the DM2(+)RDP(+) and DM2(+)RDP(−) groups with respect to years with the diagnosis
of diabetes, and HbA1c levels were also significantly higher in the DM2(+)RDP(+) and
DM2(+)RDP(−) groups compared to the group without diabetes. A fourth group with
13 healthy volunteers was included as a systemic reference for improving the understanding
of the biochemical markers: 8-isoprostanes, nitrites/nitrates, total antioxidant capacity,
catalase, and superoxide dismutase. See the dotted line in the graphics.

Table 1. Demographic data and results of laboratory tests.

DM2(+)PDR(+) DM2(+)PDR(−) DM2(−)PDR(−) p-Value

n 13 13 13 K-W
Age (years) 55.81 ± 2.64 61.77 ± 2.09 50.92 ± 4.73 NS

Duration of DM
(years) 16.18 ± 1.37 † 9.31 ± 1.92 * N/A <0.001

SBP (mmHg) 140.59 ± 2.96 ‡ 143.00 ± 5.44 ‡ 120.23 ± 3.42 *,† 0.001
DBP (mmHg) 85.41 ± 2.06 † 75.31 ± 1.73 * 78.15 ± 2.99 0.004

Heart frequency
(b/min) 78.48 ± 2.27 76.85 ± 1.73 77.31 ± 2.86 NS

Respiratory rate
(r/min) 17.00 ± 0.44 18.85 ± 1.02 18.54 ± 0.53 NS

Weight (kg) 73.53 ± 3.08 68.19 ± 2.57 79.45 ± 5.13 NS
Height (cm) 160.67 ± 1.86 165.31 ± 3.24 166.69 ± 2.52 NS

BMI (kg/m2) 28.41 ± 1.07 24.92 ± 0.69 28.49 ± 1.68 NS
RIOP (mmHg) 14.89 ± 0.86 †,‡ 12.61 ± 1.04 * 11.08 ± 0.58 * 0.004
LIOP (mmHg) 16.15 ± 1.50 † 11.00 ± 1.35 * 13.00 ± 0.94 0.009
RVA (LogMar) 1.41 ± 0.20 1.29 ± 0.30 1.47 ± 0.28 NS
LVA (LogMar) 1.62 ± 0.21 1.41 ± 0.29 1.31 ± 0.32 NS

HbA1c (%) 7.39 ± 0.22 ‡ 6.54 ± 0.51 ‡ 5.20 ± 0.12 *,† <0.001
Glucose (mg/dL) 112.93 ± 6.35 111.69 ± 4.24 93.81 ± 3.11 NS

Urea (mg/dL) 44.76 ± 3.30 †,‡ 27.16 ± 2.95 * 28.25 ± 2.48 * 0.003
Creatinine (mg/dL) 1.48 ± 0.29 0.96 ± 0.17 0.85 ± 0.06 NS

TC (mg/dL) 190.33 ± 9.13 220.41 ± 14.64 181.54 ± 4.49 NS
TG (mg/dL) 193.23 ± 14.88 ‡ 214.07 ± 12.62 ‡ 106.69 ± 8.34 *,† 0.001

Unless indicated otherwise, data are the mean ± SEM (standard error of the mean). DM, diabetes mellitus;
SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; RIOP, right intraocular
pressure; LIOP, left intraocular pressure; RVA, right visual acuity; LVA, left visual acuity; TC, total cholesterol;
TG, triglycerides. K–W, Kruskal–Wallis test; NS, not significant. p < 0.05 between groups: *, [DM2(+)RDP(+)];
†, [DM2(+)RDP(−)]; ‡, [DM2(−)RDP(−)].

3.1. 8-Isoprostanes

Blood levels of 8-IP in the controls were 14.62 ± 1.73 pg/mL. Blood levels increased
with the presence of diabetes and retinopathy in all three study groups from 14.88 ± 1.94 to
24.68 ± 3.79 and 21.68 ± 2.77 pg/mL ([DM(−)PDR(−)], [DM(+)PDR(−)] and [DM(+)PDR(+)],
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respectively). In AH, 8.41 ± 1.27, 4.04 ± 0.37 and 2.63 ± 0.27 pg/mL, and in vitreous hu-
mor, 3.59 ± 0.76, 38.90 ± 5.83 and 4.29 ± 0.59 pg/mL were also obtained, respectively,
indicating their presence in these matrices. Since 8-IPs are metabolic degradation products
of lipoperoxides, these findings suggest cellular and systemic OS.

3.2. Nitric Oxide

Levels of the NO catabolites nitrites/nitrates (NOx) in the controls were
11.97 ± 1.22 μM/mL. The NOx levels found in the different biological matrices in the
study groups were, in serum, 8.02 ± 1.70, 6.55 ± 0.73 and 5.50 ± 0.60 μM/mL; in AH,
2.72 ± 0.13, 3.01 ± 0.13 and 3.04 ± 0.11 μM/mL; and finally, in vitreous, 3.16 ± 0.29,
2.77 ± 0.12 and 3.62 ± 0.46 μM/mL [DM(−)PDR(−)], [DM(+)PDR(−)] and [DM(+)PDR(+)],
respectively (as seen in Table 2). These results suggest nitrosative stress at the ocular and
circulatory levels.

Table 2. Oxidants and antioxidants.

DM2(+)PDR(+) DM2(+)PDR(−) DM2(−)PDR(−) p-Value

n 13 13 13 K-W
8-IP (S) (pg/mL) 21.68 ± 2.77 24.68 ± 3.79 14.88 ± 1.94 NS
8-IP (A) (pg/mL) 2.63 ± 0.27 †,‡ 4.04 ± 0.37 *,‡ 8.41 ± 1.27 *,† <0.001
8-IP (V) (pg/mL) 4.29 ± 0.59 † 38.90 ± 5.83 *,‡ 3.59 ± 0.76 † <0.001
NO (S) (μM/mL) 5.50 ± 0.60 6.55 ± 0.73 8.02 ± 1.70 NS
NO (A) (μM/mL) 3.04 ± 0.11 3.01 ± 0.13 2.72 ± 0.13 NS
NO (V) (μM/mL) 3.62 ± 0.46 2.77 ± 0.12 3.16 ± 0.29 NS
TAC (S) (mMEq) 4.39 ± 0.23 † 2.86 ± 0.60 *,‡ 5.22 ± 0.57 † <0.001
TAC (A) (mMEq) 4.40 ± 0.35 4.30 ± 0.31 4.94 ± 0.46 NS
TAC (V) (mMEq) 4.31 ± 0.45 3.36 ± 0.19 3.55 ± 0.47 NS
SOD (S) (U/mL) 5.43 ± 0.40 4.65 ± 0.18 5.59 ± 0.51 NS
SOD (A) (U/mL) 4.41 ± 0.37 ‡ 3.59 ± 0.24 ‡ 9.02 ± 0.55 *,† <0.001
SOD (V) (U/mL) 8.54 ± 0.81 † 16.94 ± 0.39 *,‡ 9.46 ± 0.53 † <0.001

Catalase (S) (U/mL) 285.64 ± 5.40 †,‡ 132.72 ± 5.23 *,‡ 198.73 ± 2.77 *,† <0.001
Catalase (A) (U/mL) 148.72 ± 2.82 †,‡ 131.67 ± 1.55 * 122.89 ± 2.65 * <0.001
Catalase (V) (U/mL) 253.96 ± 4.73 †,‡ 109.64 ± 1.23 * 129.79 ± 4.57 * <0.001

GPx (S)
(U/min/mg) 106.20 ± 4.97 † 147.36 ± 3.94 *,‡ 153.03 ± 6.83 † <0.001

GPx (A)
(U/min/mg) 28.88 ± 1.31 † 110.13 ± 2.46 *,‡ 32.95 ± 3.72 † <0.001

GPx (V)
(U/min/mg) 6.37 ± 0.28 5.46 ± 0.14 5.74 ± 0.49 NS

Values expressed as arithmetic mean ± SEM. S, systemic; A, aqueous; V, vitreous; 8-IP, 8-isoprostane; ON,
nitric oxide; TAC, total antioxidant capacity; SOD, superoxide dismutase; GPx, glutathione peroxidase; K–W,
Kruskal–Wallis test; NS, not significant. p < 0.05 between groups: *, [DM2(+)RDP(+)]; †, [DM2(+)RDP(−)];
‡, [DM2(−)RDP(−)].

3.3. Total Antioxidant Capacity

The TAC represents a set of physiological responses to OS composed of enzymes and
different molecules. In the controls, the values found in serum were 2.62 ± 0.17 mM, in the
study groups at the systemic level, they were 5.22 ± 0.57, 2.86 ± 0.60 and 4.39 ± 0.23 mM,
in vitreous humor, they were 3.55 ± 0.47, 3.36 ± 0.19 and 4.31 ± 0.45 mM, and in AH, they
were 4.94 ± 0.46, 4.30 ± 0.31 and 4.40 ± 0.35 mM from [DM(−)PDR(−)], [DM(+)PDR(−)]
and [DM(+)PDR(+)], respectively.

3.4. Catalase

Catalase activity in blood samples was 198.73 ± 2.77, 132.72 ± 5.23 and
285.64 ± 5.40 U/mL, in AH, it was 122.89 ± 2.65, 131.67 ± 1.55 and 148.72 ± 2.82 U/mL,
and in the vitreous body, 129. 79 ± 4.57, 109.64 ± 1.23 and 253.96 ± 4.73 U/mL in each study
group [DM(−)PDR(−)], [DM(+)PDR(−)] and [DM(+)PDR(+)], respectively, in contrast to
the controls (92.39 ± 2.08 U/mL).
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3.5. Superoxide Dismutase

Superoxide dismutase is a metalloenzyme that catalyzes the dismutation of superoxide
anion by decomposing it into hydrogen peroxide and oxygen molecules for catalase and
GPx to act. Levels of 5.59 ± 0.51, 4.65 ± 0.18 and 5.43 ± 0.40 U/mL were found in blood
samples, in AH, they were 9.02 ± 0.55, 3.59 ± 0.24 and 4.41 ± 0.37 U/mL, and in vitreous
humor, they were 9.46 ± 0.53, 16.94 ± 0.39 and 8.54 ± 0.81 U/mL ([DM(−)PDR(−)],
[DM(+)PDR(−)] and [DM(+)PDR(+)], respectively) (Table 2). This contrasts with the
controls, who exhibited 10.67 ± 1.95 U/mL.

3.6. Glutathione Peroxidase

In the controls, GPx activity was 32.83 ± 3.24 U/min/mg protein. GPx activity decreased
in vitreous humor in all groups (5.74 ± 0.49, 5.46 ± 0.14 and 6.37 ± 0.28 U/min/mg), in AH, it
oscillated between each group with 32.95 ± 3.72, 110.13 ± 2.46 and 28.88 ± 1.31 U/min/mg,
and at the systemic level, there was an increase with 153.03 ± 6.83, 147.36 ± 3.94 and
106.20 ± 4.97 U/min/mg in the [DM(−)PDR(−)], [DM(+)PDR(−)] and [DM(+)PDR(+)]
study groups, respectively (Figure 1).

Figure 1. Comparative oxidative stress (OS) biomarkers levels on three study groups, diabetes
mellitus 2 (DM2) with PDR [DM(+)PDR(+)], DM2 without PDR [DM(+)PDR(−)] and non-DM2
non-PDR [DM(−)PDR(−)]. OS biomarkers: (a) TAC, total antioxidant capacity, (b) 8-IP, 8-isoprostane;
(c) NO, nitric oxide; (d) SOD, superoxide dismutase; (e) catalase; (f) GPx, glutathione peroxidase;
SHC, systemic healthy controls. Data are the mean ± SE. * p < 0.05.

4. Discussion

Due to its location, the retina is directly exposed to light and also has a high fatty acid
content and high oxygen consumption, which makes it susceptible to OS [18]. There is
increasing evidence of the contribution of OS in the pathogenesis of RD [1]. We determined
the levels of different markers of oxidant–antioxidant status in blood and aqueous and
vitreous humor of patients with PDR and made comparisons between them and with
healthy controls. It has been described that the composition of the AH is altered according
to the pathophysiology and severity of DR [19]. Also, low-molecular-weight scavengers
such as α-tocopherol, glutathione and ascorbic acid are present in the retina, and their
mechanisms help minimize OS [20]. 8-IPs are potent vasoconstrictors and act as a mitogen
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for fibroblasts and vascular smooth muscle cells; these biological actions help explain
the reason for the microvascular abnormalities reported in the retinal vasculature in both
diabetic and RDP patients, which may contribute to hypoxia and hypoperfusion in the
anterior segment of these patients [21,22]. Furthermore, we found increased levels of
this biomarker in the three study groups; this also coincides with that reported in other
pathologies of ocular origin such as cataracts and exfoliative syndrome [23,24]. Our results
reaffirm the findings reported by Lahaie et al. as they propose that 8-IPs contribute to the
pathogenesis of retinal ischemia–reperfusion injury, as in the retinopathy of prematurity
and diabetes. However, there were no significant differences between the groups. On the
contrary, both in aqueous and vitreous humor, we found their levels decreased [25].

The overproduction of NO has been implicated in several pathological processes, from
tissue damage together with inflammation and ischemia, followed by cell apoptosis, to
something more serious such as acute and chronic neurodegenerative diseases mainly [26].
Kulaksizoglu and Karalezli, in a prospective study with 35 diabetic patients compared
with healthy controls who were underwent cataract surgery, found that patients with
DM had significantly higher NO levels in the AH, and healthy subjects had significantly
higher serum TAC levels. The authors then concluded that the development of PDR is
associated with elevated levels of NO in the AH coupled with reduced serum antioxidant
defenses [27,28]. The results that we obtained differ from this study because the levels
of NO in both aqueous and vitreous humor were lower, and in serum, when compared
with healthy controls, there was also a decrement in their concentrations (Table 2), so in
the determination of this biomarker, we did not find significant differences between the
study groups. More studies are needed to properly understand the effect of NO in the
pathogenesis of retinopathy since it is not as simple as saying that the increase or decrease
in NO levels is directly related to the severity of the pathology. This is because, according
to the findings of different studies, NO concentrations vary according to the area of the
retina affected or the severity of diabetes, including the intensity of hypoxia present at the
time [26,28].

Each antioxidant system can carry out its activity with a variety of mechanisms and
efficacy, according to the chemical structure and stage of the disease. For this reason, TAC
is considered an excellent biomarker of the endogenous antioxidant defense system and is
widely used since its determination could be much more important than the concentration
of individual antioxidants [18]. The levels of TAC in blood, AH and vitreous humor were
lower in the group with diabetes but without retinopathy (DM(+)PDR(−)) in comparison
to the other two groups; additionally, in blood, there were also lower values compared to
healthy controls, which coincides with the behavior of biomarkers reported by Mancino
et al. Our results reaffirm that endogenous antioxidant defenses are reduced in patients
with diabetes and PDR because their capacity to neutralize oxygen radicals is lower.

Regarding enzymatic antioxidants, SOD activity is very variable in some ocular com-
partments, even low, as is the case of tears, the aqueous humor and the vitreous body
as they are acellular, so the importance of other oxygen radical scavengers must also be
considered. Therefore, the eye is almost free of inflammatory reactions, which can be
explained by the low levels of SOD isoenzymes [29,30]. This supports the results ob-
tained in our study since the SOD activity found in blood was lower in the three study
groups with respect to the healthy controls, Kernell et al. reported that, in non-diabetic
patients, total SOD activity was much lower in the anterior chamber, with 9.9 U/mL, than
in the vitreous humor, with 106.3 U/mL. We obtained similar results in aqueous humor
(9.02 U/mL) but not in the vitreous body (9.46 U/mL). However, the group without dia-
betes [DM(−)PDR(−)] in the AH had a significant increase in SOD activity compared to
the other two groups (p < 0.001). In the vitreous body, the group with diabetes but without
retinopathy [DM(+)PDR(−)] also had a significant increase in SOD activity relative to the
other study groups (p < 0.001) [31,32]. Catalase concentrations were higher in the group
with retinopathy [DM(+)PDR(+)] compared to the other groups studied in all matrices
analyzed; this increase was significant in the aqueous and vitreous humors compared to
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the other two groups (p < 0.001). Information on the determination of catalase at the ocular
level is limited; however, currently, antioxidant enzyme activities can be reliably assessed,
and the method we used allowed us to effectively detect low concentrations of the enzyme
in all matrices [33,34]. On the other hand, in the case of GPx, Huang et al. reported serum
concentrations of 3.81(0.84) mg/L (mean(S.D.)) and, in AH, of 0.66(0.18) mg/L in cataract
patients. However, there was no significant association between AH and serum levels [35].
Our GPx results obtained in blood were elevated in all study groups with respect to the
healthy control, but its detection in AH and vitreous humor was reduced. These values
coincide with the results of Pavlovschi et al., who established that a progressive increase in
the activity of the GSH system is manifested by an increase in GPx activities [36]. Another
important point to take into consideration in the groups without diabetes and without
retinopathy that were vitrectomized due to ocular trauma is that this event by itself is
proven to generate an increase in oxidative stress, which could explain the behavior of the
different biomarkers in this group, where levels were expected to be closer to the healthy
groups, but on the contrary, they were comparable to the groups with diabetes [37,38]. The
findings so far for all antioxidant enzymes suggest that any imbalance between oxidative
and antioxidant defense mechanisms contribute to the development of the proliferative
process in diabetic retinopathy [39].

5. Conclusions

Our finding suggests the presence of oxidative stress in diabetic retinopathy, as ev-
idenced by increased levels of 8-isoprostanes and decreased levels of total antioxidant
capacity from stages before the development of diabetic retinopathy. This indicates that
metabolic dysregulation significantly contributes to the depletion of ocular and systemic an-
tioxidant defenses. Consequently, the persistence of this disorder favors the progression of
diabetic retinopathy. Determining biomarkers in the vitreous, aqueous humor, and serum
enhances our understanding of their behavior, aiming to design a therapeutic strategy that
could aid in managing complications associated with diabetic retinopathy. The evaluation
of OS biomarkers in matrices such as HA and the vitreous has been standardized, but
further studies are still needed to achieve a comparison and to elucidate the role of the
antioxidant defense system in PDR.

In terms of the limitations of this study, we accept that it was a cross-sectional study;
thus, only one sample was used to decide about the inflammation and OS markers. The
levels of the markers do not have static behavior and a follow-up throughout the study with
multiple determinations in time is required to corroborate these findings. The study design
provides a snapshot of oxidative stress status but does not establish causal relationships or
allow for an assessment of disease progression over time.

A cross-sectional study cannot determine the causality between alterations in retina
function, OS, and the severity of the disease.
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Abstract: Purpose: Ocular graft-versus-host disease (oGVHD) affects more than half of the patients
following allogeneic hematopoietic stem cell transplantation (HSCT). The disease onset and the
pathogenesis of oGVHD are not well understood. We hope to identify the triggers and explore the
clinical signs and symptoms of oGVHD development at the early stages. Methods: The records of post-
HSCT patients seen consecutively in a 1-year span in a single provider’s clinic were reviewed. The
history, symptoms, and clinical findings of the patients with erosive tarsal conjunctival lesions (ETCLs)
were analyzed. Results: Out of the 228 patients screened, 19 had clinically witnessed ETCL in at
least one eye during the period. Twelve (63%) patients had a never-before-described nodular erosion
on the subtarsal conjunctiva; seven (37%) had previously described pseudomembranous erosions.
The ocular symptom onset was within 1 month after immunosuppression (IS) taper, vaccination, or
donor lymphocyte infusion (DLI) in 16 of the 19 patients. While 16 (84%) patients reported painless
mucous discharge, only 9 (47%) reported dryness as the initial symptom. Within 6 months, only
4 (21%) had discharge but 15 (82%) patients endorsed dryness. Subepithelial conjunctival fibrosis
followed ETCL immediately in situ. Corneal punctate staining increased with time, while aqueous
tear production decreased. Conclusions: The ETCL described is likely one of the earliest detectable
findings of oGVHD and triggered by certain immunogenic events. The ocular symptoms of wet
mucous discharge should be considered a warning sign for oGVHD onset, particularly when it occurs
shortly after prominently immunogenic events.

Keywords: stem cell transplantation; ocular graft-versus-host disease; inflammation; conjunctival
fibrosis; pseudomembrane

1. Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is an increasingly
common treatment for many otherwise-fatal hematologic malignancies and disorders [1].
Chronic graft-versus-host disease (cGVHD) is the leading cause of morbidity and mortality
following stem cell transplantation, affecting 30–70% of all the HSCT recipients [1–3].

Ocular graft-versus-host disease (oGVHD) is one of the most common presentations
of cGVHD, found in about half of the patients with other types of cGVHD [4,5]. It has
been shown that a donor T-cell-mediated inflammatory cascade leads to lacrimal gland
fibrosis, meibomian gland dysfunction, and ocular surface inflammation, which severely
affects all the components of the tear film and causes the most recognized feature of
oGVHD, keratoconjunctivitis sicca (KCS) [1,6–11]. Detrimental outcomes can range widely
from ocular discomfort to cicatricial deformation to corneal perforation [12,13]. Currently,
treatment is mostly supportive; oGVHD can still result in debilitating pain and blindness
in many patients [14].

Despite the well-recognized impact on quality of life from oGVHD [15,16], the early
stages of oGVHD are not well understood. Due to the limitation of resources and the
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burden of diseases on patients undergoing allo-HSCT, most of them do not undergo
baseline evaluation by an ophthalmologist prior to HSCT [16]. Patients often do not receive
ophthalmologic care until they are severely symptomatic; therefore, mild to moderate
early symptoms could go unnoticed, and the preliminary manifestations of oGVHD go
undocumented and untreated. Without early recognition, early intervention is not possible,
which can lead to more serious complications. It has long been recognized that early
diagnosis and treatment are crucial for reducing the morbidity of oGVHD [17].

In our practice, we repeatedly found that two types of erosive tarsal conjunctival
lesions (ETCLs) preceded conjunctival subepithelial fibrosis (CSEF) in situ, often before
the development of keratoconjunctivitis sicca (KCS), the most recognized oGVHD clinical
presentation. Although both CSEF and serosanguinous conjunctivitis have been reported
before [18], there is no literature that has described a direct connection between the two.
We are the first to describe the nodular type of erosive lesions on the tarsal conjunctiva, and
to report the proximity in time to certain systemic immunogenic events. Our retrospective
series describes what we suspect to be a critical event in the early development of oGVHD.

2. Materials and Methods

We conducted a retrospective observational series at Massachusetts Eye and Ear. Ap-
proval for this study (2021P003700) was obtained from the Mass General Brigham Human
Research Committee of Mass General Brigham, Boston, MA, USA. All research adhered
to the tenets of the Declaration of Helsinki. The electronic medical records of all the pa-
tients with a history of allo-HSCT and a diagnosis of oGVHD seen in the clinic of a single
cornea specialist between 10 May 2021 and 9 May 2022 were reviewed. Among them, the
patients with active erosive conjunctival lesions including nodular and/or pseudomem-
branous lesions involving at least one tarsus (ETCL) during at least one of the encounters
were identified, and the electronic medical records of these patients were reviewed. The
allo-HSCT history, immunosuppression (IS) regimen, vaccination record, and previous
ocular history were summarized. The ophthalmological findings including the slit lamp
examinations of the eyelids; bulbar and palpebral conjunctiva with lid eversion, cornea,
and other ocular surface structures; and intraocular pressure were reviewed and analyzed.
The patients underwent various treatments such as systemic immunosuppression, topical
steroids (preservative-free 1% prednisolone acetate, 0.5% loteprednol etabonate suspen-
sion/ointment, or 0.05% difluprednate), punctal plugs, preservative-free artificial tears,
and/or 40% autologous serum tears. Some patients required intraocular pressure control
with topical agents during this period. Slit lamp photographs were obtained using Streit
Haag Imaging Module 900. Anterior segment optical coherence tomography (OCT) was
performed using Heidelberg Spectralis HRA + OCT. Schirmer 1 test was performed without
topical anesthesia for 5 min.

3. Results

The electronic medical records of 228 patients with a history of allo-HSCT and a
diagnosis of oGVHD were reviewed. A total of 19 patients, with a mean age of 60 years
(range 29 to 72), were seen in the clinic with active ETCL involving at least one tarsus in
a total of 35 eyes during the one-year period. The patients’ characteristics are shown in
Table 1.

Seventeen patients presented with their ETCL at the first visit to our clinic, with or
without previous ophthalmologic evaluation at other institutions following their HSCT;
the other two patients presented with a new onset of ETCL with established care at our
clinic following their HSCT. The 19 patients were seen in our clinic from a few days to
several weeks after their symptom onset. The patients were followed in the clinic at various
frequencies, and the course of ETCL was documented. In most patients, the ETCL episode
was only observed once, lasting several weeks to months; in 3 eyes of 2 patients, the ETCL
was witnessed to have resolved and then recurred at a later date. The diagnosis of oGVHD
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was either pre-existing or established after the observation of ETCL later in the course
according to the NIH 2014 criteria [3].

Table 1. Patients’ characteristics.

Male (n = 12) Female (n = 7) Total (n = 19)

Age-year (SD) 58.9 (11.7) 62.6 (7.8) 60.3 (10.6)

Ethnicity

Non-Hispanic Caucasian 10 7 17

Hispanic Caucasian 1 0 1

Hispanic African American 1 0 1

Conditioning Regimen

Myeloablative 4 2 6

Reduced Intensity 8 5 13

Donor

Matched Related Donor (Sister) 3 0 3

Matched Related Donor (Brother) 2 0 2

Matched Unrelated Donor 7 7 14

Stem Cell Source

Peripheral Blood 11 7 18

Bone Marrow 1 0 1

Fifteen patients (79%) had distinctive nodular erosions (Figures 1 and 2) in a total
of 27 eyes; eight patients (42%) had pseudomembranous erosions (Figure 3) in a total of
14 eyes; and four patients (21%) had co-existing nodular and pseudomembranous erosions
on the same tarsal conjunctiva in 6 eyes. Three eyes of 3 patients (16%) did not have any
observed ETCL while the fellow eyes were actively involved.

 

Figure 1. Nodular erosive tarsal conjunctival lesions (ETCLs). The slit lamp color images of everted
superior palpebral conjunctiva with nodular ETCL in two representative patients following fluores-
cein staining without (A,C) or with (B,D) cobalt blue filter. The epithelium over the nodules displays
different degrees of erosion.
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Figure 2. Optical coherence tomography (OCT) scan of a nodular erosive tarsal conjunctival lesion
(ETCL). (A). The slit lamp color image of the nodule. (B,C). OCT image showing a uniformly
hypo-reflective nodule without any fibrous internal structure.

 

Figure 3. Pseudomembranous erosive tarsal conjunctival lesions (ETCLs). Slit lamp color images
of inferior palpebral conjunctivae with pseudomembranous ETCL in one representative patient
following fluorescein staining without (A,C) or with (B,D) cobalt blue filter.
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Of the 35 eyes with ETCL, 15 eyes had lesions (nodular and/or pseudomembranous
erosions) on both superior and inferior tarsal conjunctivae (Figure 4); in the other 20 eyes,
the lesions were only found on one tarsal conjunctiva, with 17 superiorly and 3 inferiorly.
The superior tarsal conjunctival lesions were only visible when the upper lids were everted.

 

Figure 4. Co-existing nodular and pseudomembranous erosive tarsal conjunctival lesions (ETCLs).
Slit lamp color images of all four palpebral conjunctivae with co-existing nodular and pseudomem-
branous ETCL in one representative patient following fluorescein staining with cobalt blue filter.
(A). Right superior palpebral conjunctiva. (B). Left superior palpebral conjunctiva. (C). Right inferior
palpebral conjunctiva. (D). Left inferior palpebral conjunctiva.

All tarsal conjunctivae of the 35 eyes following ETCL resolved and re-epithelialized
with new fibrosis formation. The ETCL in 20 eyes (57%) also resulted in inferior fornix
foreshortening, including inferior symblepharon formation in 3 eyes. In 16 eyes of 9 patients,
both tarsal conjunctivae were free of fibrosis at the initial encounter of ETCL. In the other
19 eyes, CSEF was found adjacent to the active ETCL, and new fibrosis developed at
the sites of erosions during re-epithelialization (Figures 5 and 6). In the aforementioned
13 patients (23 eyes) with frequent follow-up visits, the observed ETCL completely resolved
into CSEF by a mean of 2.7 months (0.5 to 6.2).

The most common initial symptoms of the 19 patients were mucous discharge or “thick
tears” or “goop” (84%), morning crusting (79%), dryness (47%), and irritation/foreign body
sensation (42%). Thirteen patients followed up regularly within the first 6 months after the
initial presentation with ETCL. They returned to the clinic 4.6 times on average (median
4.0, range 2–9 times) within a period of 5.3 to 7.8 months after the initial encounter. The
most common symptoms of these 13 patients at 6 months were irritation or foreign body
sensation (69%) and dryness (77%). Concurrently, mucous discharge was only reported in
31% and crusting in 23% of the followed-up patients (Table 2).
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Figure 5. Progression of pseudomembranous erosive tarsal conjunctival lesions (ETCLs) into fibrosis.
Slit lamp color images of superior palpebral conjunctivae with pseudomembranous ETCL in one
representative patient following fluorescein staining without (A,C,E) or with (B,D,F) cobalt blue filter,
showing progressive fibrotic changes. (A,B). At initial encounter. (C,D). Two weeks after the initial
encounter. (E,F). Three months after the initial encounter.

Figure 6. Progression of nodular erosive tarsal conjunctival lesions (ETCLs) into fibrosis. Slit lamp
color images of the same superior palpebral conjunctiva (A). At initial encounter, a single nodular
lesion (blue arrow) with adjacent pre-existing fibrosis. (B). Five weeks after the initial encounter,
fibrosis seen at the exact location of the resolved nodule (blue arrow).

Table 2. Patients’ symptom records at erosive tarsal conjunctival lesions (ETCLs) onset and at
6 ± 1 month follow-up.

Symptom At ETCL Onset (19 Patients)
At 6 ± 1 Month (13 Patients)

*

Mucous discharge 16 (84%) 4 (31%)

Heavy morning Crusting 15 (79%) 3 (23%)

Dryness 9 (47%) 10 (77%)

Irritation/FBS 8 (42%) 9 (69%)
* Thirteen patients had follow-up regularly and had visits at 6 +/− 1 month. Among them, 7 had increased
corneal fluorescein staining (CFS), 3 had decreased and 1 had unchanged CFS, and 2 had therapeutic scleral lens.
ETCL = erosive tarsal conjunctival lesions; FBS = foreign body sensation. Significant percentages are bolded.

Five patients (9 eyes) had aqueous tear production measured during the active ETCL,
with the average Schirmer 1 score of 15 mm/5’ (range 0–35). Repeated tests were performed
3 to 5 months later when the conjunctiva had re-epithelialized, with the average Schirmer 1
score decreased to 4 mm/5’ (range 0–13).
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The mean onset of the symptoms associated with the ETCL was 9.6 months after HSCT
(range 4.2 to 21.5 months). However, the mean time between the reported symptom onset
and most recent immunosuppressive drug (IS) tapering (12 patients), COVID vaccination
(5 patients), post-HSCT 9-month immunization bundle (4 patients), or donor lymphocyte
infusion (DLI) (1 patient) was 0.7 months (range 0.1 to 1.2). In 16 out of the 19 patients, the
symptoms started within 1 month after one or more of these immunogenic events (Table 3).

Table 3. Mean time from hematopoietic stem cell transplantation (HSCT), systemic immune-
suppressive (IS) drug taper, vaccination, or donor lymphocyte infusion (DLI) to erosive tarsal
conjunctival lesions (ETCL)-related symptom onset.

Patient
Symptom Onset

(Months after
HSCT)

IS Taper
(Months before

Symptom
Onset)

Vaccination
(Months before

Symptom
Onset)

DLI (Months
Before

Symptom
Onset)

1 5.6 0.5 - -

2 12.6 4.3 - 0.6

3 5.6 0.6 0.9 (COVID) -

4 Unclear Unclear - -

5 21.4 4 0.8 (COVID) -

6 10.5 0.6 0.7 (COVID) -

7 9 1.2 - -

8 6.3 0.3 - -

9 10.5 1 - -

10 9 0.9 - -

11 9.6 - 0.8 (Bundle) -

12 4.4 1.1 - -

13 9.7 0.5 0.5 (Bundle) -

14 8 0.2 - -

15 9.6 4 1 (COVID) -

16 8.8 1 2 -

17 9.1 2.9 0.1 (Bundle) -

18 8 2.3 0.3 (COVID) -

19 9.6 0.6 0.9 (Bundle) -
HSCT—allogeneic hematopoietic stem cell transplantation; DLI—donor lymphocyte infusion; IS taper—most
recent systemic immunosuppressive drug taper; Vaccination—any vaccination received within 3 months prior
to ocular symptom onset; Bundle—post-HSCT 9-month vaccination bundle (DTap, 5 Pertussis antigens, Hib,
PRP-T, Pneumococcal conjugate PCV20, Polio—IPV, Zoster recombinant); Unclear—patient’s ocular symptom
onset timing was not documented.

A qualitative description of corneal fluorescein staining (CFS) at 5–7 months was
available in these 13 patients. In seven patients, there was increased CFS in one or both
eyes. Two other patients started wearing therapeutic scleral lenses after the ETCL episode;
therefore, the corneal staining was non-descriptive. Three patients had decreased CFS in
both eyes on an exam, and one patient never had any CFS in either eye.

All the patients had intraocular pressure (IOP) within the normal range at their initial
encounters; however, three patients (16% of 19) developed an IOP greater than 21 mm Hg
(mean Tmax 30.5, range 25 to 34), which required topical therapy for IOP control.
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4. Discussion

Allo-HSCT serves as an effective cure for various hematological disorders, encom-
passing both malignant and non-malignant conditions. Despite significant progress in
the field over the recent decades, graft-versus-host disease (GVHD) still affects more than
half of the recipients and causes significant mortality and morbidity [2,19,20]. The focus
of care of this population is now shifting from simple survival to quality of life of the
transplantation survivors, which is significantly dependent on their ocular health. It is our
hope that this retrospective series brings attention to the earlier stage of oGVHD, occurring
prior to the commonly recognized, established stages when aqueous deficiency and eyelid
deconfiguration have already developed from the fibrotic processes involving the ocular
adnexa [18,21].

Structural changes such as conjunctival fibrosis, fornix foreshortening, and symble-
pharon can lead to lid retraction, entropion, ectropion, trichiasis, lagophthalmos, anky-
loblepharon, and other distortions that threaten ocular surface health [22–25]. The corneal
epithelium is vulnerable to exposure, particularly in the context of aqueous tear deficiency
and meibomian gland disease which are both common manifestations of oGVHD [26].
Any corneal epithelial defect is more likely to lead to stromal melting, ulcer, and perfora-
tion [10]. In addition to infection, pain, and scarring, irreversible vision loss can be a very
unfortunate result [25]. Furthermore, lacrimal gland fibrosis and meibomian gland damage
likely happen simultaneously as the conjunctival inflammation is taking place [2,6,27,28].
Therefore, the prevention of such changes is very meaningful and only possible when the
conjunctival inflammation is recognized early.

One of the most enlightening findings from our retrospective series is that during the
early stage of ETCL, the most common ocular symptoms are mucous discharge and crusting,
not dryness or irritation. Within 6 months, dryness becomes predominant compared to
other symptoms. As oGVHD has long been recognized for and often incorrectly equated to
the dry eye disease/keratoconjunctivitis sicca (KCS), the early symptoms rarely catch the
attention of HSCT providers or even eyecare providers. Therefore, we should modify the
expectation: the most common late manifestation of oGVHD is dryness; however, the early
stage can be rather “wet”, with excessive tearing or mucous discharge. One should not
rule out oGVHD simply because of a lack of dry eye complaints or findings. In addition,
the onset of ETCL seems to be more associated with certain immunogenic events than the
number of months after allo-HSCT, which should encourage us to arrange ophthalmic
examinations in accordance with patients’ IS taper, DLI, or vaccination schedules rather
than every 3 or 6 months. Certainly, whenever patients complain about painless mucous
discharge, tearing, and crusting, they should be seen immediately.

Another finding is that ETCL is more likely to involve the superior tarsal conjunctivae
(32 of 35 eyes) than the inferior ones (18 of 35 eyes). Therefore, the careful inspection of
all ocular surfaces including the everted upper tarsal conjunctivae should be adopted in
routine practice.

According to the 2014 National Institutes of Health Consensus, there are two principal
categories of graft-versus-host disease: chronic (cGVHD) and acute (aGVHD), differenti-
ated according to clinical presentations and features [1,29]. aGVHD occurs when the donor
stem cells successfully populate into a functional immune system and start to attack the
host. The typical target organs of aGVHD include the skin, the gastrointestinal tract, and
the liver. The ocular involvement in aGVHD is probably under-recognized in the context of
other, more life-threatening conditions. Ocular aGVHD has been reported to be associated
with dry eye sensation (often without epitheliopathy), foreign body sensation, (bulbar) con-
junctival hyperemia, and, in severe cases, pseudomembranous conjunctivitis [3,18,30,31].
Chronic oGVHD is often diagnosed at a late stage when the ocular irritation has exceeded
the patient’s high tolerance threshold. It has been reported to be associated with prominent
fibrosis of the conjunctiva, and with ocular surface epitheliopathy, KCS, and a greater risk
of corneal perforation in extreme cases [32]. A subset of cGVHD—overlap syndrome—is
described as a combination of traditional cGVHD symptoms and one or more aGVHD
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symptoms [17,32]. Such categorization of GVHD is still dominant in the HSCT and oph-
thalmology communities. What we have observed in this series supports the more unifying
theory: regardless of the length of time following allo-HSCT, oGVHD activity can lead
to an erosive conjunctival process. It is a similar process in both early and later stages,
triggered by the donor immune system activation, the intensity of which determines the
severity of ETCL. IS taper or immunizations typically trigger a milder form of ETCL than
that from the immune reconstitution in acute GVHD, and therefore, is much less noticeable.
Even when noticed, it is often misdiagnosed as “infectious conjunctivitis” and treated with
topical antibiotics. Further understanding of the ETCL process will significantly increase
our understanding of oGVHD pathogenesis.

This is the first ever report of such nodular erosion lesions in the literature. The
nodules (Figure 1) were different from the fine papillae seen in allergic conjunctivitis, or the
clear, fluid-filled follicles seen in viral conjunctivitis. The nodules can appear individually
or in clusters with variable sizes from 1 mm to over 5 mm in diameter. In previous studies,
a serosanguineous exudate was reported to progress into pseudomembrane [5], but such
nodular lesions were never described. Several studies examining pseudomembrane in
the setting of oGVHD have demonstrated that donor-derived immune cells, particularly
Natural Killer T-cells, are active in infiltrating the host epithelium [6,33,34]. We hypothesize
that nodular ETCL may represent the initial sites of donor immune cell infiltration, with
the potential to progress into a larger area of deeper involvement—the pseudomembra-
nous erosion.

To avoid iatrogenic trauma, we did not biopsy any lesions because trauma can lead
to non-healing defects in such populations and detrimental outcomes [35]. Instead, we
performed an anterior segment OCT and found the lesion to be uniform and hypo-reflective
without any fibrous internal structure. Future investigation into the histopathology of the
nodular lesions is needed to elucidate the pathogenesis.

We have repeatedly observed the formation of CSEF as the nodular or pseudomem-
branous ETCL resolves (Figure 3). All the tarsal conjunctivae of the 16 eyes were free of
fibrosis prior to developing fibrosis at the exact location of ETCL. Therefore, our obser-
vation indicates an origin of the CSEF reported previously [18]. We treated the ETCL in
all the eyes empirically with topical steroids. Although this is not a controlled study and
no comparisons were made between fibrosis formation in other treatment regimens, we
hope the early treatment decreased the level of inflammation and helped preserve the
conjunctival epithelium and normal eyelid anatomy, therefore decreasing the risk of severe
ocular surface complications in the future [16].

5. Limitations

Our series is limited by its retrospective nature, as well as the dependence on patients’
recollection, who have all undergone extensive chemotherapy, conditioning, and treatment
for other forms of GVHD. Despite an extensive chart review of the patients’ medical
records from their clinic encounters with the HSCT providers, not all ocular complaints
were documented prior to our encounters. The self-reported timeline of symptoms and
events was limited by their memory. Only 13 out of the 19 patients had rigorous follow-ups
in the first 6 months. The others were not seen regularly due to various reasons such as
hospitalization and long travel distances. It reflects the difficulty of studying this group of
patients whose systemic conditions are very challenging to manage.

This study is a retrospective case series with purely observational findings and is
reliant on active processes at the time of examination. It is possible that other unobserved
aspects of the disease may have been present at times when the patients were not in the
clinic, and/or not apparent due to the lack of physical presentation while in the clinic.
Additionally, as most patients did not have documented eye exams prior to their allo-
HSCT, there were few documented baseline findings to compare to. Future longitudinal
observational studies including a pre-HSCT eye exam are warranted to further elucidate
the natural history of oGVHD as strongly recommended by the NIH consensus group [16].
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Future controlled studies should also be carried out to explore early treatment options
and effects.

6. Conclusions

We have observed that ETCL can occur shortly after certain immunogenic events in
patients with an established diagnosis of oGVHD and those who developed oGVHD soon
after, and that ETCL precedes CSEF in situ. Patients at this stage mostly experience thick
mucous discharge and morning crusting with less dryness or other ocular discomfort. Our
findings present an opportunity to diagnose and investigate oGVHD much earlier in the
disease course.
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Abstract: This study aimed to investigate the impact of the cornea’s biomechanical properties,
corneal hysteresis (CH), and corneal resistance factor (CRF) on postoperative astigmatism after
cataract surgery and determine the other factors that influence it. Forty eyes of 40 patients (13M/27F;
the median age of 74) were included in this prospective study, underwent 2.75 mm incision cataract
surgery, and were followed for 30 days. Visits were scheduled at baseline before surgery (V0), the
1st (V1), the 7th (V2), and the 30th (V3) postoperative days. The main parameters estimated and
analyzed with Statistica® 14.0.1 were CH, CRF, astigmatism diopter, and axis. Following the cataract
surgery, the CH did not significantly change during the study visits (p = 0.109). However, there was a
significant change in the CRF from baseline during the study visits (per protocol set) (p = 0.002). After
a slight but insignificant increase from V0 to V1, post hoc analysis found a significant decrease in the
mean CRF from V1 to V2 (p = 0.049) with no substantial change from V2 to V3. According to the post
hoc analysis, the median astigmatism diopter increased significantly only from V0 to V1 (p = 0.001)
and slightly but not significantly decreased to the end of the study with the achievement of a
near-baseline value. The main predictors for the final astigmatism diopter (R2 = 0.898) obtained
by stepwise regression analysis were its values at V0, V1, and V2 (p < 0.001). The CRF at V1 was
marginally significant, with a negative parameter estimate of −0.098303 (p = 0.0623). In conclusion,
there was no correlation between preoperative CH and CRF and postoperative astigmatism using
2.75 mm incision cataract surgery. However, the final astigmatism diopter’s main predictors were its
baseline values before cataract surgery, the first, and the seventh postoperative days.

Keywords: corneal hysteresis; corneal resistance factor; cataract surgery; preoperative and
postoperative astigmatism

1. Introduction

Cataract surgery today is no longer just removing a clouded eye lens but also a
refractive procedure aiming to achieve emmetropia. Choosing the appropriate intraocular
lens (IOL) is one of the essential factors in achieving the best possible refractive results.
Another equally important factor is the size of the surgical incision, since it can affect
postoperative astigmatism, a significant cause of poor uncorrected visual acuity after
cataract surgery. Today’s microincision cataract surgery minimizes the prevalence of
postoperative surgically induced astigmatism (SIA) [1,2].

Except for the incision size, SIA also depends on other factors. The factors that have
been mainly studied so far are the position and architecture of the incision. Regarding
the position of the incision, there are corneal, limbal, scleral, and corneoscleral incisions.
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The most frequently used approach in modern cataract surgery is a corneal incision, and
the postoperative astigmatism is smaller with increasing distance from the cornea [3,4].
Most studies suggest that the temporal position of the incision results in smaller surgi-
cally induced astigmatism if there is mild preoperative astigmatism and against-the-rule
astigmatism [5–7]. In contrast, the superior position is more adequate for more significant
preoperative astigmatism and with-the-rule astigmatism [8,9]. Regarding the architecture
of the incision, there are several incision forms: uniplanar, biplanar, triplanar, and hinged
corneal incision [10]. The incision architecture is essential for wound stability, which im-
plies proper adhesion of incision edges, protection from infection, adequate wound healing,
and reduction in surgically induced astigmatism [11,12].

However, the cornea’s biological influence is still insufficiently understood, but it may
play a role in postoperative astigmatism. The cornea’s biological factors are its biomechani-
cal properties: corneal hysteresis (CH) and corneal resistance factor (CRF) [13–15]. The CH
refers to the cornea’s elastic properties, that is, its ability to return to its original position
after temporary deformation, and the CRF indicates the cornea’s resistance to stress. The
correlation between CH, CRF, and SIA is still unclear and dependent on other factors.

The biomechanical properties of the cornea may relate to SIA because cataract surgery
causes a kind of stress in the cornea. In a clinical setting, it would be important to better
understand the cornea’s reaction to cataract surgery and to detect whether and how much
cataract surgery affects the cornea’s biomechanical properties and the cornea’s postopera-
tive return to its original state. This study aimed to investigate the impact of the cornea’s
biomechanical properties, CH and CRF, and other factors on postoperative astigmatism
after cataract surgery.

2. Patients and Methods

2.1. Study Design and Patients

This prospective, observational cohort study was conducted at the Eye Clinic
“Medic, Jukic” in Split, Croatia, following the Declaration of Helsinki, and was approved
by the Eye Clinical Ethics Committee. The study’s patients received written and oral
information about the study and signed written informed consent.

Forty patients (13 males and 27 females) referred to the Eye Clinic because of low
visual acuity were included in this study, underwent cataract surgery, and were followed
for 30 days. All included patients had best-corrected visual acuity (BCVA) ≤ 0.5 and imma-
ture cataracts graded as C2N3P2 to C4N4P4 according to the Lens Opacities Classification
System (LOCS) [16]. Exclusion criteria were ocular surface disease, i.e., dry eye disease
(Schirmer test < 10 mm, tear break-up time (TBUT) < 5 s, fluorescein positive test), pathology
of the cornea, glaucoma, ocular hypertension, high refractive errors (myopia > −6 Dsph,
hypermetropia > +5 Dsph), pseudoexfoliative syndrome, and intraoperative and postoper-
ative complications.

2.2. Scheduled Visits and Ophthalmological Examinations

The first baseline visit (V0) was the inclusion visit in the study, performed before the
cataract surgery, while the three further follow-up visits were scheduled on the first (V1),
seventh (V2), and thirtieth postoperative days (V3).

At the first baseline visit, all patients underwent standard ophthalmological examina-
tions and special diagnostics. Standard examinations included Snellen visual acuity and
refraction testing, Goldman applanation tonometry, slit-lamp examination of the anterior
eye segment in the physiological state and after mydriasis with eye drops containing 0.5%
tropicamide, and indirect slit-lamp fundoscopy, both performed using the Zeiss Slit-lamp
(Carl Zeiss Meditec AG, Jena, Germany).

After standard examinations, special diagnostics included corneal topography using
the WaveLight Oculyzer™ II diagnostic system (Alcon, Freiburg im Breisgau, Germany)
for the determination of corneal astigmatism diopter and axis, measurement of CH and
CRF by the Ocular Response Analyzer G3 (ORA G3) (Reichert Inc., Buffalo, NY, USA),
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and examination at the Zeiss IOL Master 700 (Carl Zeiss Meditec AG, Jena, Germany), the
first swept-source OCT-based biometer that enables OCT imaging and visualization of
the entire length of the eyeball to determine the appropriate intraocular lens. Surgically
induced astigmatism (SIA) diopter and axis were calculated using the corneal SIA tool
available online on the American Society of Cataract and Refractive Surgery website
(https://ascrs.org/tools/corneal-sia-tool (accessed on 1 March 2024)) [17].

At the further three follow-up visits (per protocol set), all patients underwent the
following clinical and diagnostic examinations: Snellen visual acuity and refraction testing,
corneal topography, corneal biomechanics (CH and CRF) measurements, and SIA diopter
and axis calculation. All examinations and measurements at the first baseline and further
follow-up visits were performed by the first author of this manuscript.

2.3. Measurement of Corneal Hysteresis and Corneal Resistance Factor

With its electro-optical system, the Ocular Response Analyzer (ORA) allows cornea-
compensated intraocular pressure (IOP) measurements and can estimate CH and CRF [18,19].
It is designed to improve the accuracy of the IOP measurement by using corneal biomechan-
ical data to calculate a biomechanically adjusted estimate of IOP. ORA measures the IOP at
the moment when the deformation (i.e., applanation) of the cornea begins (P1) and the IOP
at the moment when the deformation (i.e., applanation) ends (P2). During applanation, the
cornea absorbs part of the energy; because of this, there is a difference in the initial and
final applanation pressures, respectively. The pressure at which the applanation ends is
lower than when the applanation begins. This pressure difference, P1–P2, represents the
cornea’s elastic property or CH and is measured in mmHg. A higher CH indicates a greater
ability of the cornea to return to its initial state after applying stress. The CRF represents
the cornea’s resistance to stress and is calculated using the formula CRF = P1 − kP2, where
k denotes a constant obtained by empirical evaluation of the relationship between the
initial applanation intraocular pressure (P1), final applanation intraocular pressure (P2),
and central corneal thickness. The CRF is also measured in mmHg. A higher CRF indicates
a higher cornea’s resistance to permanent deformation after applied stress.

2.4. Cataract Surgery

Cataract surgery was performed by a single operator, the last author of this manuscript,
using the ophthalmic microscope OPMI Lumera 700 (Carl Zeiss Meditec AG, Jena, Germany)
and phacoemulsification device Centurion Vision System (Alcon Laboratories, Inc., Fort
Worth, TX, USA). The operation was performed through a 2.75 mm corneal incision posi-
tioned at 12 o’clock in the superior position using the phacoemulsification method with IOL
implantation in the capsular bag. Postoperatively, all patients received the same therapy:
Maxitrol Eye Drops four times a day and Maxitrol Eye Ointment once a day for the first
seven days, and then Maxitrol Eye Drops three times a day for the next two weeks.

2.5. Statistical Analysis

Statistical analysis was performed, and the graphs were created using the statistical
package Statistica™ 14.0.1. In all analyses, a p-value < 0.05 was considered statistically
significant. After testing the normality of the data distribution with the Shapiro–Wilk
test, normally distributed continuous variables were expressed as mean ± SD and non-
normally distributed variables as median (min, max). The categorical variable (gender)
was presented as a number. Differences in the distributions of dependent continuous data
were evaluated by parametric (repeated measures ANOVA) and nonparametric (Friedman
ANOVA) tests. A nonparametric test was used when the assumption of homogeneity
of variance for the tested variables was not met. The Scheffe and Wilcoxon tests were
used for post hoc analyses. The Spearman rank correlation test was used to evaluate the
relationship between the studied variables, and stepwise regression was used to detect the
main predictors of the final astigmatism diopter.
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3. Results

Forty eyes of 40 patients, with a median age of 74 (min 48, max 83) years, were
included in this study. Their baseline characteristics at the inclusion visit before cataract
surgery (V0) are presented in Table 1.

Table 1. Baseline characteristics of 40 patients (eyes) included in the study.

Characteristics Patients/Eyes (n = 40)

CH (mmHg) * 8.86 ± 2.44
CRF (mmHg) * 10.04 ± 2.32
BCVA (decimal) * 0.29 ± 0.18
Refraction (SE) ** −0.75 (−6.0, 3.5)
Astigmatism (D) ** 0.4 (−4.5, 2.4)
Axis (◦) ** 78.2 (1.6, 177.3)

* mean ± SD. ** median (min, max). Abbreviations: CH—corneal hysteresis, CRF—corneal resistance factor,
BCVA—best-corrected visual acuity, SE—spherical equivalent, D—diopter of corneal astigmatism determined by
corneal topography, ◦—degrees of corneal astigmatism axis determined by corneal topography.

Following the cataract surgery, the CH did not significantly change during the study
visits (p = 0.109) (Table 2, Figure 1A). However, there was a significant change in the
CRF from baseline during the study visits (per protocol set) in 40 study eyes (p = 0.002)
(Table 2, Figure 1B). According to the post hoc analysis, the mean CRF decreased signifi-
cantly from the first (V1) to the second postoperative visit (V2) (10.49 ± 3.22 vs. 9.31 ± 1.87,
p = 0.049), after a slight but insignificant increase from baseline (V0) to the first postopera-
tive visit (V1) (p = 0.761). However, no substantial change in the mean CRF was observed
from the second (V2) to the third postoperative visit (V3) (p = 0.933).

Table 2. Changes in the analyzed characteristics from baseline during the study visits (per protocol
set) in 40 study patients (eyes).

Characteristics V0 V1 V2 V3 p

CH (mmHg) * 8.86 ± 2.44 7.73 ± 2.91 8.26 ± 1.73 8.30 ± 2.04 0.109 a

CRF (mmHg) * 10.04 ± 2.32 10.49 ± 3.22 9.31 ± 1.87 9.03 ± 1.99 0.002 a

BCVA (decimal) * 0.29 ± 0.18 0.49 ± 0.19 0.83 ± 0.12 0.92 ± 0.09 <0.001 a

Refraction (SE) ** −0.75 (−6.0, 3.5) −0.37 (−1.5, 1.0) −0.5 (−1.0, 0.5) −0.2 (−0.75, 0.75) 0.033 b

Astigmatism (D) ** 0.4 (−4.5, 2.4) 0.8 (−1.4, 2.9) 0.7 (−1.8, 3.0) 0.5 (−1.9, 3.0) 0.009 b

Axis (◦) ** 78.2 (1.6, 177.3) 67.9 (1.4, 175.2) 72.2 (1.3, 178.7) 68.0 (2.6, 178.8) 0.861 b

SIA (D) ** - 0.79 (0.11, 4.24) 0.69 (0.1, 3.76) 0.63 (0.1, 4.06) 0.741 b

SIA (◦) ** - 132.0 (3, 177) 125.5 (3, 174) 113.5 (1.7, 177) 0.312 b

* mean ± SD. ** median (min, max). a Repeated measures ANOVA test. b Friedman ANOVA test Abbreviations:
CH—corneal hysteresis, CRF—corneal resistance factor, BCVA—best-corrected visual acuity, SE—spherical equiv-
alent, Astigmatism (D)—diopter of corneal astigmatism determined by corneal topography, Axis (◦)—degrees
of astigmatism axis, SIA (D)—diopter of surgically induced astigmatism, SIA (◦)—degree of surgically induced
astigmatism axis.

BCVA increased significantly from baseline during the study visits (per protocol set)
(p < 0.001) (Table 2). The post hoc analysis also showed a significant increase in BCVA
between each study visit (V0–V1 p < 0.001, V1–V2 p < 0.001, V2–V3 p = 0.019). The spherical
equivalent (SE) refraction decreased significantly during the study period (p = 0.033).
However, the post hoc analysis found a marginal decrease in the SE between V0 and V1
(p = 0.058) and a significant decline between V2 and V3 (p < 0.001).
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Figure 1. Change in corneal hysteresis (A) and corneal resistance factor (B) from baseline during the
study visits in 40 study eyes.

As with the CRF, the diopter of corneal astigmatism determined by corneal topography
significantly changed in 40 eyes from baseline to the study visits (as planned) (p = 0.009)
(Table 2, Figure 2A). However, according to the post hoc analysis, the median diopter of
astigmatism changed significantly only from the baseline (V0) to the first postoperative
visit (V1) (0.4 D vs. 0.8 D, p = 0.001). In contrast, there were no significant changes in the
median diopter of astigmatism from the first (V0) to the second (V2) (p = 0.139) or from
the second (V2) to the third postoperative visit (V3) (p = 0.863). The median degree of the
corneal astigmatism axis determined by corneal topography did not significantly change
from the study’s baseline to each visit in 40 study eyes (Table 2, Figure 2B). However, the
amplitudes of corneal astigmatism diopter and axis changes were the highest between
baseline (V0) and the first postoperative visit (V1), decreasing gradually until the study’s
end (Figure 2C,D). In contrast to the diopter of corneal astigmatism determined by corneal
topography, the SIA diopter did not significantly differ throughout the study (p = 0.741)
(Table 2). Also, no differences in the SIA axis were observed during the study period
(p = 0.312) (Table 2).

Significantly positive, moderate to very good, or excellent correlations were seen
between the CH and CRF at the beginning of the study, before cataract surgery, and at all
other study visits (Table 3).

Nevertheless, no significant relation was found between corneal characteristics (CH
and CRF) and the diopter and axis of corneal astigmatism at baseline and all other study
visits (p > 0.05) (data not shown in table). Also, no relationships were observed between
the baseline preoperative and all postoperative study visit values of CH, CRF, SIA diopter,
and SIA axis ((p > 0.05) (data not shown in table).

The diopter of corneal astigmatism at the final visit was significantly positive or very
good to excellent and associated with its values at baseline before cataract surgery and
other study visits (p < 0.001) (Table 4). However, the amplitude of corneal astigmatism
change from baseline (V0) to the final visit (V3) related significantly positively only to the
amplitude of the astigmatism change between baseline (V0) and the first postoperative
visit (V1) (p < 0.001), while the other relations were not significant (p > 0.05) (Table 5).

The main predictors for the final diopter of corneal astigmatism (R2 = 0.898) obtained
by stepwise regression analysis were its values at baseline before cataract surgery (V0), the
first (V1), and the seventh postoperative day (V2) (Table 6). Besides all those listed, the CRF
at the first postoperative day (V1) was found to be marginally significant, with the negative
parameter estimate of −0.098303 (p = 0.0623) influencing the final astigmatism diopter value
relative to its one-unit change and representing the marginal impact of the weaker corneal
characteristic (weaker resistance of the cornea to stress) on postoperative astigmatism.
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Figure 2. Change in astigmatism diopter (A) and axis (B) from baseline during the study visits in
40 study eyes and the amplitudes of their changes (C,D) between study visits.

Table 3. Correlations between corneal hysteresis and corneal resistance factor from baseline during
the study visits (per protocol set) in 40 study eyes.

Corneal Hysteresis Corneal Resistance Factor

V0 V1 V2 V3 V0 V1 V2 V3

C
or

ne
al

hy
st

er
es

is V0 1 0.046 0.348 * 0.498 * 0.889 ** 0.217 0.441 * 0.595 **
V1 1 0.247 0.177 0.103 0.499 * 0.345 * 0.239
V2 1 0.560 ** 0.451 * 0.223 0.809 ** 0.643 **
V3 1 0.445 * 0.175 0.506 ** 0.864 **

C
or

ne
al

re
si

st
an

ce
fa

ct
or

V0 1 0.349 * 0.620 ** 0.631 **
V1 1 0.399 * 0.318 *
V2 1 0.708 **
V3 1

* p < 0.05. ** p < 0.001. Spearman rank correlation test.

Table 4. Correlations between the diopter of corneal astigmatism at final (V3), baseline (V0), and
other study visits (V1, V2) in 40 study eyes.

Diopter of Corneal Astigmatism at V3

Spearman R t (N-2) p

Diopter of corneal
astigmatism

V0 0.736 6.7 <0.001
V1 0.639 5.133 <0.001
V2 0.894 12.267 <0.001
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Table 5. Correlations between the amplitude of corneal astigmatism change from V0 to V3 and the
amplitude of astigmatism changes at intermediate times during the study.

Amplitude of Corneal Astigmatism Change
between V0 and V3

Spearman R t (N-2) p

Amplitude of corneal
astigmatism changes

V0–V1 0.525 3.803 <0.001
V1–V2 0.203 1.276 0.209
V2–V3 −0.062 −0.381 0.705

Table 6. Results of stepwise regression analysis for the final diopter of corneal astigmatism as a
dependent variable.

Variable Estimate Standard Error F p Adjusted R2 R2

CRF—V1 −0.098 1.028 3.69 0.0623 0.0645

0.898
Astigmatism—V0 0.504 0.759 38.55 0.0000 0.4905
Astigmatism—V1 0.497 0.764 37.49 0.0000 0.4834
Astigmatism—V2 0.898 0.345 333.07 0.0000 0.8949

Abbreviations: CRF—corneal resistance factor.

4. Discussion

Cataract surgery with sophisticated intraocular lens implantation requires the most
accurate prediction of postoperative refractive results. The present study tried to establish
whether the biomechanical properties of the cornea influence these results and to determine
which other factors have a role in postoperative astigmatism after cataract surgery.

Only a few studies have examined the association between the cornea’s biomechanical
properties and SIA. The first published study was by Denoyer et al. [20]. They found a
positive correlation between incision size and SIA and a negative correlation between preop-
erative CH, CRF, and SIA values. The present study did not find a correlation between the
cornea’s biomechanical properties (CH and CRF) and the diopter and axis of corneal astig-
matism and SIA. However, this study’s results indicate that CH and CRF values changed
after cataract surgery. The CH decreased marginally, and the CRF increased marginally
from baseline to the first postoperative day, while both variables gradually recovered in
the following days. The CH recovered better than the CRF on the 30th postoperative day,
but both returned to near-preoperative values.

Denoyer et al., in their study, monitored changes in CH and CRF after cataract surgery
in two groups of patients [20]. In one group, cataract surgery was performed through a
small incision (2.75 mm), while in the other group, it was performed through a microincision
(≤2.2 mm). In their study, CH and CRF decreased postoperatively. As in the present study,
CH recovers entirely on the 30th postoperative day. However, regarding CRF, there are
some discrepancies between the present study and the study of Denoyer et al. Denoyer
et al. found a recovery of CRF to preoperative values in the microincision group. In the
small incision group, when a step-constructed triplanar incision was performed, the CRF
recovered rapidly, while when other uniplanar and biplanar incisions were completed,
the CRF was significantly reduced. Based on these results, the authors suggested that the
stepped triplanar construction of the incision is a better choice in cataract surgery because
it does not weaken the corneal resistance [20].

Zheng et al., in their study, examined the changes in CH and CRF after cataract surgery
performed through 2.2 mm and 3.0 mm incisions. The incisions were made biplanarly
at the 10 o’clock position with a distance of 0.5 mm from the limbus. While CH values
fluctuated, as in the study of Denoyer et al., CRF values did not change significantly during
the four weeks after surgery [21].

Pniakowska et al. analyzed the changes in CH and CRF after cataract surgery through
a 2 mm incision at the 12 o’clock position without specifying the architectural type of the
incision in two groups of patients: group 1 with corneal astigmatism values of less than
+1.0 dcyl and group 2 with values between +1.0 dcyl and +2.25 dcyl. Their results showed
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a postoperative decrease in CH and CRF values in the first group of patients. The CH
recovered to preoperative values, and the CRF remained significantly reduced one month
after surgery. In the second group, the CH and CRF remained significantly lowered one
month after cataract surgery [22].

In the present study, cataract surgery was performed through a 2.75 mm biplanar
incision, and as previously mentioned, we noted a slight but statistically insignificant
increase in CRF values in the 1st postoperative day, with a significant decrease till the 7th,
and a gradual insignificant reduction toward the 30th postoperative day. This decrease
in CRF values on the 30th postoperative day contradicts the results of Zheng et al. but
coincides with the results of the studies by Denoyer et al. and Pniakowska et al. Following
Denoyer et al.’s thinking about the influence of the architecture of the incision on corneal
resistance, it might be stated that the small biplanar incision leads to a certain degree of
weakening of the corneal resistance.

Usually, SIA positively correlates with incision size, and larger incisions induce more
astigmatism. An incision width of 1.8–2.2 mm has a relatively small SIA [23]. Astigmatic ef-
fects have been reduced after decreasing the incision size from 3.2 mm to 2.2 mm or 1.8 mm.
A study that included 146 eyes found that a corneal incision of 2.75 mm for cataract surgery,
using either a temporal or superior approach, induces little astigmatism change in eyes [24].
Another study that included 100 eyes of 50 patients who underwent bilateral intraocular
lens implantation through a 2.2 mm or 2.75 mm corneal incision found that a lower incision
size of 2.2 mm compared to 2.75 mm did not result in less SIA [25]. In addition, a study
that investigated the changes in incision sizes after implantation of an intraocular lens with
a mean incision size of 2.27 mm found that the CH and CRF values were not correlated
with the final incision size, and the CH was more predictive of postoperative surgically
induced astigmatism than incision size [26].

The present study did not find a correlation between corneal biomechanical properties
and postoperative astigmatism after cataract surgery. However, as in the CRF value, there
was a significant change in the diopter of corneal astigmatism from baseline during the
study visits (per protocol set). These two variables changed similarly; the mean CRF and
the median diopter of corneal astigmatism increased from baseline to the first postoperative
day, while after that, they both decreased in the 7th and 30th postoperative days.

The increase in median diopter of corneal astigmatism after cataract surgery is because
of a corneal shape change due to wounds at the incision site and postoperative corneal
edema [27]. Regarding CRF, while in most studies, it decreases postoperatively or remains
the same, in this study, we note a slight increase on the first postoperative day. Similar
behavior of the cornea was described in the study of Alió et al. [28]. They registered a
postoperative increase in CRF, followed by its decrease, after cataract surgery in the group
with microincision, while in the group with coaxial phacoemulsification, they did not find
a significant change.

Postoperative astigmatism can also be influenced by corneal thickness [29]. The cornea
is thicker in the vertical than the horizontal direction, so the posterior cornea surface is more
astigmatic than the anterior corneal surface. The cornea is also thinner in older age [30].
However, pericentral corneal thickness is significantly greater in the superior quadrant and
not affected by aging compared to the inferior, nasal, and temporal quadrants [29]. In this
study, we did not measure the corneal thickness, and the surgery was performed through a
2.75 mm corneal incision at 12 o’clock in the superior position. This area has the thickest
cornea compared to other places, and corneal thickness is negatively related to corneal
astigmatism [31].

Different corneal incision positions have different risks of SIA because of the different
distances of each position to the central visual axis [32]. Common incision positions include
temporal, superior, and nasal. In the present study, we used a corneal incision positioned
at 12 o’clock in the superior position. Temporal and nasal incisions postoperatively have
similar corneal and astigmatic changes and induce a lower degree of SIA compared to the
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superior position. Superior positions have longer proximity of the superior limbus to the
central visual axis and are recommended for with-the-rule and negligible astigmatism [33].

Several limitations of the present study must be mentioned. Similar changes in
median diopter of corneal astigmatism and CRF observed in this study could be explained
by postoperative changes in corneal thickness. A corneal pachymeter measures corneal
thickness, a sensitive indicator of endothelial physiology that correlates well with functional
measurements. However, this study did not monitor corneal thickness, which is a limiting
factor. Second, the operation was performed only through a 2.75 mm corneal incision,
so we could not compare the impact on CH and CRF values with different incision sizes.
Third, different corneal incision positions (superior used in this study, temporal) have
different risks of postoperative astigmatism. Finally, the sample size in this study was
small, reducing the study’s power.

5. Conclusions

Postoperative astigmatism is a significant cause of poor visual acuity after cataract
surgery. In this short-term follow-up of one month postoperatively, there was no correlation
between preoperative CH and CRF and postoperative astigmatism using 2.75 mm superior
incision cataract surgery. However, the main predictors for the final diopter of astigmatism
were its values at baseline before cataract surgery, the first, and the seventh postoperative
day. The discrepancy with the results of several studies conducted so far points to the need
for additional research on a larger number of patients in order to better understand the
cornea’s reaction to cataract surgery and thus achieve more precise postoperative results.
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Abstract: Neovascular age-related macular degeneration (AMD) is a major cause of irreversible
blindness in elderly populations in developed countries. AMD’s etiopathology is multifactorial,
with strong environmental and genetic components, but the exact molecular pathomechanisms
underlying the disease are still unknown. In this study, we analyzed blood serum collected from
74 neovascular AMD patients and 58 healthy controls to identify proteins that may serve as potential
biomarkers and expand our knowledge about the etiopathogenesis of the disease. The study revealed
17 differentially expressed proteins—11 up-regulated and 6 down-regulated—in neovascular AMD,
which are involved in the biological processes previously linked with the disease—oxidative stress
and persistent inflammation, impaired cellular transport, lipid metabolism and blood coagulation.
In conclusion, the differences in the expressions of the proteins identified in this study may con-
tribute to our understanding of the mechanisms underlying AMD and possibly serve in future as
promising biomarkers.

Keywords: AMD proteome; proteomics; serum biomarkers; age-related macular degeneration

1. Introduction

Age-related macular degeneration (AMD) is a progressive, usually bilateral disease
affecting the macula—the central part of the retina that is responsible for central, high-
quality vision in good-lighting conditions. AMD is usually divided into its atrophic (dry)
form, where retinal pigment epithelium (RPE) cells suffer progressive loss, and neovascular
(wet, nAMD), with the creation of the pathological choroidal neovascularization (CNV)
sprouting from the choroid into the subretinal or retinal tissue, with a tendency to leakage
and evoking detrimental oedema. Both the atrophic and neovascular forms share some
hallmarks, like the presence of the drusen—subretinal debris deposits. While numerous
clinical trials are ongoing, there is currently no effective treatment for dry AMD. In nAMD,
anti-vascular endothelial growth factor (anti-VEGF) intravitreal injections are the main line
of treatment, yet their effect is usually limited to stopping or slowing down the disease,
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less often to significant visual improvement, especially if the treatment is introduced in the
advanced form of the disease.

According to the WHO, the global population is rapidly aging, and the prevalence of
AMD is therefore expected to rise. The estimated global prevalence of AMD in a population
aged between 45 and 85 is 8.69%, and an increase from 196 to 288 million cases is expected
from 2020 to 2040 [1]. Early diagnosis enables adequate treatment and a better prognosis.
As such, there is a strong need for early screening strategies and better understanding of
the disease on the molecular level.

The etiology of AMD is not fully understood, yet it is known to be a multifactorial
disease, with strong genetic and environmental risk factors, where chronic oxidative
stress, impaired clearance and prolonged inflammation result in pathological choroidal
neovascularization [2,3]. A number of proteomic studies on AMD have already been
conducted, with sometimes conflicting results, yet there are some patterns in the identified
proteins and the metabolic pathways that they are involved in that support our current
knowledge of the disease’s etiology [4–7]. In our previous studies, we focused on the tear
film proteome, providing interesting findings [8–10]. In this study, we aim to characterize
the serum proteome of nAMD patients and discuss the potential clinical value of the
obtained results.

2. Materials and Methods

After fulfilling the inclusion criteria, 132 age- and gender-matched patients were
included in the study. The control group consisted of 58 people, and the AMD group
consisted of 74 patients. The control group consisted of patients scheduled for cataract
surgery who showed no other ocular pathology. The AMD group consisted of advanced
neovascular AMD patients receiving ant-VEGF treatment, all in the active phase of the
disease. The control group consisted of 28 men and 30 women, with a mean age of
73.51 (SD = 7.99) years, while the study group consisted of 34 men and 40 women, with
a mean age of 73.91 (SD = 9.36). The inclusion criteria for the AMD group were as fol-
lows: an active form of disease featuring choroidal neovascularization (CNV) on fluo-
rescein angiography or angio-OCT in at least one eye and the presence of subretinal or
intraretinal fluid.

The exclusion criteria were any ocular diseases that would disturb the results, e.g.,
diabetic retinopathy, glaucoma and previous ocular surgery except for cataract extrac-
tion. Additionally, any moderately advanced or advanced stage of any systemic disease,
such as diabetes, hyperlipidemia, uncontrolled hypertension, cardiovascular disease or
autoimmune disorder, was an exclusion criterion.

2.1. In-Solution Digestion

To start, 50 μL 25 mM ammonium bicarbonate, pH 7.8, was added to a 3 μL serum
sample. For the reduction and alkylation of cysteines, 2.5 μL of 200 mM DTT in 100 mM
Tris-HCl, pH 8, was added, and the samples were incubated at 37 ◦C for 1 h, followed
by the addition of 7.5 μL 200 mM iodoacetamide for 1 h at room temperature in the dark.
The alkylation reaction was quenched by adding 10 μL 200 mM DTT at 37 ◦C for 1 h.
Subsequently, the proteins were digested with 5 μg trypsin GOLD (Promega, Madison,
WI, USA) for 16 h at 37 ◦C. The digestion was stopped by adding 5 μL 50% formic acid,
and the generated peptides were purified using a 10 μL OMIX C18 micro-SPE pipette tip
(Agilent, Santa Clara, CA, USA) and dried using a Speed Vac concentrator (Concentrator
Plus, Eppendorf, Hamburg, Germany).

2.2. LC-MS Analysis

The samples were analyzed by LC-MS using a timsTOF Pro (Bruker Daltonik, Bremen,
Germany) which was coupled online to a nanoElute nanoflow liquid chromatography
system (Bruker Daltonik, Bremen, Germany) via a CaptiveSpray nanoelectrospray ion
source. The dried peptides were dissolved in 4 μL 0.1% formic acid, and 2 μL of sample
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was injected. The peptides were separated on a reversed-phase C18 column (25 cm × 75 μm,
1.5 μm, PepSep (Bruker Daltonics, Bremen, Germany)). Mobile phase A contained water
with 0.1% formic acid, and acetonitrile with 0.1% formic acid was used as mobile phase B.
The peptides were separated by a gradient from 0 to 35% mobile phase B over 30 min at a
flow rate of 300 nl/min at a column temperature of 50 ◦C. MS acquisition was performed
in DDA-PASEF mode. The capillary voltage was set to 1.5 kV, with a mass range of 100
to 1700 m/z. The number of PASEF ranges was set to 20, with a total cycle time of 1.16 s,
charge up to 5, target intensity of 20,000, intensity threshold of 1750, and active exclusion
with release after 0.4 min. An inversed reduced TIMS mobility (1/k0) of 0.85–1.40 Vs/cm2

was used with a time range of 100 ms, an accumulation time of 100 ms, a duty cycle of 100%,
and a ramp rate of 9.51 Hz. Precursors for data-dependent acquisition were fragmented
with an ion-mobility-dependent collision energy, which was linearly increased from 20 to
59 eV.

2.3. Database Search

The LC/MS data were searched against the human Uniprot database (20,384 entries)
using PEAKS X+ software version 10.5 (Bioinformatics Solutions, Waterloo, ON, Canada).
The following parameters were used: digestion enzyme, trypsin; maximum missed cleav-
age, 2; fragment ion mass error tolerance, 0.03 Da; and parent ion error tolerance, 15 ppm.
The oxidation of methionine and acetylation of the N-terminus were specified as variable
modifications and carbamidomethylation of cysteines as a fixed modification. The maxi-
mum number of PTMs per peptide was set to 2. A false discovery rate of 1% was applied
to the datasets.

2.4. Label-Free Quantification

For label-free quantification (LFQ) using PEAKS, ID-directed LFQ with outlier removal
was applied. The following parameters were used on the peptide features: quality ≥ 3,
peptide ID count per group ≥ 1, detected in at least ten samples per group. The following
parameters were applied for the protein: FDR ≤ 1%, fold change ≥ 2, significance method
ANOVA with at least 2 peptides.

3. Results

Blood serum collected from 74 late-stage, neovascular AMD patients and 58 healthy
controls were analyzed by liquid chromatography coupled with mass spectrometry (LC-
MS)-based proteomics. In total, 748 protein groups were identified (Figure 1). The label-free
quantification revealed 17 differentially expressed proteins comparing the blood serum
of both groups. There were 11 up-regulated proteins in the AMD group (Table 1 and
Figure 2), whereas 6 were down-regulated (Table 2). The main functions and common
pathways of different proteins were determined using the STRING database, powered by
the Swiss Institute of Bioinformatics, Novo Nordisk Foundation Center for Protein Research
and European Molecular Biology Laboratory [11]. This application allows us to predict
and check direct (physical) and indirect (functional) associations between proteins and
to predict protein–protein interactions. The gene-of-interest co-expression is presented in
Figure 3, while the protein–protein association network is visualized in Figure 4. The main
functions of the identified proteins according to the STRING database are summarized
in Table 3.
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Figure 1. Distribution of proteins in groups with given ratio.

Table 1. Up-regulated serum proteins. Ratio (Rt)—a parameter indicating the overexpression or
suppression of a protein. Rt shows how many times the protein content is up- or down-regulated
compared to the control group. Score is the probability that the result is not random. A higher score
indicates a more confident match. Accession number refers to the Uniprot human database.

Name Accession Number Entry Name Ratio Score

RET4_HUMAN P02753 Retinol-binding protein 4 1.00:0.27 200
ITIH2_HUMAN P19823 Inter-alpha-trypsin inhibitor heavy chain H2 1.00:0.27 137.34
C1QB_HUMAN P02746 Complement C1q subcomponent subunit B 1.00:0.36 118.75
APOA2_HUMAN P02652 Apolipoprotein A-II 1.00:0.36 117.69
ITIH1_HUMAN P19827 Inter-alpha-trypsin inhibitor heavy chain H1 1.00:0.26 101.39
HEMO_HUMAN P02790 Hemopexin 1.00:0.40 84.1
APOB_HUMAN P04114 Apolipoprotein B-100 1.00:0.40 71.24
A1AG1_HUMAN P02763 Alpha-1-acid glycoprotein 1 1.00:0.26 70.02
IC1_HUMAN P05155 Plasma protease C1 inhibitor 1.00:0.44 61.55
ALBU_HUMAN P02768 Albumin 1.00:0.49 59.92
ZPI_HUMAN Q9UK55 Protein Z-dependent protease inhibitor 1.00:0.46 48.72

Figure 2. Protein distribution with ratio and significance according to ANOVA analysis of Variance.
AMD—age-related macular degeneration study group; Ctrl—control group. Green squares represent
the significantly upregulated proteins in AMD group while red the downregulated ones. Grey color
means the proteins did not satisfy other conditions.
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Table 2. Down-regulated serum proteins. Ratio (Rt)—a parameter indicating the overexpression or
suppression of a protein. Rt shows how many times the protein content is up- or down-regulated
compared to the control group. Score is the probability that the result is not random. A higher score
indicates a more confident match. Accession number refers to the Uniprot human database.

Name Accession Number Entry Name Ratio Score

THRB_HUMAN P00734 Prothrombin 1.00:2.61 131.67
PROP_HUMAN P27918 Properdin 1.00:2.23 98.24
F13A_HUMAN P00488 Coagulation factor XIII A chain 1.00:3.51 72.72
A1AT_HUMAN P01009 Alpha-1-antitrypsin 1.00:2.66 48.01
TRY1_HUMAN P07477 Trypsin-1 1.00:2.52 44.2
FIBA_HUMAN P02671 Fibrinogen alpha chain 1.00:2.07 39.49

 

Figure 3. Gene-of-interest co-expression, created using STRING. Lighter and darker marks represent
weaker and stronger co-expression scores, based on RNA expression patterns and protein coregulation
given by ProteomeHD.

Figure 4. Protein–protein association networks, determined using STRING database. Abbreviations
refer to protein names in Uniprot database.
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Table 3. Main functions of significantly differing proteins according to STRING database. Protein
name refers to the Uniprot human database.

Protein Name STRING Abbreviation Function According to STRING

RET4_HUMAN RBP4 Transporting retinol from liver to tissues

ITIH2_HUMAN ITIH2 Binding agent between hyaluronan and serum proteins

ITIH1_HUMAN ITIH1 Binding agent between hyaluronan and serum proteins

C1QB_HUMAN C1QB Cooperation with the proenzymes C1r and C1s to yield C1

APOA2_HUMAN APOA2 Taking part in HDL metabolism and its stabilization

APOB_HUMAN APOB Recognition signal for the cellular binding and internalization
of LDL particles by the apo-B/E receptor

HEMO_HUMAN HPX Taking part in heme binding and transporting it to the liver

A1AG1_HUMAN ORM1 Transporting numerous ligands in the blood stream

IC1_HUMAN IC1 Probably taking part in blood coagulation, fibrinolysis and the
generation of kinins

ALBU_HUMAN ALB Binding ions such as Ca(II), Na(I), K(I) and also particles like
fatty acids, hormones, bilirubin and drugs

ZPI_HUMAN SERPINA10 Together with PROZ, calcium and phospholipids, blocking
coagulation protease factor Xa

THRB_HUMAN F2 Active in inflammation and wound healing

PROP_HUMAN CFP Taking part in CFI-CFH-mediated degradation of Complement
C3 beta chain (C3b)

F13A_HUMAN F13A1 Stabilizing the fibrin clot

A1AT_HUMAN SERPINA 1 Inactivating of serine proteases

TRY1_HUMAN PRSS1 Belongs to the peptidase S1 family

FIBA_HUMAN FGA Basic component of blood clots

4. Discussion

In this study, we identified 17 different proteins, 11 up-regulated and 6 down-regulated,
in neovascular AMD. They were categorized into groups depending on their involvement
in metabolic pathways and biological processes, as further described below.

In the course of the STRING connection analysis between the identified proteins,
72 edges were observed, representing a variety of protein–protein interactions, including
gene fusion or structural homology (Figure 3). Additionally, the functionalities of proteins
were also determined and presented by color (Figure 4, Table 3). The main biological process
that was represented by the majority of proteins relates to the defense response, correlated
with the immune status, or binding and transporting particles such as ligands, small
proteins or ions. To observe more correlations between proteins, a diagram representing co-
expression was created to capture the relationships between proteins that do not physically
interact or colocalize. Their genes correlated in expression across a large number of
experiments [12]. The various types of interrelationships between the proteins may be a
valuable starting point for to further research on the proteins identified in this publication.

4.1. Impaired Cellular Transportation

Maintaining homeostasis in retinal tissue is extremely demanding for the RPE cells,
as they are some of the most metabolically active cells in the human organism [13]. A
constant need to excrete the waste material is supported by a highly complex system of
influx–outflux transportation and energy delivery [14]. With aging, this system starts to
collapse, resulting in the accumulation of waste material in the form of drusen on the border
of Bruch’s Membrane (BM) and RPE [15–17]. Disruptions in the communication between
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cells and the breakdown of cellular waste removal systems, particularly autophagy, have
been observed in AMD. RPE cells deteriorate with age, reducing their capability to clear
metabolic by-products, resulting in the buildup of clumped, misfolded proteins outside
cells due to the failure of autophagy—a recurring theme across various neurodegenerative
disorders like Parkinson’s disease or Alzheimer’s disease [2,18,19].

In this study, we found the altered levels of proteins involved in the transportation
process, which may reflect its breakdown in AMD.

Retinol-binding protein 4 (RBP4) was the most profoundly up-regulated protein in our
study, with a 4:1 ratio in AMD patients. This low molecular protein creates a complex with
transthyretin (TTR), maintaining the serum retinol (vitamin A form) in the bloodstream,
and is solely responsible for delivering it into the RPE cells. Meanwhile, in RPE cells, all-
trans retinol accelerates the formation of drusen with lipofuscin formed by A2E accretion.
There are reports of up-regulation of RBP4 in serum in the course of AMD, and drugs being
developed to limit its expression, leading to a lower RBP4-mediated lipofuscin bisretinoid
distribution into the retina, where they are involved in lipofuscin aggregation in RPE
cells [20].

RBP4 has mostly been linked in ophthalmology with the atrophic form of AMD and
Stargardt disease [20–22]. There are preliminary data on a phase 1b/2 clinical trial of
Tinlarebant—an oral RBP4 antagonist, showing its potential in slowing or preventing new
lesions in Stargardt disease [23]. Given the natural course of the disease, with a formation
of the atrophic scar also occurring in the neovascular form, it can be hypothesized that
RBP4 is also involved in late-stage nAMD.

Other transportation proteins, described in more detail below, were albumin, alpha-
1- acid glycoprotein 1, hemopexin, apolipoprotein A-II and B and Inter-alpha-trypsin
inhibitors 1 and 2.

4.2. Trypsin Metabolism

Trypsin is a serine protease secreted by the pancreas, with the main function of
proteolysis in the small intestine. It has three major isoenzymes (Trypsin-1, Trypsin-2,
Trypsin-3), each with a different preference for cleavage of lysine and arginine [24]. Its
alterations have not been previously linked to the development of AMD.

Alpha-1-antitrypsin, a serpin and one of the major trypsin inhibitors, was previously
found to be up-regulated in the vitreous body of nAMD patients [25], as well as in the
aqueous and blood of patients with glaucoma [26]. It is an acute phase protein inhibiting
numerous proteases and therefore playing a protective role in the inflammatory process.

Inter-alpha-trypsin inhibitors (ITIs) consist of proteins with high inhibitory action
against trypsin. ITI heavy chain 2 was previously found to be up-regulated in dry AMD,
where its role as a hyaluronan carrier in serum was underlined. As hyaluronan is involved
in extracellular matrix (ECM) remodeling and inflammation, the up-regulation of ITIH2
was seen as a risk factor for AMD progression [27,28]. ITIH2 was also proposed as a
potential biomarker of tuberculosis and was considered as a tumor growth inhibitor when
overexpressed [29,30].

We noticed ITIH1 and ITIH2 to be almost three- and four-fold up-regulated in the
nAMD patients, with simultaneous down-regulation of Alpha-1-antitrypsin and Trypsin-1.
These findings may suggest suppression in the trypsin metabolism in the course of AMD.

4.3. Coagulation Balance

Although previous studies have shown that coagulation factors probably do not play
a significant role in AMD [31–33], there are conflicting data on anti-VEGF injections’ effect
on the coagulation parameters [34].

Prothrombin is a serum glycoprotein, an inactive thrombin form. Prothrombin time
(PT) is a parameter that is used clinically for the evaluation of the clotting time. Coagulation
factor XIII A (F13A1) is converted into an active form by thrombin, being involved in the
coagulation balance by stabilizing the thrombus [35]. Fibrinogen in the final stage of

41



Life 2024, 14, 624

coagulation is converted into fibrin via thrombin-mediated proteolytic cleavage. It is also
an acute phase protein (APP), elevated in previous studies concerning AMD [3,36–39].

Both PT and F13A1 gene polymorphisms were previously associated with the response
to photodynamic therapy (PDT) in nAMD [40]. As PDT is currently almost completely
displaced by anti-VEGF therapy, no follow-up study has been performed.

Protein Z-dependent protease inhibitor (ZPI) is a protein from the serpin family, with
a major anti-coagulation effect by the inhibition of factor Xa in the presence of protein Z
(PZ). In healthy subjects, ZPI and ZP usually circulate as a complex [41,42]. Elevated levels
of protein Z were found in central retinal and vein occlusion [43], and ZPI was expressed
with a significant difference in nAMD in another plasma proteomic study [44].

All the coagulation balance proteins were significantly down-regulated in our study,
except for protein Z-dependent protease inhibitor, which is in line with the findings of
the study by Altinkaynak et al. [34], probably being the effect of numerous intravitreal
aflibercept injections. Blood coagulation is still being investigated in nAMD, as hemorrhagic
events usually dramatically worsen the course of the disease, leaving large retinal scars,
with no prognosis for functional improvement. Whether the disturbance of the coagulation
protein levels in our study is a part of the etiopathology of nAMD, or the effect of anti-VEGF
injections, is unclear. Either way, it seems that proper regulation of coagulation disorders
would be beneficial in AMD patients, especially in the group at high risk of developing
hemorrhagic events.

4.4. Lipid Metabolism

Lipid metabolism is crucial for the pathogenesis of AMD. It is hypothesized that the
activity and composition of high-density lipoproteins (HDLs), together with other lipid
disorders, are factors in AMD’s pathogenesis, as lipids are a major component in drusen.
Similarities were suggested in the pathophysiology of AMD and cardiovascular disease [45].
Also, as was established by the AREDS reports, a number of available dietary supplements
are rich in omega 3, 6 and polyunsaturated fatty acids (PUFAs), and it seems as though
it is not the high total lipids that are responsible for AMD, but more so the prevalence
of the “bad” lipids (TG, LDLs) and an impaired metabolism on the cellular level of RPE,
especially given that RPE cells are the most metabolically active body cells—thus, even
minor alterations on a cellular level can cause serious detrimental effects [46]. Also, as
elevated total lipids are generally known to increase the risk of cardiovascular diseases,
patients are usually aware of the need for lipid control. There is also a new concept of
ferroptosis being one of the crucial mechanisms of cell death in AMD [47]. It is initiated by
lipid peroxidation and iron-dependent accumulation in RPE cells. This can be linked with
higher hemopexin levels in our AMD group, as discussed further.

APOA2 mediates the cholesterol transferring into high-density lipid C (HDL-C),
together with apolipoprotein A-I (APOA1), helping the RPE cells eliminate the lipidic
debris. Both APOA1 and APOA2 are discussed as biomarkers and treatment targets in
diabetic retinopathy (DR), polypoidal choroidal vasculopathy (PCV), and AMD, although
there is no consistency in studies regarding the mechanism of action [48–51].

ApoB-100 is a protein that is secreted by the RPE cells, and it was found to be a major
early component in drusen formation [52,53]. It was recently suggested that apoB100 plays
a protective role in the development of CNV [54]. In the study by Cao et al., ApoB-100
was more up-regulated in the aqueous humor of patients with early and intermediate
non-neovascular AMD and lower in neovascular AMD. Authors interpret that as what
they call a “paradoxical” protective role of ApoB-100—as the nAMD patients with higher
ApoB levels respond better to the anti-VEGF therapy and have smaller CNVs in general,
the authors suspect that higher ApoB levels lead to the formation of drusen and non-
neovascular AMD but protect from progression to nAMD. In another study by Curcio et al.,
ApoB-100 was associated with the progression of dry AMD to its neovascular form in a
response-to-retention pattern that was similar to that of coronary artery disease [55,56].
In a large genome-wide association study (GWAS), the ApoB level was associated with a
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lower risk of intermediate and geographic atrophy (GA) AMD, but not with the presence
of CNV [57].

APOA2 and apoB-100 were both up-regulated in the AMD group in our study, which is
in line with other studies, where elevated levels of APOA were also observed in serum [58]
or in Bruch’s membrane (BM) (apoB-100) [49,59].

4.5. Inflammation and Complement Proteins

The concept of a prolonged inflammatory process and its detrimental effect on the
ability of RPE cells to “self-clean” have been well documented in numerous studies. With
aging, the RPE cells lose their ability to eliminate the metabolic products, which leads
to the accumulation of the multicomponent debris between the BM and the RPE cells.
Both the toxic debris itself and the sheer physical pressure that it exerts on the RPE cells
lead to increased local inflammation. While a transient inflammatory process is beneficial
for the tissue, when prolonged, it overpowers the cells’ ability to regenerate and leads to
the collapse of the regenerative process [3,60–62]. This, in turn, results in cell death and
the distortion of the natural blood–retinal barrier, choroidal neovascularization ingrowth
and exudation with a hemorrhage—the hallmarks of nAMD. Inflammation, together with
retinal autoantibodies, seems to play an important role in neovascularization, as has been
discussed in great detail in a paper by Heloterä et al. [3]. In this study, we identified numer-
ous alterations in the inflammatory-related proteins, associated mainly with complement
activation and reactive oxygen species. Also, we noticed significant alterations in the levels
of acute phase proteins (APPs). APPs can be roughly divided into positive (increasing in-
flammation) and negative (decreasing inflammation). The positive APPs that we identified
were fibrinogen (down-regulated), complement factors (up-regulated), alpha-1-antitrypsin
(down-regulated), and alpha-1-acid glycoprotein 1 (up-regulated), while the negative APPs
were albumin (up-regulated) and RBP4 (up-regulated). This is somewhat contrary to the
concept of AMD as a disease where persistent inflammation occurs. On the other hand,
all the patients were receiving anti-VEGF injections, which may have altered their blood
parameters, similarly to the down-regulation of the coagulation cascade proteins.

Properdin is a potent inflammation mediator, an activator of an alternative com-
plement pathway of complement, which is commonly linked with AMD’s pathogenesis.
Properdin is also a pattern-recognition protein, involved in apoptotic and necrotic path-
ways [63]. It seems that the over-activation of complementation plays a crucial role in
AMD’s development and progression [64,65]. One of the factors in the alternative pathway
that is most commonly associated with AMD is complement factor H (CFH) [60,66,67].
Properdin was down-regulated in our study in the AMD group.

Hemopexin (HPX) acts as a protective protein by binding heme—an inflammation-
amplifying enzyme originating from hemoglobin after erythrocyte lysis [68,69]. Heme
toxicity is a serious issue, especially in large subretinal hemorrhages, resulting in irre-
versible macular scarring [70]. HPX is also associated with CFH and thus complements
activation. The HPX plasma levels corresponded with three loci of CFH genes in pQTL
analysis [71], but these findings were not confirmed in the following study by Lauwen et al.,
where no correlation with CFH, nor the up-regulation of HPX in the blood plasma of AMD
patients, was observed [72]. In our study, HPX showed more than two-fold up-regulation
in the AMD group. Higher HPX levels can be related to the lowered coagulation balance
proteins in the AMD group, acting in a counterbalancing protective manner.

Plasma protease C1 inhibitor (C1INH) is a potent anti-inflammatory protein from the
serpin family. Its anti-inflammatory effect, besides from the protease inhibition, also derives
from interaction with endothelial cells end leukocytes, mitigating leukocyte migration [73].
In a large study focused on this particular protein, C1INH was significantly up-regulated
in the plasma of AMD patients [74], which correlates with our findings of over two-fold
up-regulation of C1INH.

AGP is a plasma protein involved in binding and transportation processes. It is also
one of the acute phase proteins [75]. AGP was previously described in proteomic studies
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concerning AMD as being up-regulated in dry AMD [27] and identified in both the vitreous
body and aqueous humor in neovascular AMD [25,76].

Complement C1q subcomponent subunit B was also up-regulated almost three-fold in
our study.

Albumin, the most abundant circulatory protein, which was found to be two-fold
up-regulated in the AMD group, lately became a target in the anti-inflammatory treatment
of AMD. The heme–albumin complex was recently proven to reduce the detrimental effect
of reactive oxygen species on the retina in the ARPE-19 cell culture [77].

4.6. Limitations of the Study

Our study has several limitations. Most notably, the relatively small sample size of our
study group should be mentioned. However, given the lack of similar studies concerning
the Central European population, we contribute some further data to the field of proteomics.
Another limitation to consider is the uncertainty regarding the health status of the patients
in our study. The presence of co-existing diseases was excluded based on medical records
and by patients’ family doctors, but a full medical examination was not conducted before
collecting the samples for the study. This is particularly important due to the potential
disturbances in the proteomic study’s results caused by common systemic diseases such as
diabetes or hyperlipidemia [78–80].

5. Conclusions

In this study, we identified 17 different proteins in the blood serum of nAMD patients.
In addition to local tissue alterations, our results indicate that systemic biomarkers link
nAMD to a changed cellular transport mechanism, lipid metabolism, extracellular matrix
re-organization, coagulation processes and inflammatory responses. Thus, proteomics,
together with other omic analysis, may open new ways to understand AMD’s pathology
and its progression and to analyze treatment responses.
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Abstract: We aim to investigate the potential correlation between the presence of ovarian cancer
and the development of dry eye disease (DED) via the usage of the Longitudinal Health Insurance
Database (LHID) of Taiwan. A retrospective cohort study was executed, and patients with ovarian
cancer were selected according to the diagnostic and procedure codes. One ovarian cancer patient
was matched to four non-ovarian cancer participants which served as control group, and a total of
4992 and 19,968 patients constructed the ovarian cancer and control groups, respectively. The primary
outcome in the current study is the development of DED according to the diagnostic and procedure
codes. Cox proportional hazard regression was utilized to produce the adjusted hazard ratio (aHR)
and related 95% confidence interval (CI) of DED between the two groups. There were 542 and
2502 DED events observed in the ovarian cancer group and the control group, respectively. The
ovarian cancer group illustrated a significantly higher incidence of DED development than the control
group after the adjustment of several confounders (aHR: 1.10, 95% CI: 1.01–1.21, p = 0.040). In the
subgroup analysis stratified by age, ovarian cancer patients aged older than 60 years showed a higher
incidence of DED compared to the non-ovarian cancer population (aHR: 1.19, 95% CI: 1.08–1.28,
p = 0.011). In addition, ovarian cancer patients with a disease duration longer than five years also
showed higher incidence of DED formation than the non-ovarian cancer population (aHR: 1.13, 95%
CI: 1.04–1.22, p = 0.027). In conclusion, the presence of ovarian cancer is associated with higher
incidence of subsequent DED, especially in those older than 60 years and with a disease interval of
more than five years.

Keywords: dry eye disease; ovarian cancer; oxidative stress; age; epidemiology

1. Introduction

Ovarian cancer is a common gynecological cancer in the world, which is the fifth
leading etiology of cancer-related mortality among women in the American population [1,2].
The risk factors of the ovarian cancer involved delayed childbearing, usage of hormone
replacement therapy, early menarche, oral contraceptive usage, family history of ovarian
cancer, obesity, and pre-existing endometriosis [1,3,4]. The treatment options for ovarian
cancer include the surgical removal and chemotherapy, and bevacizumab has gained
attention in the recent years [5,6]. Despite the advance of therapy, the prognosis of ovarian
cancer is still poor, with a five-year survival rate lower than 50 percent [7].

There are several pathophysiologies regarding the development of ovarian cancer in
pervious research [8–10]. The steroid hormone effects of progesterone and estrogen in ovar-
ian environment correlate to ovarian cancer formation [11], and the gene mutation, such as
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BRCA1 and BRCA2 genes, elevated the risk of high-grade serous ovarian carcinoma [12].
In addition, the oxidative stress is another crucial mechanism for the development of
ovarian cancer [13,14]. Higher reactive oxygen species, including inducible nitric oxide
synthase and superoxide dismutase, was observed in individuals with ovarian cancer [15].
In addition, the antioxidant enzyme NAD(P)H:quinone oxidoreductase 1 could regulate
the response to chemotherapy in ovarian cancer [16], and the antioxidant-related gene
NRF2 has been shown to be an indicator for the prognosis of ovarian cancer [17].

Several conditions that associated with ovarian cancer were reported [18,19]. The type-
2 diabetes mellitus (T2DM) revealed strong association to the poor prognosis of ovarian
cancer in previous analysis [20]. Other metabolic syndromes like hyperlipidemia also
correlate to increasing risk of ovarian cancer development [21]. Ovarian cancer tends to
occur in patients with higher body mass index and obesity [4]. In addition, dementia
is a disease related to oxidative stress [22], occurring in 2.1 percent of ovarian cancer
individuals [23].

Dry eye disease (DED) is an ocular surface disorder that relates to meibomian gland
dysfunction (MGD) and loss of tear film homeostasis [24–26]. Previous publications il-
lustrated a positive relationship between DED occurrence and several diseases such as
Sjogren syndrome, T2DM, and the rheumatic arthritis [27]. For further mechanisms, DED
is an ocular surface disease that characterized with loss of tear film homeostasis and the
increment of both inflammation and oxidative stress [28–30]. In a preceding article, both
the expressions of interleukin-6 and the reactive oxygen species are significantly higher
in the individuals with DED [25]. In addition, certain systemic morbidities, including
Sjogren syndrome and systemic lupus erythematous, which serve as the predisposing
factors for DED formation, are associated with inflammatory response [27,31]. Regarding
DED and ovarian cancer, there is limited research that discusses the relationship between
them. Because higher oxidative stress presents in both ovarian cancer and DED [13,32],
there may be a correlation between these two diseases which need further validation.

The purpose of the current study is to evaluate the potential correlation between the
presence of ovarian cancer and the development of subsequent DED events.

2. Materials and Methods

2.1. Data Resource

Females in the National Health Insurance Research Database (NHIRD) system were
used for the performance of our analyses. The Taiwan NHIRD records the medical con-
sultation documents of the 23 million people living in Taiwan from 1 January 2000 to 31
December 2020. The available medical information in Taiwan NHIRD are presented as
follows: the International Classification of Diseases-Ninth Revision (ICD-9) of diagnostic
code, the International Classification of Diseases-Tenth Revision (ICD-10) of diagnostic
code, age, sex, occupation, income amount, urbanization intensity, education level, the
image-based codes, laboratory exam-based codes, medical department-related codes, pro-
cedure/surgery codes, and finally, the international ATC codes for medicine. Only the
image exam, laboratory exam, procedure/surgery, and medicine offered by the Taiwan
national health insurance system are available in the NHIRD. The Taiwan Longitudinal
Health Insurance Database (LHID) 2000 is a sub-database of Taiwan NHIRD, and was
applied to the analysis in the current study. The LHID 2000 contains about two million
people that were randomly drafted from the NHIRD using the automated software, and
the available information in the LHID 2000 is the same as those in the NHIRD.

2.2. Study Population Selection

A retrospective cohort study was executed. The patients in the LHID 2000 were
regarded as having ovarian cancer if completed the subsequent criteria: (1) ovarian can-
cer diagnosis according to corresponding ICD-9 plus ICD-10 diagnostic codes; (2) the
completion of a pelvic exam before the day of the ovarian cancer diagnosis, according to
the procedure/surgery codes; (3) the completion of a pelvic ultrasound exam, computed
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tomography, or the cancer antigen 125 test before the day of the ovarian cancer diagnosis,
according to the procedure/surgery codes; and (4) the ovarian cancer was diagnosed in
the gynecological department. The index date was designated as the six months after the
emergence of the ovarian cancer-related diagnosis. The following exclusion criteria was
adopted: (1) the ovarian cancer was diagnosed before 2001 or after 2019, to standardize
the timeliness of ovarian cancer; (2) the primary outcome occurred before the index date;
(3) the blindness occurred before the index date, in accordance with corresponding ICD-9
and ICD-10 diagnosis codes; (4) the ophthalmic tumor occurred before the index date, in
accordance with corresponding ICD-9 and ICD-10 diagnosis codes; (5) the eye removal
intervention was arranged before the index date, in accordance with corresponding inter-
vention/surgery codes; and (6) the severe ocular injury occurred before the index date, in
accordance with corresponding ICD-9 and ICD-10 diagnosis codes. For comparison, one
ovarian cancer patient was age-matched to four non-ovarian cancer individuals, and the
latter population constituted the control group. The reason for a 1:4 match is because we
wanted to include as many cases as possible to reduce the bias from low patient numbers.
However, if we matched 1 ovarian cancer patient to 8 or 10 non-ovarian cancer patients, the
extreme discordance of the patient number between the two groups may have contributed
to statistical bias. As a result, after discussing with our statistical specialist and consult
previous publications [33,34], we decide to execute the match process with 1:4. A total of
4992 and 19,968 participants were enrolled into the ovarian cancer group and the control
group, respectively. The flowchart of patient selection is available as Figure 1.

Figure 1. The flowchart of subject selection. N: number, LHID: Longitudinal Health Insurance Database.

2.3. Primary Outcome

The primary outcome of the current study is the development of DED, which is
based on the following conditions: (1) a diagnosis of DED according to corresponding
ICD-9 and ICD-10 diagnostic codes; (2) the arrangement of slit-lamp biomicroscope exam
before the DED diagnosis according to the corresponding procedure/surgery code; (3) the
arrangement of fluorescein stain test or Schirmer test before the DED diagnosis according
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to the corresponding procedure/surgery codes; (4) the prescription of artificial tear after
the diagnosis of DED according to corresponding ATC codes; and (5) the DED diagnosis
was made in the ophthalmic department. To better establish the time sequence between the
ovarian cancer episode and following DED development, only the DED events found after
the index date were accounted as outcome achievement. For the evaluation of primary
outcome, the participants in the current study were tracked until the development of
DED, discarded from the national health insurance program, or up to the deadline of
NHIRD/LHID 2000, which indicate a date of 31 December 2020.

2.4. Covariates and Co-Morbidities

In addition to the primary outcome, several confounders were included in the analysis
model to adjust the effect of these factors on DED development as possible: age, urbaniza-
tion, hypertension, T2DM, ischemic heart diseases, hyperlipidemia, peripheral vascular
disease, end-stage renal disease, rheumatoid arthritis, systemic lupus erythematosus, Sjo-
gren syndrome, MGE/Blepharitis, and the receipt of cataract surgery. The presence of these
covariates were based on the demographic codes, ICD-9 and ICD-10 diagnostic codes, and
the procedure/surgery codes in the NHIRD/LHID 2000. In addition, only the diseases that
diagnosed for more than two years were enrolled as the confounder to ensure the disease
interval and associated effect on DED formation.

2.5. Statistical Analysis

The SAS edition 9.4 version (SAS Institute Inc., Cary, NC, USA) was adopted for all
the statistical analyses in current study. Descriptive analysis were used to present the
demographic data and co-morbidities of the two groups, and the normality of study pop-
ulation was tested and affirmed using the Shapiro–Wilk test before subsequent analysis
(p > 0.05). The standard mean difference (SMD) was applied to compare the distribution
of each parameter between the two populations, and an SMD amount > 0.1 was regarded
as the significant difference. Then, the Cox proportional hazard regression analysis was
executed to produce an adjusted hazard ratio (aHR) and related 95 percent confidence
interval (CI) of DED development between the two populations. The effect of age, ur-
banization, and DED-associated co-morbidities were all adjusted in the Cox proportional
hazard regression analysis. In the subgroup analyses, the ovarian cancer patients were
stratified according to age (<40 years, 40–60 years, and <60 years) and duration of ovarian
cancer (<2 years, 2–4 years, and >4 years). The Cox proportional hazard regression was
adopted again with the adjustments of all the co-morbidities, and yielded the aHR and
corresponding 95% CI. The Cox proportional hazard regression belongs to the family of
survival analysis, which can present the ratio of an exposure population (the ovarian cancer
group in the current study) surviving from an outcome/morbidity (which is DED in the
current study). In addition to the comparison between exposure and non-exposure groups,
the Cox proportional hazard regression can integrate the effect of multiple factors in the
model; thus, the effect of known risk factors of DED like age, T2DM, and Sjogren syndrome
can be adjusted in the analysis to elevate the accuracy of our results. When compared to
other multiple regression analyses, the Cox proportional hazard regression can put the
survival time (from exposure to outcome or the end of study period) in the analysis model,
and the analysis can be better refined. Finally, a p < 0.05 was set as statistical significance in
the current study, and p values underneath 0.001 were depicted as p < 0.001.

3. Results

The baseline characteristics are presented in Table 1. The age distributions between the
two groups were not-significantly different due to the matching process (SMD = 0.002). The
level of urbanization was also similar between the two groups (SMD = 0.007). Regarding the
co-morbidities, the distribution of T2DM, ischemic heart disease, and blepharitis/MGD were
significantly higher in the ovarian cancer group than the control group (all SMD > 0.1), while
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the rests of co-morbidities showed similar distribution between the two groups (all SMD < 0.1)
(Table 1).

Table 1. Baseline characteristic between the study groups.

Characteristic
Control Group

(N = 19,968)
Ovarian Cancer Group

(N = 4992)
SMD

Age at index date 0.002
<40 5965 (29.87%) 1490 (29.85%)
40–49 5127 (25.68%) 1267 (25.38%)
50–59 4099 (20.53%) 1038 (20.79%)
60–69 2369 (11.86%) 589 (11.80%)
70–79 1567 (7.85%) 398 (7.97%)
≥80 841 (4.21%) 210 (4.21%)
Urbanization 0.007
1 (high) 6637 (33.24%) 1714 (34.33%)
2 5911 (29.60%) 1524 (30.53%)
3 3103 (15.54%) 775 (15.52%)
4 2584 (12.94%) 604 (12.10%)
5 365 (1.83%) 85 (1.70%)
6 793 (3.97%) 165 (3.31%)
7 (low) 575 (2.88%) 125 (2.50%)
Co-morbidity
Hypertension 3237 (16.21%) 947 (18.97%) 0.045
T2DM 1523 (7.63%) 468 (9.38%) 0.398 *
Ischemic heart diseases 755 (3.78%) 248 (4.97%) 0.117 *
Hyperlipidemia 1680 (8.41%) 448 (8.97%) 0.017
Peripheral vascular disease 92 (0.46%) 24 (0.48%) 0.005
End-stage renal disease 78 (0.39%) 42 (0.84%) 0.076
Rheumatoid arthritis 121 (0.61%) 37 (0.74%) 0.031
Systemic lupus erythematosus 23 (0.12%) 11 (0.22%) 0.009
Sjogren Syndrome 184 (0.92%) 49 (0.98%) 0.010
Blepharitis/MGD 976 (4.88%) 296 (5.92%) 0.249 *
Cataract surgery 250 (1.25%) 61 (1.22%) 0.003

T2DM: type 2 diabetes mellitus, MGD: meibomian gland dysfunction, N: number, SMD: standard mean difference.
* denotes significant difference between groups.

After the follow-up interval, there were 542 and 2502 episodes of DED found in the
ovarian cancer group and the control group, respectively (Table 2). The ovarian cancer
group demonstrated a significantly higher incidence of DED development than the control
group, with the adjustment of several confounders (aHR: 1.10, 95% CI: 1.01–1.21, p = 0.040)
(Table 2). In the subgroup analysis stratified by age, the ovarian cancer patients younger
than 60 years did not show higher incidence of DED than the control group (both p > 0.05),
but the ovarian cancer patients older than 60 years revealed a higher incidence of DED
compared to the non-ovarian cancer population (aHR: 1.19, 95% CI: 1.08–1.28, p = 0.011).
On the other hand, the ovarian cancer patients with disease duration more than five years
showed higher chance for developing DED than the non-ovarian cancer population (aHR:
1.13, 95% CI: 1.04–1.22, p = 0.027). Still, the ovarian cancer individuals with disease duration
lesser than five years showed similar rate of DED occurrence compared to the non-ovarian
cancer population (both p > 0.05) (Table 3).

Table 2. Risk of dry eye disease between the two groups.

Dry Eye Event
Control Group

(N = 19,968)
Ovarian Cancer Group

(N = 4992)
p Value

Follow-up person-month 1,875,677 375,612
Cases 2502 542
Crude HR (95% CI) Reference 1.08 (0.98–1.18)
aHR (95% CI) Reference 1.10 (1.01–1.21) 0.040 *

aHR: adjusted hazard ratio, adjusted for demographics and co-morbidities, CI: confidence interval, N: number.
* denotes significant difference between groups.
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Table 3. Subgroup analysis stratified by age and duration of ovarian cancer.

Subgroup aHR # 95% CI p Value

Age
<40 years 0.92 0.76–1.01 0.264
41–60 years 1.05 0.97–1.11 0.355
>60 years 1.19 1.08–1.28 0.011 *
Duration of ovarian cancer
<2 years 1.04 0.92–1.14 0.319
2–5 years 1.00 0.94–1.13 0.186
>5 years 1.13 1.04–1.22 0.027 *

aHR: adjusted hazard ratio, adjusted for demographics and co-morbidities, CI: confidence interval. * Denotes
significant difference between groups. # Risk of dry eye in ovarian cancer population compared to non-ovarian
cancer population.

4. Discussion

Briefly, the current study demonstrated a higher incidence of later DED in the patients
diagnosed with ovarian cancer. Moreover, the incidence of DED was even higher in the
ovarian cancer patients older than 60 years. On the other hand, the patients diagnosed
with ovarian cancer for more than five years presented with a significantly higher risk of
developing DED than the non-ovarian cancer population.

The patients diagnosed with ovarian cancer associated with a higher incidence of
subsequent DED in the current study. In a previous study, the existence of ovarian cancer
showed a significant relationship to several diseases like the obesity and T2DM [4,20]. Still,
no evidence for the correlation between ovarian cancer and eye disease was proposed
previously. In some experimental research, oxidative stress on the ocular surface was
significantly elevated in the individuals with moderate DED [25,35]. Regarding the correla-
tion between antioxidant and DED development, a previous study demonstrated that the
higher amount of antioxidant may decrease the severity of DED signs and symptoms [36].
Since both the ovarian cancer and DED share similar mechanism of elevated oxidative
stress [15,25,37], the presence of ovarian cancer may indicate a higher baseline oxidative
stress, and the incidence of DED may be elevated in such condition. This concept was
supported by the results of the current study. To our knowledge, this may be a preliminary
experience to demonstrate the positive correlation between the ovarian cancer and the
following DED development. Moreover, we excluded the patients diagnosed with DED
before or within 6 months after the diagnosis of ovarian cancer; thus, the time sequence
between the two diseases was be established. In addition, we adjusted the effect of several
predisposing factors of DED including age, T2DM, Sjogren syndrome, MGD, and cataract
surgery in the Cox proportional hazard regression [38,39]. Consequently, the ovarian cancer
may be an independent risk factor for the development of DED. Oxidative stress possibly
served as the main mechanism for the ovarian cancer-to-DED relationship because inflam-
mation and elevated oxidative stress were regarded as the major pathophysiologies for
many eye diseases including DED [25,40]. On the other hand, ovarian cancer did not raise
systemic inflammation prominently, but could contribute to the increasing serum oxidative
stress [15], which can circulate to the whole body involve the orbital and ocular region. As a
consequence, elevated oxidative stress could be the reason for the increasing DED incidence
in the ovarian cancer population. In addition to oxidative stress, serum sex hormones level
like estrogen are crucial for the onset of DED during in vitro fertilization [41], and both
the elevation of estrogen and progesterone are associated with the development of DED,
despite a few papers demonstrating contrary results [42]. Since ovarian cancer featured
with increased estrogen and progesterone [11], this may be another mechanism for DED
development in individuals with ovarian cancer.

On the other hand, the percentage of DED was numerically higher in the control group
compared to the ovarian cancer group, which is theoretically contrary to the results of
Cox proportional hazard regression. Still, the follow-up person-month per patient was
also higher in the control group than that in the ovarian cancer group. Consequently, it

54



Life 2024, 14, 530

may be reasonable that the percentage of DED is slightly higher in the population with
longer follow up period. Because the Cox proportional hazard regression can consider the
effect of exposure-to-event time on the incidence of outcome, the incidence of DED became
significantly higher in the ovarian cancer group after the adjustment. The longer follow-up
person-per-month in the control group may result from the fact that the population with
ovarian cancer experiences a higher mortality rate than the normal population, and the
mean age of ovarian cancer patients was significantly shorter in the previous study.

In the subgroup analysis, ovarian cancer patients aged older than 60 years showed a
higher incidence of DED compared to the non-ovarian-cancer individuals, and the aHR of
DED in the ovarian cancer subgroups toward non-ovarian-cancer subgroups numerically
decreased with younger age. Age is a known risk factor for DED, in which the prevalence
of DED elevates every five years in the population older than 50 years [43]. Also, the tear
volume was significantly lower in patients older than 40 years [44]. On the other hand,
ovarian cancer tends to occur in the female population older than 50 years old, which
shows an incidence rate higher than 25 per 100,000 women [3]. In addition to the role in
the development of the two diseases, age is also related to increased oxidative stress [44].
Due to the metabolism, the reactive oxygen species expression was significantly increased
in the elderly population [45]. Consequently, old age may lead to higher rate of ovarian
cancer, and both of these factors are associated with higher oxidative stress; thus, DED
occurred much easier in this situation. Regarding the influence of disease duration, the
ovarian cancer patient with a disease period longer than five years showed a higher chance
for developing DED. There was sparse research which reported this phenomenon. The
moderate oxidative stress level can promote the proliferation of ovarian cancer [15]; thus,
we speculate that the persistent oxidative stress that accompanies prolonged ovarian cancer
course could cause more damage to the human body, including the ocular surface. In
addition, ovarian cancer progresses over time, and the advanced stage of ovarian cancer
may contribute to a higher level of oxidative stress. Nevertheless, further study is needed
to confirm this hypothesis.

Concerning the epidemiology, the ovarian cancer is the second most frequent gyne-
cological cancer worldwide, just after breast cancer [7]. There were more than 200,000
patients diagnosed with ovarian cancer in 2018 [7], and more than 100,000 women die of
ovarian cancer annually throughout the world [1]. North America, Europe, and Oceania
showed the highest mortality rate from ovarian cancer [46]. DED, similarly to ovarian
cancer, affects numerous people, with an annual incidence of more than five percent in men
and women older than 40 years [27,47]. In specific situations, like the population using a
visual display terminal frequently, the incidence of DED can reach a rate as high as 60 per-
cent [48]. Advanced DED can not only damage the ocular surface, but can also contribute
to significant visual impairment and depressive conditions [27]. Because both DED and
ovarian cancer affects a huge number of people and would contribute to tremendous cost
and disability, any correlation between them may be demonstrated to better prevent the
development of these two prevalent diseases.

There are several major limitations in the current study. Firstly, both the NHIRD and
LHID 2000 are claimed databases which only preserve the codes for diagnosis, examination,
procedure, and medication prescription. As a consequence, much crucial information,
including the severity of co-morbidities, the site of ovarian cancer, the laterality of ovarian
cancer, the detailed pathological report of ovarian cancer, the results of image and laboratory
exam for ovarian cancer, the TNM stage for ovarian cancer, the treatment response of
ovarian cancer, the detail of surgery for ovarian cancer if arranged, the recurrence of
ovarian cancer, the type of DED, the external eye image of DED, the results of DED-related
examination, the severity of DED, the grade of MGD in DED population, the treatment
response of DED, and the subjective symptom of DED, cannot be accessed or cannot be
accessed with enough accuracy. Similarly, we cannot obtain the serum sex hormones level
in the Taiwan NHIRD because it only contained claimed data. In addition, the contact lens
wear and the receipt of refractive surgery are prominent risk factors for the development
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of DED [38], but the two covariates cannot be evaluated via the NHIRD and LHID 2000
because both managements are self-paid in Taiwan, which will not be recorded in the
national health insurance system. In addition, nearly all the participants in the current
study are Taiwanese, and thus the external validity of our results is limited. Finally, the
ovarian cancer group showed a higher ratio of T2DM, ischemic heart disease, and MGD,
which leads to a high heterogeneity between the two groups concerning the evaluation
of DED risk. However, we applied the Cox proportional hazard regression to adjust the
effect of these parameters. As a result, the influence of heterogeneity on the accuracy of our
analysis might not be prominent.

5. Conclusions

In conclusion, the existence of ovarian cancer is associated with higher incidence
of subsequent DED after the adjustments of multiple risk factors. Furthermore, the risk
of DED in the ovarian cancer population increase with the aging and prolonged disease
course. Consequently, the routine ophthalmic examination for the ovarian cancer patients
older than 60 years or diagnosed for more than five years could be recommended. A
further large-scale prospective study to reveal whether the presence of ovarian cancer
would influence the therapeutic outcome of DED is necessary.
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Abstract: Keratoconus is a corneal disease which results in progressive thinning and protrusion of
the cornea leading to irregular astigmatism. The purpose of this study was to evaluate longitudinal
changes in corneal volume (CV) occurring over time in keratoconus eyes. Consecutive patients
affected by keratoconus were evaluated by means of anterior segment-optical coherence tomography
(AS-OCT) at two different time points: baseline (T0) and after 1 year (T1). Anterior and posterior
refractive value; corneal thickness at the thinnest point (TP) and corneal volume (CV) calculated
within discs of 3, 5 and 8 mm of diameter; anterior chamber depth (ACD); and anterior chamber
volume (ACV) were obtained. Enrolled patients were divided into 3 groups (groups 1, 2, 3) according
to the increasing disease severity and into 2 groups (groups A, B) according to the progression
or stability of the disease. Overall, 116 eyes of 116 patients (76 males and 40 females, mean age
34.76 ± 13.99 years) were included. For the entire group of keratoconus patients, in comparison
with T0, mean TP decreased at T1 from 458.7 ± 52.2 μm to 454.6 ± 51.6 μm (p = 0.0004); in parallel,
mean value of CV calculated at 5 mm and 8 mm decreased significantly (from 10.78 ± 0.8 at T0
to 10.75 ± 0.79 at T1 (p = 0.02), and from 32.03 ± 2.01 mm3 at T0 to 31.95 ± 1.98 at T1 (p = 0.02),
respectively). Conversely, there were no statistically significant differences in CV at 3 mm from
T0 to T1 (p = 0.08), as well as for ACD and ACV. Regarding the course of the disease, patients
belonging to group A showed statistically significant differences from T0 to T1 for TP, and for CV
at 3 mm, 5 mm and 8 mm (p < 0.0001, p < 0.0001, p < 0.001 and p = 0.0058 respectively). There
were no statistically significant differences for ACD (p = 0.6916) and ACV calculated at 3, 5 and 8
mm (p = 0.7709, p = 0.3765, p = 0.2475, respectively) in group A. At the same time, no statistically
significant differences for ACD (p = 0.2897) and ACV calculated at 3, 5 and 8 mm (p = 0.9849,
p = 0.6420, p = 0.8338, respectively) were found in group B. There were statistically significant positive
correlations between changes of TP and CV at 3 mm (r = 0.6324, p < 0.0001), 5 mm (r = 0.7622,
p < 0.0001) and 8 mm (r = 0.5987 p < 0.0001). In conclusion, given the strong correlation with TP, CV
might be considered an additional AS-OCT parameter to be used in association with conventional
parameters when detecting longitudinal changes in keratoconic eyes.

Keywords: keratoconus; cornea; AS-OCT; corneal volume; corneal thickness

1. Introduction

Keratoconus is a complex corneal disease, associated with both genetic and environ-
mental factors [1,2]. Once considered non-inflammatory, its etiopathogenesis has now been
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related to pro-inflammatory pathways [3–5]. It is characterized by central corneal thinning
and protrusion that lead to progressive irregular astigmatism [1,2]. The majority cases,
accounting for 90% of the total, are binocular, often characterized by asymmetrical progres-
sion in both eyes [6,7]. The alteration in the curvature of the cornea results in the generation
of substantial levels of higher order aberrations, leading to a significant reduction in visual
quality [8]. In 2015, the Global Consensus on Keratoconus and Ectatic Diseases highlighted
the role of changes occurring in the posterior corneal surface and in corneal thickness
for the diagnosis of keratoconus [9]. Alterations of both disposition and composition of
collagen lamellae have been shown in eyes with keratoconus. This alteration leads to loss
of corneal rigidity and, consequently, corneal protrusion and thinning [10,11]. It has been
proposed that several factors, including localized changes in proteolitic enzyme activity
and pro-inflammatory citokines and a reduced production of collagen I, are associated
with breaks in Bowman’s layer and may simultaneously also promote the unraveling of
collagen fibrils, lamellar slippage and the disinsertion of lamellae from their anchoring
sites in Bowman’s layer [12–16]. When comparing keratoconus with normal corneas, the
collagen fibrillar mass is unevenly distributed, particularly at the apex of the cone, and the
organization of the stromal lamellae is drastically altered [12].

The diagnosis of keratoconus is reached thanks to corneal imaging that is able to
provide different levels of details, from corneal topography and pachymetry to anterior
segment-optical coherence tomography (AS-OCT). These instruments are essential when
assessing the course of the pathology. Corneal topography facilitates a comprehensive eval-
uation of the precise shape, size and location of keratoconus. The analysis of corneal ectasia
involves the assessment of corneal thickness through the use of corneal pachymetry [9,17].
Furthermore, the identification of keratoconus has undergone progressive improvements
in recent years, passing from basic assessments of the anterior corneal surface to precise
three-dimensional structural analysis of the entire cornea [18]. The concept of considering
the cornea as a solid entity possessing a distinct volume has been put forth as a prospective
and valuable clinical parameter for the identification and monitoring of frank keratoconus,
as well as for patients with subclinical manifestations [19,20]. The clinical application of
AS-OCT, a non-contact technique that follows the principles of low-coherence interferome-
try, has enabled the determination of structural corneal changes that occur in keratoconus
as the disease progresses [21]. Through the examination of the alteration that occurs in
the corneal microarchitecture of eyes affected by keratoconus, the disease’s severity can be
determined [22].

Though corneal volume (CV) measured by means of AS-OCT is sometimes used in
clinical and research practice to provide additional information about changes involving
posterior cornea, the real clinical impact of this parameter is not known [23,24]. Several
studies have reported a reduction in the corneal thinnest point (TP) in patients with
keratoconus compared with normal eyes, which is associated with the increase of corneal
curvature and the progression of the disease [19,25–27]. However, the reduction of CV was
shown only in advanced stages. In particular, Morishige et al. have demonstrated that
loss of CV occurs after the reduction of TP, suggesting that it is affected by the stromal
degradation that occurs only in the advanced stage of keratoconus [28].

Since longitudinal changes of CV in keratoconus eyes have yet to be investigated,
we sought to evaluate, over time, these modifications in patients with both stable and
progressive keratoconus.

2. Materials and Methods

This institutional retrospective cohort study reviewed the medical records of all kerato-
conus eyes followed at a tertiary referral center (Department of Ophthalmology, University
of Magna Graecia, Catanzaro, Italy) from April 2012 to December 2021. The study followed
the principles of the 1964 Declaration of Helsinki and was approved by the local ethics
committee (Comitato Etico Regione Calabria—Sezione Area Centro). A detailed informed
consent form for study participation was signed by all patients during a routine control visit.
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Inclusion criteria were a diagnosis of keratoconus and the presence of two examinations
with good quality corneal imaging one year apart. Data from each subject were examined
at least twice by different ophthalmologists to confirm the diagnosis. The presence of
keratoconus was determined by a slit lamp examination, which included signs such as
stromal thinning, Vogt’s streaks, Fleischer’s rings, and tomographic findings suggestive of
keratoconus. The exclusion criteria for this study included any history of ocular surgery,
particularly eyes that had undergone keratoplasty; systemic or ocular disease (excluding
keratoconus); or use of ocular medications (excluding antihistamines). Patients who were
wearing contact lenses were instructed to discontinue their use 48 h prior to their scheduled
visit. Tomographic maps for keratometry and pachymetry values and AS-OCT scans for
CV at different diameters, namely 3 mm (Figure 1), 5 mm (Figure 2) and 8 mm (Figure 3)
centered on the corneal apex, were obtained using Casia 1 (Tomey Corp., Nagoya, Japan)
at baseline (T0), and after 1 year (T1) and 2 years (T2).

 

Figure 1. Anterior segment-optical coherence tomography showing cornea volume at 3 mm (light
green) and anterior chamber volume at 3 mm (dark green).

 

Figure 2. Anterior segment-optical coherence tomography showing cornea volume at 5 mm (light
green) and anterior chamber volume at 5 mm (dark green).
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Figure 3. Anterior segment-optical coherence tomography showing cornea volume at 8 mm (light
green) and anterior chamber volume at 8 mm (dark green).

Thanks to the three-dimensional image of the anterior segment, the calculations of
anterior chamber depth (ACD) and anterior chamber volume (ACV) were also performed.
Data were collected by the same examiner (NP) and analyzed independently by an addi-
tional operator (SV).

Each eye with keratoconus was staged in terms of severity of the disease according
to the steepest keratometry (K) values, using a simple keratoconus classification, and
according to the progression of the disease evaluated as a reduction of TP in 1 year. With
regard to the former classification, eyes with a steepest K value lower than 45 D were
classified as mild (group 1), those with a K value between 45 and 52 D as moderate
(group 2) and those with K value higher than 52 D as severe (group 3) [25]. With regard to
the latter classification, eyes with an increase of K values > 1 D and/or pachymetry with a
≥2% decrease in TP in 1 year were classified as progressive keratoconus (group A) while
those with no/lower increase were classified as stable (group B) [29,30]. During the period
of observation, keratoplasty was not necessary for any of the eyes that were examined.

Statistical Methods

Statistical analyses were performed using Prism version 9.4.0 (GraphPad Software Inc.,
San Diego, CA, USA) and Jamovi version 2.4.1.0 (The jamovi project, Sidney, Australia).
Normally distributed data were expressed as mean ± standard deviation (SD), otherwise
as median values with interquartile range (IQR). Parametric and nonparametric tests
were chosen based on data normality. The Anderson–Darling and Kolmogorov–Smirnov
tests were applied to assess whether data were normally distributed. Student’s t test,
Mann–Whitney U test, Dunnett’s multiple comparison test and Friedman test were used to
compare variables, when appropriate. The Pearson correlation test was used to evaluate the
correlation of parameters. A p-value less than 0.05 was considered statistically significant.

3. Results

The study included 116 eyes of 116 patients (76 males and 40 females, mean age
34.76 ± 13.99 years) who received two consecutive annual examinations. At baseline,
72 eyes were classified as affected by mild keratoconus (group 1), 34 as moderate (group
2) and 10 as severe (group 3). There were no statistically significant differences among
groups for age, sex or eye distribution. The mean ± SD steep K values for mild, moderate
and severe cases were 45.70 ± 1.60 D, 50.78 ± 1.42 D and 56.86 ± 1.86 D, respectively.
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The mean ± SD values for CV at the different diameter discs (3, 5, and 8 mm) are shown in
Table 1.

Table 1. Baseline corneal volume at three diameters.

All (n = 116) Group 1 (n = 72) Group 2 (n = 34) Group 3 (n = 10)

Corneal volume 3 mm Ø (mm3) mean ± SD 3.67 ± 0.29 3.77 ± 0.25 3.53 ± 0.27 3.24 ± 0.28
Corneal volume 5 mm Ø (mm3) mean ± SD 10.79 ± 0.75 11.01 ± 0.70 10.55 ± 0.73 9.92 ± 0.90
Corneal volume 8 mm Ø (mm3) mean ± SD 32.05 ± 1.90 32.38 ± 1.89 31.70 ± 2.01 30.68 ± 2.31

SD: standard deviation.

For the entire group of keratoconus patients, in comparison with T0, mean TP decreased
at T1 from 458.7 ± 52.2 μm to 454.6 ± 51.6 μm (p = 0.0004); in the same period, statistically
significant differences were detected regarding CV at 5 mm and 8 mm (from 10.78 ± 0.8 mm3

to 10.75 ± 0.79 mm3, p = 0.02, and from 32.03 ± 2.01 mm3 to 31.95 ± 1.98 mm3, p = 0.02,
respectively). Conversely, there were no statistically significant differences in CV at 3 mm
from T0 (3.66 ± 0.31 mm3) to T1 (3.64 ± 0.31 mm3) (p = 0.08) (Figure 4), or for ACD (p = 0.2568)
and ACV calculated at 3, 5 and 8 mm (p = 0.8464, p = 0.4627, p = 0.3714 respectively).

 

Figure 4. Values of corneal thickness at the thinnest point, and corneal volume at baseline and 1 year
later in the overall study population. TP: corneal thickness at the thinnest point; CV3: corneal volume
at 3 mm diameter; CV5: corneal volume at 5 mm diameter; CV8: corneal volume at 8 mm diameter;
T0: baseline; T1: 1 year later; ns, not significant; * p < 0.05; *** p < 0.001.

There were positive correlations that were statistically significant between the average
TP and the CV at 3 mm (r = 0.918; p < 0.001), 5 mm (r = 0.891; p < 0.001) and 8 mm (r = 0.788;
p < 0.001) (Table 2).
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Table 2. Correlation matrix among corneal thickness at the thinnest point, and corneal volume at
different diameters.

Correlation Matrix

TP CV 3 mm CV 5 mm CV 8 mm

TP Pearson’s r -
df -
p-value -

CV 3 mm Pearson’s r 0.918 -
df 114 -
p-value <0.001 -

CV 5 mm Pearson’s r 0.891 0.971 -
df 114 114 -
p-value <0.001 <0.001 -

CV 8 mm Pearson’s r 0.788 0.888 0.960 -
df 114 114 114 -
p-value <0.001 <0.001 <0.001 -

TP: Corneal thickness at the thinnest point; CV3: Corneal volume at 3 mm diameter; CV5: Corneal volume at
5 mm diameter; CV8: Corneal volume at 8 mm diameter.

There were statistically significant positive correlations between changes of TP and
CV at 3 mm (r = 0.6324, p < 0.0001), 5 mm (r = 0.7622, p < 0.0001) and 8 mm (r = 0.5987,
p < 0.0001) (Figure 5).

  

Figure 5. Correlations between changes (Δ) of TP and CV at 3 mm, 5 mm and 8 mm. TP: corneal
thickness at the thinnest point; CV3: corneal volume at 3 mm diameter; CV5: corneal volume at 5 mm
diameter; CV8: corneal volume at 8 mm diameter.

Concerning patients with stable (group B; n = 86) or progressive (group A; n = 30)
disease, there were statistically significant differences in group A for TP, CV at 3 mm, 5 mm
and 8 mm (p < 0.0001, p < 0.0001, p < 0.001 and p = 0.0058 respectively) (Figure 6).

In patients belonging to group B, there were no statistically significant differences in
TP or in CV at 3 mm, 5 mm and 8 mm (p = 0.4601, p = 0.3275, p = 0.8482 and p = 0.5574
respectively). There were no statistically significant differences for ACD (p = 0.6916) or for
ACV calculated at 3, 5 and 8 mm (p = 0.7709, p = 0.3765, p = 0.2475 respectively) in group A.
At the same time, no statistically significant differences for ACD (p = 0.2897) or for ACV
calculated at 3, 5 and 8 mm (p = 0.9849, p = 0.6420, p = 0.8338 respectively) were found in
group B.
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Figure 6. Values of TP, CV3, CV5 and CV8 values at T0 and in the subgroup A. TP: corneal thickness
at the thinnest point; CV3: corneal volume at 3 mm diameter; CV5: corneal volume at 5 mm diameter;
CV8: corneal volume at 8 mm diameter; T0: baseline; T1: 1 year later; ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

4. Discussion

The Global Consensus on Keratoconus and Ectatic Diseases highlighted the important
role of the assessment of alterations in the posterior corneal surface and corneal thickness
when diagnosing keratoconus [8]. The recent adoption of AS-OCT for the assessment of
CV might offer additional insights into alterations affecting the cornea [20,23]. AS-OCT
has the advantage of acquiring three-dimensional images of the anterior segment of the
eyes, in addition to cross-sectional images [21]. Significant changes in TP and CV have
been reported between patients with subclinical and clinical keratoconus in comparison
with a control group [23]. The combined use of pachymetric and volumetric data has been
shown to offer a more effective assessment of corneal structure in patients with keratoconus,
exhibiting favorable levels of sensitivity and specificity when identifying both clinical and
subclinical cases [24–28,31]. A previous study has documented a considerable reduction in
CV in patients with moderate and severe keratoconus, with the most pronounced decrease
observed in the central and para-central regions. This implies that the decrease in CV
could be a result of stromal degradation, a process that happens in the later stages of the
disease [32]. A recent study created a quantitative staging method for keratoconus using
AS-OCT and demonstrated a robust concordance with the already established classification
systems. This staging method, named STEP is determined by the stromal overall minimum
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thickness (ST) and epithelium overall standard deviation (EP). Integrating stromal and
corneal epithelial data with the use of AS-OCT has the potential to further improve the
treatment and management of keratoconus [33]. Cavas-Martínez et al. conducted a study
that provided evidence of a notable decrease in CV during the early stages of keratoconus.
Furthermore, the study revealed that the extent of this loss becomes more pronounced
as the severity of the disease increases, as determined by the Amsler–Krumeich grading
system [32,34].

In accordance with these findings, our study demonstrates a statistically significant
decrease over time of TP in patients with keratoconus. At the same time, statistically
significant differences were detected regarding CV at 5 mm and 8 mm (but not at 3 mm)
from T0 to T1. This discrepancy may be attributed to the fact that a larger diameter allows
for a higher likelihood of analyzing the corneal area in which the cone is typically located,
which is situated in the middle periphery rather than the central region [35]. Similarly,
Cui et al. analyzed 48 patients, a control group of 29 individuals with myopic astigmatism
and 19 patients who had subclinical keratoconus. The corneal assessment was conducted
using the Pentacam Scheimpflug system, in addition to central corneal thickness they
considered CV at 3 mm, 5 mm and 7 mm. They found that subclinical keratoconus and
normal corneas differed significantly with regard to all parameters, with the exception of
CV3 and CV5. The study utilized partial least squares (PLS) analysis to develop models,
taking into account thickness and corneal volume values. The resulting model had a
sensitivity of 79.3% and a specificity of 94.7%. It appears that the combination of corneal
thickness and volume parameters distinguishes keratoconus corneas from normal corneas
more effectively than a single parameter [31]. In a previous study Ambrósio et al., in
order to investigate corneal architecture, presented novel corneal tomography parameters
obtained from the Pentacam Comprehensive Eye Scanner. Specifically, they analyzed the
distribution of corneal volume and the spatial profile of corneal thickness, calculated at
different diameters of CV from 1.0 to 7.0 mm with 0.5 mm steps, in order to distinguish
keratoconic from healthy corneas. Keratoconic eyes are characterized by thinner diameter
and volume, with a more abrupt increase in these parameters from the thinnest point to
the periphery, compared with normal eyes [24]. A recent study assessed the precision of
various corneal parameters in identifying keratoconus by employing a dual Scheimpflug–
Placido system. The study found that the corneal volume at 10 mm did not show any
significant differences between the keratoconus group and the healthy group [36].

In contrast with prior investigations, our research exclusively focused on patients
diagnosed with keratoconus. Within the subgroup of patients with progressive disease
(group A), there were statistically significant differences observed in either thickness or
volume measurements over time. On the contrary, no differences were detected in patients
with stable disease (group B). Furthermore, strong correlations have been demonstrated
between TP (both mean values and changes from T0 to T1) and all of the types of CV (3 mm,
5 mm and 8 mm) in the entire population of patients irrespective of the progression of
the disease.

Knowing the cornea’s volume could be useful to assess the progression of the KC.
However, it is important to note that CV has been measured through the utilization of
several clinical examination methods, such as a Scheimpflug camera and anterior segment-
optical coherence tomography (AS-OCT). In particular, Ambrósio et al. employed the
Pentacam Comprehensive Eye Scanner. Corneal thickness measurements were taken at
the point of minimum thickness for each eye. The mean thickness values of the points on
22 hypothetical circles, centered on the thinnest point, were computed. These calculations
were used to generate the spatial profile of corneal thickness for the creation of the corneal
volume distribution. The percentage increase in volume was determined for each position
by applying a mathematical formula to the initial volume of 1 mm [24]. Cervin õ et al. used
a software to precisely simulate a surface using the collected data points obtained from
corneal topography and ultrasonic topographic pachymetry. The volume underneath both
the front and back sides of the cornea was then calculated [20]. Another study utilized
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raw topographic data from the Sirius system to enable morphogeometric modeling of the
cornea with the assistance of CAD tools [32]. All of these studies used different software to
obtain CV as, without the utilization of these programs, incorporating the parameter into
clinical practice becomes challenging. In our study the calculation of CV was performed
using the SS-OCT Viewer program developed by Tomey. The area corresponding to the
cornea was automatically delineated in the 16 AS-OCT pictures, and the volume of interest
was then determined. This method had been used by Morishige et al., who found that
stromal degradation, which only happens in the advanced stage of keratoconus, has an
impact on the loss of CV [28]. The primary limitation of this method is the imprecise
automated segmentation. The AS-OCT software (Tomey Link Exam Viewer Version 6P.1)
independently generates the demarcated area. Therefore, it is of greatest importance to
have control over segmentation. Simultaneously, it is crucial to verify that the examination
is centered on the corneal apex in order to establish a standardized assessment.

Furthermore, OCT provides evaluation of the changes in advanced cases of kerato-
conus, when the accuracy of corneal topography for reliability is reduced. In particular,
when severe stromal lesions are present and a patient is undergoing keratoplasty for KC,
the AS-OCT analysis is critical for determining the optimal strategy, particularly with
regard to the surgical approach and methodology utilized during deep anterior lamellar
keratoplasty (DALK) [17]. A previous study into the predictors that influence the formation
and type of big bubbles (BB) during DALK revealed that the existence of posterior scars
signifies a noteworthy risk factor for type 2 BB formation; in these cases, manual techniques
should be considered to reduce the risk of penetrating keratoplasty (PK) conversion and
prevent intraoperative complications [17].

Although our study is the first to investigate the longitudinal changes of CV in a
large keratoconus population, it is important to acknowledge the inherent limitations of
our study that deserve mentioning. Firstly, a control group of healthy subjects without
corneal abnormalities has not been included in the analysis. Secondly, in order to obtain
a sufficiently wide group of patients with progressive keratoconus, a cut-off value that is
lower than is typical was used for the reduction of TP in 1 year to identify patient belonging
to this group.

In conclusion, AS-OCT is progressively assuming a crucial role in the examination
of corneal modifications among patients diagnosed with keratoconus. Given the positive
correlations between TP and CV, the latter could be a useful parameter, but further research
is required to elucidate the diagnostic performance of CV when evaluating patients affected
by keratoconus.
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Abstract: We aim to investigate the myopic control effect of high-concentration atropine (ATR) and
dual-focus contact lenses (DFCLs). A retrospective cohort study was conducted. A total of 182 eyes in
91 individuals who used high-concentration ATR (0.125%) and another 70 eyes in 35 individuals who
used DFCLs were enrolled in the ATR and DFCL groups, respectively. The primary outcomes were
spherical equivalent refraction (SER) progression and axial length (AXL) elongation. The generalized
estimate equation was utilized to yield the adjusted odds ratio (aOR) and 95% confidence interval (CI)
of cycloplegic SER progression and AXL elongation between groups. According to the multivariable
analysis, the change in cycloplegic SER progression was similar between the DFCL and ATR groups
(aOR: 1.305, 95% CI: 0.247–2.515, p = 0.803). The DFCL group demonstrated a numerically higher
rate of AXL elongation compared to the ATR group (aOR: 1.530, 95% CI: 0.980–1.894, p = 0.051). In
the subgroup analysis, cycloplegic SER progression was insignificant between ATR and DFCL users
in different subgroups (all p > 0.05). The DFCL patients with moderate astigmatism and high AXL
(both p < 0.001) presented a high risk of AXL elongation. In conclusion, DFCL usage demonstrated
similar myopic control of cycloplegic SER and AXL compared to high-concentration ATR, while
DFCLs showed lower AXL control, mainly in patients with moderate astigmatism and high AXL.

Keywords: atropine; dual-focus contact lenses; spherical equivalent refraction; axial length; astigmatism

1. Introduction

Myopia, which has recently shown increased occurrence, is a disease in which images
focus in front of the retinal plane, causing blurry vision [1,2]. Normally, rays enter the eye
and hit the center of the retina, and the photoreceptors on the retina collect the light signals.
Then, the light signals are converted to electrical signals and pass through the retina to
reach the optic nerve. The optic nerve then transports these signals into the occipital lobe,
where visual signals are managed, producing vision. In patients with myopia, light enters
the eye and focuses on a spot in front of the retina, and the photoreceptors cannot produce
sufficient signals, thus causing blurry vision.

The etiologies of the formation of myopia, or the reasons for light focusing in front
of the retina rather than on the retina, are axial myopia and refractive myopia [1,2]. Axial
myopia is caused by the eyeball growing too long compared to the eye’s refractive power,
which is the most common type of childhood/acquired myopia. The axial length of the
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eyeball is the distance from the cornea to the retina, and light will focus in front of the
retina rather than directly hit it if the eyeball is too long, causing distant images to appear
blurry [1,2]. In comparison, refractive myopia develops if the curve of the cornea or the
crystalline lens is extremely steep. The prevalence of refractive myopia is not as common as
axial myopia [1,2]. In rare episodes, refractive myopia can also occur if the lens is located
too close to the cornea. It is also possible to possess myopia that combines both the axial
and refractive pathophysiologies.

Concerning the rate of myopia, the annual prevalence of myopia is nearly 44 percent
in the Caucasian population and about 80 percent in the Eastern Asian region due to
differences in lifestyle [3]. The main etiologies for the development of myopia include
the steepening of the corneal curvature and the elongation of the eyeball, the latter of
which tends to progress after birth [4]. High myopia, which is regarded as a sphere power
over −5.00 diopter (D), contributes to higher rates of optic nerve damage and myopic
maculopathy, and the importance of preventing the development of high myopia cannot
be overemphasized [5].

Different methods of myopia control have previously been evaluated and applied [1,6].
Atropine (ATR) is a medication used for cycloplegic refraction, or dilating the pupil, for
the examination of the retina and the execution of cataract and retinal surgery [2,7], and
the application of ATR in children can also slow myopia progression. The usage of ATR
for myopia control can be traced back to the 1990s when no spectacle-related myopia-
control products were available. The mechanism of ATR’s myopia control effect is due
to the retardation of axial length elongation rather than the cycloplegic function that
relieves the pupil sphincter [2,7]. The application of high-concentration ATR reduces
the degree of myopia progression effectively, but complications, including photophobia,
blurry vision at reading distance, and ocular allergies, may occur [2,7]. The elevation of
intraocular pressure after ATR utilization has been reported, but its incidence is extremely
rare, and thus, the safety of ATR can be guaranteed with regard to ocular hypertension and
subsequent glaucoma [2,7].

In addition, orthokeratology contact lenses can contribute to a good myopia control
rate with regard to refractive status [8,9]. The orthokeratology contact lens was first pro-
posed in the 1960s in which the initial orthokeratology contact lens resembled a rigid
gas-permeable contact lens. However, the visual outcome and refractive predictability of
the initial orthokeratology contact lenses were poor, and they were soon abandoned. The
re-introduction of orthokeratology contact lenses occurred in the 1990s, which included the
following three innovations: the reverse-geometry shape design of orthokeratology contact
lenses, the emergence of high-oxygen-permeability material, and the clinical application
of topography in the production of orthokeratology contact lenses [8,9]. Subsequently,
orthokeratology contact lenses became a credible and effective tool for controlling myopic
progression. Moreover, nearly all patients with orthokeratology contact lenses achieve
spectacle independence, elevating daily convenience without a reduction in visual qual-
ity [10]. In fact, the visual quality of children wearing the orthokeratology contact lenses
was shown to be numerically better than those wearing spectacle lenses [10].

When comparing the effects of ATR and orthokeratology contact lenses on myopia
control, spherical equivalent refraction (SER) progression and axial length (AXL) elon-
gation were shown to be similar between high-concentration ATR and orthokeratology
contact lenses [11]. In terms of complications, irritation was observed in both the ATR and
orthokeratology contact lens groups, although its severity was not enough to discard the
treatments altogether [11]. Consequently, we can say that both ATR and orthokeratology
contact lenses are safe and efficient tools for myopic control.

Except for the rigid design of orthokeratology contact lenses, several soft contact
lenses have been produced for the purpose of controlling myopia [1,8,12,13]. Among them,
dual-focus contact lenses (DFCLs) were first introduced in the mid-2010s and showed
a fair myopic control effect concerning SER progression and AXL elongation compared
to individuals using general soft contact lenses [14]. When considering side effects in

71



Life 2024, 14, 118

individuals using DFCLs, only one patient was diagnosed with peripheral corneal haze,
which did not interfere with visual function [14]. In addition, one patient developed
uveitis during the application of DFCLs, but uveitis is less likely to be triggered by DFCLs,
according to [14]. When comparing DFCLs and high-concentration ATR, previous studies
have shown a numerically higher myopic control effect in high-concentration ATR [7,8,15];
however, these previous studies compared the effect of DFCLs and high-concentration ATR
using different study designs and regions [7,8,15], and a comparison between DFCLs and
high-concentration ATR using similar conditions has not been conducted.

Thus, the aim of the current study is to compare the myopic control effects of high-
concentration ATR and DFCLs on the management of SER progression and AXL elongation
in the individuals receiving these treatments. All the patients enrolled in the current study
resided in the Taiwan region.

2. Materials and Methods

2.1. Participant Selection

A retrospective cohort study was performed at the Nobel Eye Institute from 1 October
2020 to 31 September 2022. The Nobel Eye Institute is a joint clinic group that owns several
branches in the northern, central, and southern regions of Taiwan. The inclusion criteria
of our participants were (1) age younger than 15 years, (2) use of high-concentration ATR
or DFCLs in our clinics, and (3) regular follow-ups in any branch of our clinic for at least
one year with a minimum of six appointments per year. One brand of high-concentration
ATR (0.125% Tropine, Aseptic Innovative Medicine Co., Ltd., Taoyuan Dist, Taoyuan City,
Taiwan) and one brand of DFCLs (MiSight, CooperVision, Victor, NY, USA) were used
in our study. To choose the myopic control tool, the ophthalmologist proposed all types
of myopic control methods, if no absolute contraindications existed (i.e., a 5-year-old
child for DFCL usage), to the children and parents. Then, the ophthalmologist discussed
the selection of the myopic control method with the parents (and potentially also the
children), where different ophthalmologists’ habits and opinions of each myopic control
tool could influence the selection result. Finally, the parents chose the type of myopic
control method for the children, and the ophthalmologist prescribed the tool for them if no
absolute contraindication was present. In our clinics, DFCL users wore the contact lenses
for 10 h per day, every day without breaks. The ATR group was given atropine between
21:00 and 23:00, just before sleep without breaks. Because this period is relatively far from
the measurement intervals (15:00 to 21:00) used in our clinic, ATR instillation might not
influence the SER measurement to a large extent. In addition, several exclusion criteria were
applied to decrease the heterogeneity of the study population and exclude extreme visual
impairment: (1) baseline best-corrected visual acuity (BCVA) lower than 20/40 on a Snellen
chart, (2) high myopia with sphere power higher than −5.00 D, (3) high astigmatism with
cylinder power higher than −2.50 D and (4) severe ocular defects including but not limited
to corneal scars, corneal neovascularization, congenital glaucoma, congenital cataracts,
advanced retinopathy of prematurity, optic nerve atrophy and color blindness. Additionally,
individuals using DFCLs with any ATR application were also excluded. After the whole
process, a total of 182 eyes in 91 patients and 70 eyes in 35 patients were categorized into
the ATR group and DFCL group, respectively.

2.2. Primary Outcome

The basic characteristics of each individual, including age, sex, pre-treatment BCVA,
sphere power, cylinder power, and AXL, were obtained from the medical documents.
The BCVA was performed with a trial frame, and the optimal visual acuity was refined
by our optometrists. The sphere power was tested first, followed by the cylinder axis.
After that, the cylinder power was determined. With regard to the parameters of myopic
progression, the primary outcomes in the current study were SER progression and AXL
elongation during the one-year follow-up period. The refraction and AXL were examined
with an autorefractor (KR-8900, Topcon, Itabashi-ku, Tokyo, Japan) and biometry device
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(IOL Master 500, Carl Zeiss, Göschwitzer Str., Jena, Germany) in each branch of our clinic.
The autorefractor measurement was performed three times, and the optical biometry
was performed once for each patient. Cycloplegic refraction was performed for all the
participants before beginning myopic control management and about one year after myopic
control management. Refraction, including sphere and cylinder, was measured three times;
the average values of the three results were entered into the dataset of the current study,
and the sphere power plus half of the cylinder power was defined as the SER. All the
optometry rooms in our clinics adhere to the law of optometrists in Taiwan; the room sizes,
devices, light conditions, and distances between the Snellen chart and patient are the same
among all the branches of our clinic. Also, the brands of Snellen chart and optical biometry
are the same among all the branches of our clinic, and the time of measurement usually
ranges from 15:00 to 21:00. Both SER and AXL values before management, 1 month after
management, 3 months after management, 6 months after management, 9 months after
management, and 12 months after management in the two groups were recorded and used
in the following statistical analysis.

2.3. Statistical Analysis

SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical analyses
of the current study. We used descriptive analysis to illustrate the basic characteristics
between the two groups, and the Chi-square test and independent T-test were applied
for the comparison of basic characteristics between the two groups depending on the
parameters. After that, the independent T-test was executed to compare the baseline
cycloplegic SER and AXL and final cycloplegic SER and AXL between the two groups, and
the generalized estimate equation was adopted for analyzing the alteration of cycloplegic
SER progression and AXL elongation between the two populations with adjustment of the
effects of sex, age, pre-treatment BCVA, pre-treatment AXL, and pre-treatment cycloplegic
SER. The adjusted odds ratio (aOR) with 95% confidence interval (CI) of the DFCL group
compared to the ATR group was yielded by the generalized estimate equation. Also, we
plotted a line chart for the trends of manifest SER progression and AXL elongation of the
ATR and DFCL groups during the study interval. For the subgroup analysis, the total SER
and AXL changes in individuals receiving high-concentration ATR or using DFCLs with
moderate myopia (more than −3.00 D), moderate astigmatism (more than −1.50 D), high
AXL (more than 25.00 mm) and old age (older than 12 years old) were evaluated separately
using the generalized estimate equation. The statistical significance was defined as p < 0.05
in the current study, and a p-value lower than 0.001 was described as p < 0.001.

3. Results

3.1. Basic Characteristics of the Study Population

The basic characteristics of the two groups are presented in Table 1. The mean age was
10.26 ± 2.56 and 12.33 ± 2.09 years old in the ATR and DFCL groups, and the DFCL group
was significantly older than the ATR group (p < 0.001). Also, the DFCL group showed
a higher baseline sphere power than the ATR group (−1.01 ± 1.42 versus −1.43 ± 1.47,
p = 0.0028) (Table 1). The other parameters, including sex, baseline BCVA, and baseline
cylinder power, were similar between the two groups (all p > 0.05) (Table 1).

Table 1. Basic characteristics of the two groups.

Characteristic ATR Group (N = 182) DFCL Group (N = 70) p Value

Age 10.26 ± 2.56 12.33 ± 2.09 <0.001 *
Sex (male:female) 45:46 15:20 0.587
Pre-treatment BCVA (LogMAR) 0.004 ± 0.007 0.008 ± 0.004 0.412
Pre-treatment sphere (D) −1.01 ± 1.42 −1.43 ± 1.47 0.028 *
Pre-treatment cylinder (D) −0.52 ± 0.60 −0.57 ± 0.49 0.840

ATR: atropine, BCVA: best-corrected visual acuity, D: diopter, DFCL: dual-focus contact lenses, N: number, SER:
spherical equivalent refraction. * denotes significant difference between groups.
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3.2. Change in Refraction and Axial Length after Treatments

The baseline cycloplegic SER was −1.28 ± 1.41 D in the ATR group and −1.71 ± 1.56 D
in the DFCL group, in which DFCL showed a higher initial cycloplegic SER (p < 0.001).
After the follow-up interval, the cycloplegic SER was −1.59 ± 1.40 D in the ATR group
and −2.03 ± 1.79 D in the DFCL group. The change in cycloplegic SER (−0.31 ± 0.87
versus −0.32 ± 0.89) was similar between the ATR and DFCL groups (aOR: 1.305, 95%
CI: 0.247–2.515, p = 0.803) after adjusting for the effects of sex, age, pre-treatment BCVA,
pre-treatment AXL and pre-treatment cycloplegic SER. On the other hand, the baseline
AXL was 24.06 ± 0.72 mm and 24.34 ± 0.92 mm in the ATR and DFCL groups, respectively,
and the DFCL group also showed a longer baseline AXL (p < 0.001). One year after the
treatment, the AXL was 24.10 ± 0.78 mm in the ATR group and 24.53 ± 0.96 mm in the
DFCL group (Table 2), and the DFCL group presented a significantly higher AXL after
treatment compared to the ATR group (p = 0.007) (Table 2). However, the DFCL group
only demonstrated a numerically higher rate of AXL elongation than the ATR group (aOR:
1.530, 95% CI: 0.980–1.894, p = 0.051) according to the result of the generalized estimate
equation. The trends of manifest SER progression and AXL elongation are presented in
Figures 1 and 2.

Table 2. The changes in cycloplegic spherical equivalent and axial length between the two groups
after the follow-up period.

Outcome ATR Group (N = 182) DFCL Group (N = 70) p Value

SER (D)
Pre-treatment −1.28 ± 1.41 −1.71 ± 1.56 0.009 *
Post-treatment −1.59 ± 1.40 −2.03 ± 1.79 0.007 *
Change −0.31 ± 0.87 −0.32 ± 0.89 0.884

AXL (mm)
Pre-treatment 24.06 ± 0.72 24.34 ± 0.92 <0.001 *
Post-treatment 24.10 ± 0.78 24.53 ± 0.96 0.007 *
Change 0.04 ± 0.39 0.19 ± 0.26 0.002 *

ATR: atropine, AXL: axial length, D: diopter, DFCL: dual-focus contact lenses, N: number, SER: spherical equivalent
refraction. * denotes significant difference between groups.

Figure 1. The trend of manifest spherical equivalent changes between the two groups. D: diopter,
SE: spherical equivalent.
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Figure 2. The trend of axial length changes between the two groups. AXL: axial length.

3.3. Subgroup Analyses with Different Parameters

In total, there were 37 eyes with ATR usage and 16 eyes with DFCL usage in the
moderate myopia population, 12 eyes with ATR usage and 5 eyes with DFCL usage in the
moderate astigmatism population, 48 eyes with ATR usage and 22 eyes with DFCL usage
in the high-AXL population and 54 eyes with ATR usage and 46 eyes with DFCL usage
in the old age population. In the subgroup analysis, the cycloplegic SER progression was
insignificant between ATR and DFCL users in all four different subgroups, including the
moderate myopia subgroup, moderate astigmatism subgroup, high-AXL subgroup, and
the old age subgroup (all p > 0.05) (Table 3). Concerning the AXL elongation, the DFCL
patients with moderate astigmatism (aOR: 1.893, 95% CI: 1.252–2.557, p < 0.001) and high
AXL (aOR: 1.994, 95% CI: 1.568–2.817, p < 0.001) presented a high risk of AXL elongation
compared to the ATR patients under the same conditions, and the trend of AXL elongation
demonstrated no difference between the ATR and DFCL users with moderate myopia or
old age (both p < 0.05) (Table 3).

Table 3. Subgroup analysis for the risk of myopia progression in the DFCL group compared to the
ATR group with different characteristics.

Subgroup aOR # 95%CI p Value

SER
Moderate myopia 1.008 0.420–1.944 0.778
Moderate astigmatism 0.975 0.126–1.875 0.650
High AXL 1.339 0.638–2.588 0.561
Old age 1.015 0.213–2.487 0.723

AXL
Moderate myopia 1.064 0.847–1.280 0.540
Moderate astigmatism 1.893 1.252–2.557 <0.001 *
High AXL 1.994 1.568–2.817 <0.001 *
Old age 1.472 0.862–2.514 0.157

aOR: adjusted odds ratio, AXL: axial length, CI: confidence interval, SER: spherical equivalent refraction. * denotes
significant difference between groups. # aOR means the DFCL group compared to the ATR group, adjusted for
age, sex, pre-treatment BCVA, pre-treatment cycloplegic SE, and pre-treatment AXL.

4. Discussion

Briefly, the current study showed a similar cycloplegic SER progression in the high-
concentration ATR and DFCL groups after a follow-up period of one year. Moreover, the
speed of AXL elongation was comparable in the participants using DFCLs and the partici-
pants using high-concentration ATR. Also, the DFCL users with moderate astigmatism or
high AXL tended to develop higher AXL elongation compared to high-concentration ATR
users with similar characteristics.
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The patients with high-concentration ATR and DFCL applications demonstrated
statistically the same cycloplegic SER progression in the current study. In a previous
publication, the application of high-concentration 0.1% ATR contributed to a slower SER
progression of −0.47 ± 0.91 D compared to −1.06 ± 0.61 D in the control group [16].
On the other hand, the use of DFCLs was also correlated with a 50% decrease in SER
compared to the control group using single contact lenses in the previous literature [14].
Nevertheless, previous studies have only compared high-concentration ATR or DFCL users
to non-treatment individuals, and the setting of each study was different, which leads to a
direct comparison between ATR application and DFCL usage becoming difficult [14,16].
To our knowledge, a preliminary finding may be that the utilization of high-concentration
ATR and DFCLs contribute to similar effects on myopia control concerning the rate of
SER progression. Except for the similar patient populations between the ATR and DFCL
groups in the current study, we adjusted the influence of several confounders for myopic
progression, including age, initial refractive power, and initial AXL in the multivariable
model [17]. Moreover, the patients using DFCLs and ATR concurrently were excluded from
the current study, and thus, the effect of DFCLs on myopic progression was independent.
The similar cycloplegic SER progression between the ATR and DFCL groups is contrary to
previous publications in which the application of high-concentration ATR was associated
with better myopic control than DFCLs [5,14,16]. A possible explanation is that confounders
for myopic progression had not been adjusted for in previous studies. On the other
hand, high-concentration ATR presented a numerically lower AXL elongation compared
to the DFCL population in the current study. AXL is a precise parameter for myopic
progression [18], and the results of the current study may indicate similar overall myopic
control of ATR and DFCLs. Furthermore, the difference in AXL elongation was 0.15 mm
between the ATR group and DFCL group in the current study. Accordingly, the difference
in AXL elongation and related myopic progression between high-concentration ATR and
DFCL may not be clinically significant.

In the subgroup analysis, the change in cycloplegic SER after the study interval was
similar between the high-concentration ATR and DFCL populations in all the specific sub-
groups. This result is identical to the whole-group analysis between the high-concentration
ATR and DFCL groups and indicates that high-concentration ATR and DFCL showed the
same effect on cycloplegic SER control in all patients. On the contrary, the individuals with
moderate astigmatism and high initial AXL presented a better AXL control with the usage
of high-concentration ATR, while the efficiency of AXL control between high-concentration
ATR and DFCL was identical in patients with moderate myopia and old age. There was
little research reporting this finding. The design of the DFCLs used in the current study did
not contain an astigmatism correction function [14,19]. Although low-degree astigmatism
can be corrected by spherical contact lenses, according to the experience of orthokeratology
contact lenses [20], patients with moderate astigmatism higher than −1.50 D usually re-
quire toric orthokeratology contact lenses to obtain a good fit and fair vision [21]. Since the
myopic control method was decided by the parents of our patients, some children with
moderate astigmatism still applied DFCLs for myopic control. Thus, we speculate that
myopic individuals with moderate astigmatism would experience worse visual quality
when utilizing DFCLs, which is a risk factor for myopic progression [8]. On the contrary,
the individuals who used high-concentration ATR were always equipped with daily spec-
tacles, and their visual quality may be better than that of the DFCL users. The higher AXL
elongation of DFCL users with high initial AXL was also observed. Still, the DFCL users
showed similar AXL control to high-concentration ATR users regardless of age and myopia
degree, and thus, DFCLs may have an advantage in myopic control in those without high
AXL and moderate astigmatism because ATR-related complications including photophobia
and blurry reading can be avoided [22,23].

With regard to the efficiency of myopic control in our study, a previous publica-
tion showed an annual SER progression of −0.87 ± 0.52 D in high-concentration ATR
users (0.5 percent) [22]. For the AXL aspect, the range of annual AXL elongation in high-
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concentration ATR was 0.23 mm to 0.35 mm in a meta-analysis [24]. In the current study, the
cycloplegic SER progression and AXL elongation after one year of high-concentration ATR
application were −0.31 ± 0.87 D and 0.04 ± 0.39 mm, respectively. Compared to previous
studies [5,22,24,25], the effect of ATR-associated myopic control in the current study was
acceptable. On the other hand, a previous publication demonstrated SER progression and
AXL elongation of −0.51 D and 0.30 mm after a three-year period after DFCL usage [14],
and the subsequent experiment of that study presented SER progression and AXL elonga-
tion of −0.52 D and 0.23 mm after a six-year interval [26]. The SER progression and AXL
elongation were −0.32 ± 0.89 D and 0.19 ± 0.26 mm one year after the application of DFCLs
in the current study, which is comparable to preceding studies [14,26]. The comparisons
between the current study and previous studies in terms of SER progression and AXL
elongation are demonstrated in Table 4. In addition, one study used the combined therapy
of low-concentration ATR (0.01 percent) and orthokeratology contact lenses, yielding an
annual SER progression and AXL elongation of 0.88 ± 0.31 D and 0.50 ± 0.17 mm [27].
The similar outcome in the DFCL group of the current study may imply that the usage of
DFCLs is simpler compared to the combined treatment but has the same efficiency.

Table 4. The changes in myopic progression parameters between the current study and previous publica-
tions.

Parameters Current Study Previous Studies

SER progression (D)
ATR −0.31 −0.87
DFCL −0.32 −0.51–−0.52

AXL elongation (mm)
ATR 0.04 0.23–0.35
DFCL 0.19 0.23–0.30

ATR: atropine AXL: axial length, D: diopter, DFCL: dual-focus contact lenses, SER: spherical equivalent refraction.

Concerning the demographic data, the DFCL group demonstrated an older age and
higher baseline myopia degree compared to the ATR group in the current study. The
possible explanation for this unbalanced demographic data between the two groups could
be related to the fact that users of DFCLs must be older [26]. Generally, DFCLs are
recommended for children older than 9 years old in Taiwan due to the need to remove
DFCLs oneself during daily life. In fact, all contact lenses, including orthokeratology
contact lenses, are rarely applied to patients aged younger than 9 years old in Taiwan. As a
consequence, the much older age in the DFCL group compared to the ATR group in the
current study is reasonable and can reflect the real-world conditions in Taiwan. Similarly,
older age was correlated to a higher degree of myopia in a previous study [28], and thus,
the older DFCL group should also show higher myopia than the ATR group. Importantly,
we adjusted the effects of age and initial SER in the multivariable analysis so that the
imbalance in demographic data would not cause significant statistical bias.

There are certain limitations in the current study. Firstly, the retrospective design
of the current study diminishes the heterogeneity of our study groups compared to the
prospective study, and the differences in age, myopia degree, and AXL of the two groups
could cause significant bias. Secondly, the patients in the current study were managed by
different ophthalmologists/optometrists in different branches of our clinic. Accordingly,
the habits and opinions of each ophthalmologist regarding myopic control tools may
influence the parents’ choice of myopic control tool, and the different autorefractors in
each branch and the different refraction techniques of each optometrist may diminish
the integrity of our results. Accordingly, the prescription of DFCLs and the judgment of
ATR application may not have a universal standard. In addition, we cannot ensure all the
measurement times were within the duration we proposed, which could lead to some bias.
Moreover, the follow-up period in the current study was only one year, which may not be
adequate compared to some long-term studies [25,26]. Finally, all the participants in the
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current research were Han Taiwanese, and thus, the external validity of the current study
may be reduced. Still, because the genotype and phenotype of Han Taiwanese people are
similar to the Chinese people who live in mainland China and several other countries,
including America, Singapore, and Canada, the results of the current study can be used
as a reference for at least 1.5 billion of the population; thus, the clinical relevance of the
current study might not be low.

5. Conclusions

In conclusion, the application of DFCLs showed a similar effect on myopic control
concerning cycloplegic SER progression compared to the usage of high-concentration
ATR. Furthermore, the suppression of AXL elongation was similar between the DFCL and
high-concentration ATR groups in those without moderate astigmatism and higher AXL.
Consequently, DFCLs could be recommended to those with low astigmatism and AXL,
considering the lower number of side effects. A further large-scale prospective study to
survey the effect of combined DFCL and high-concentration ATR usage on myopic control
is mandatory.
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Abstract: The aim of this study was to explore adherence to the Consolidated Standards of Reporting
Trials (CONSORT) reporting standards in abstracts of randomized controlled trials on glaucoma.
A cross-sectional observational study was conducted on the aforementioned abstracts, indexed in
MEDLINE/PubMed between the years 2017 and 2021. In total, 302 abstracts met the inclusion criteria
and were further analyzed. The median score of CONSORT-A items was 8 (interquartile range, 7–10)
out of 17 (47.0%). Most analyzed studies were conducted in a single center (80.5%) and the abstracts
were predominantly structured (95.0%). Only 20.5% of the abstracts adequately described the trial
design, while randomization and funding were described by 6.0% of the abstracts. Higher overall
scores were associated with structured abstracts, a multicenter setting, statistically significant results,
funding by industry, a higher number of participants, and having been published in journals with
impact factors above four (p < 0.001, respectively). The results of this study indicate a suboptimal
adherence to CONSORT-A reporting standards, especially in particular items such as randomization
and funding. Since these factors could contribute to the overall quality of the trials and further
translation of trial results into clinical practice, an improvement in glaucoma research reporting
transparency is needed.

Keywords: glaucoma; RCT; research; CONSORT

1. Introduction

Glaucoma is a complex multifactorial eye disease that manifests in chronic progressive
optic neuropathy. This chronic progressive optic neuropathy could lead to irreversible
sight loss, the most devastating consequence of this disease that has tremendous im-
pact on affected patients’ quality of life [1]. Studies have shown that in the year 2020,
more than 80 million people worldwide were affected by glaucoma, while approximately
10% of all glaucoma cases resulted in bilateral blindness. Interestingly, a study by Shih et al.
suggested higher eye-related costs for open-angle glaucoma patients compared with those
for ocular hypertension patients. However, the load of glaucoma on healthcare systems
could be further evaluated in future studies [2,3]. Most patients suffer from open-angle
glaucoma, which has a prevalence of 2.51% from age 40 to 80, and this number is expected
to increase to over 112 million by 2040, imposing a major burden on global healthcare [3].

Although glaucoma is not always caused by increased intraocular pressure observed in
the patients, according to the literature, increased intraocular pressure is a well-recognized
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modifiable risk factor of glaucoma [4]. In order to ensure the appropriate treatment of
patients with increased intraocular pressure, a correct intraocular pressure measurement is
crucial. Currently, it is well-known that there are several modalities to measure intraocular
pressure, but Goldmann Applanation Tonometry (which is based on the Imbert–Fick law) is
considered to be the gold standard in the assessment of intraocular pressure [5,6]. It should
also be noted that intraocular pressure measurement could be influenced by external factors.
For instance, the results of a meta-analysis by Albis-Donado et al. suggested there is a higher
risk that intraocular pressure measurement could be underestimated when Goldmann
Applanation Tonometry is used at higher altitudes. This is particularly the case in patients
with glaucoma or those with thinner corneas and a history of corneal refractive surgery.
In addition, all IOP measurement modalities, from Goldmann Applanation Tonometry to
rebound tonometry, are influenced by other external factors, such as body position, central
corneal thickness, corneal astigmatism, altitude, etc. [7,8].

Other important risk factors for glaucoma development described in the scientific
literature include older age, not being in the White race group, and a history of glaucoma in
one’s family [9]. It has also been observed that systemic disease, such as Cushing’s disease,
and medication use may too predispose individuals to glaucoma. A review by Stein et al.
highlighted medicines such as corticosteroids, several medications for depression, medica-
tion for epilepsy (topiramat in particular), and anticholinergics as the ones associated with
glaucoma occurrence. It should be noted that vision loss caused by glaucoma could be
minimized with well-timed recognition of individuals’ systemic conditions or medications
that increase their risk of glaucoma. It is also very important to refer a high-risk individual
for a thorough ophthalmologic examination [10–12]. Lately, a new modifiable glaucoma
risk factor has been recognized in the scientific literature. The results of a recently pub-
lished study by Sun et al., a prospective cohort study which included 409,053 participants
from the United Kingdom, revealed that sleep patterns are also associated with glaucoma
risk, and individuals who experience insomnia, daytime sleepiness, and snoring have a
higher risk of glaucoma development, in comparison with individuals who have healthy
sleeping patterns [13].

Glaucoma is often asymptomatic due to the binocular compensation of visual field
defects. As a result, patients usually experience the first symptoms only in the advanced
stages of the disease when there is significant damage to the visual field [2]. Therefore,
making a correct and timely diagnosis and the right choice of therapy for particular
patients is essential for sight preservation and improving the quality of life in affected
individuals [14]. Diagnostic testing and monitoring for disease progression includes
the measurement of intraocular pressure, perimetry, pachymetry, and optical coherence
tomography [15]. In addition to the fundoscopic signs of glaucoma—an enlarged optic
cup, an increased cup–disc ratio, the loss of the neuroretinal rim, the presence of disc
hemorrhages, and parapapillary tissue atrophy—assessing the disease progression can be
achieved through a spectral-domain optical coherence tomography evaluation of the optic
disc and visual field analysis [16]. The primary objective of the treatment of glaucoma
is to reduce the intraocular pressure in order to halt the progression of the disease [17].
The treatment of glaucoma is primarily oriented toward lowering the intraocular pressure
with medicaments, lasers, or incisional glaucoma surgery [18]. Unfortunately, none of
the currently available treatments can reverse glaucomatous damage to the optic nerve;
however, early diagnosis and appropriate treatment can slow down the progression of the
disease [19].

Since the global impact of glaucoma is so vast, it is understandable that glaucoma is
among the top five most frequently studied eye diseases [20]. The amount of research on
glaucoma is growing with new clinical trials bringing potential new advances in this field of
medicine [21]. However, clinicians often lack time to thoroughly evaluate each new study
on glaucoma as the number of studies is abundant. Therefore, it seems reasonable that
abstracts, the only part of published articles freely available to clinicians worldwide, should
encompass all crucial data. This inclusivity would aid clinicians in assessing the suitability
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and usefulness of the found abstract, thereby enabling them to filter and select articles for
which they will then seek the full text to read. In order to improve research transparency
and to ensure translation of research into clinical practice, reporting guidelines have been
introduced. One of them, the CONSORT statement for reporting on randomized trials,
was first published in 2010 in order to consolidate the standards of reporting randomized
controlled trials [22]. The aforementioned statement is an evidence-based minimum set of
recommendations (checklist) for reporting data from randomized controlled trials. Since
the introduction of this checklist, many scientific journals have recommended its use for
drafting the manuscript in order to ensure the transparent reporting of trials and their
easier translation into clinical practice [23,24].

Previous studies evaluated the quality of abstracts (adherence to the CONSORT-A
checklist) in several fields of medicine, but to our knowledge, the evaluation of reporting
the quality of glaucoma randomized controlled trial abstracts has not yet been conducted.
Since it is estimated that the number of glaucoma patients will rise and represent a public
health problem, the aim of our study was to assess the adherence of glaucoma randomized
controlled trial abstracts to a CONSORT-A checklist.

2. Materials and Methods

We conducted a cross-sectional observational study on abstracts of randomized con-
trolled trials in the field of glaucoma, indexed in MEDLINE/PubMed. Inclusion criteria
were the following: randomized controlled study design, studies with a control group,
and studies with a comparison of particular intervention with either placebo intervention,
active treatment, or no treatment at all. Exclusion criteria were being a cross-sectional,
observational, or any other type of study except for randomized controlled trials. Ani-
mal studies and studies that did not include glaucoma patients were also excluded from
our study.

The study period was from the year 2017 to 2021. The year 2017 was chosen because
the guidelines used for our studies were published in 2008, and we assumed that a 10-year
period would allow both authors and editors to be familiar with Consolidated Standards of
Reporting Trials (CONSORT) guidelines for abstracts [11]. The year 2022 was not included
as there was a possibility that some glaucoma articles would still be published during late
2022, and the exclusion of these articles could have an impact on the comparison between
each study year.

The search strategy used for article extraction in MEDLINE/PubMed consisted of
searching for “Intraocular Pressure” [MeSH Terms] OR “Glaucoma” [MeSH Terms]) AND
((randomizedcontrolledtrial[Filter]) AND (2017:2021[pdat]). This data extraction method
included 426 abstracts. After excluding abstracts that were not conducted on glaucoma
patients or human participants, studies that were not designed as randomized controlled
trials, and articles for which abstracts were not available, we analyzed 302 abstracts, all
abstracts of full-text articles. Diagram flow is presented in Figure 1.

Two authors independently assessed each abstract for the inclusion of CONSORT
items. One of the authors is an ophthalmology specialist with previous experience in
the conduction of randomized controlled trials, and the second author is an experienced
research professional with previously published articles on CONSORT matters. Disagree-
ments between these two authors were resolved through discussion with the third author,
the most experienced team member with a background in both randomized controlled trial
conduction and CONSORT research.

Data were presented, where applicable, as an overall number and proportion (percent),
median and interquartile range (IQR), mean and the standard deviation (SD), or mean and
a 95% confidence interval (CI). The Cohen κ coefficient was used to determine interobserver
agreement between the authors for individual CONSORT for abstract items. Agreement
was considered sufficient for kappa point estimates higher than 0.6. To determine which
factors were associated with a higher quality of reporting, a univariate linear regression
analysis was conducted. The overall quality score, presented as a percentage of the total
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score, was a dependent variable. Those factors from the univariate analysis that were
significantly associated with a higher quality (p < 0.05) were included in the multivariate
regression analysis. The statistical analysis was conducted using SPSS (version 16.0, IBM
Corporation, Chicago, IL, USA).

Figure 1. Flow diagram with search strategy and study selection. CONSORT, Consolidated Standards
of Reporting Trials.

3. Results

Approximately half of the glaucoma randomized controlled trial abstracts included in
this study reported the results of the pharmacological trials (132/302, 43.7%). A similar
distribution was noted for the study setting, with 143/302 (47.4%) randomized controlled
trials being conducted in a hospital setting, and the number of the participants, with
132/302 (43.7%) randomized controlled trials including more than 100 participants. Most
of the studies described in the abstracts were conducted in a single center (243/302, 80.5%),
and they had reported results where the main outcome measure was significantly different
from the control (194/302, 64.2%). Abstracts were predominantly structured (287/302,
95.0%). On average, abstracts had a median of six authors (IQR 4–8). The mean impact
factor of the journals in which they were published was 5.73 (SD = 17.42). A full description
of the study characteristics is provided in Table 1.

Table 1. Characteristics of included abstracts.

Characteristics N %

Type of intervention
Non-pharmacological 170 56.3
Pharmacological 132 43.7

Study centers
Single center 243 80.5
Multicenter 59 19.5

Significance of results
Non-significant 108 35.8
Significant 194 64.2

Number of participants
<100 170 56.3
≥100 132 43.7
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Table 1. Cont.

Characteristics N %

Funding
Non-industry 292 96.7
Industry 10 3.3

Setting
Non-hospital 159 52.6
Hospital 143 47.4

Abstract structure
Unstructured abstract 15 5.0
Structured abstract 287 95.0

Quartiles
Non-ranked 38 12.6
1st 91 30.1
2nd 72 23.8
3rd 79 26.2
4th 22 7.3

Mean (SD) Median (IQR)

Number of authors 6.54 (3.41) 6.00 (4.00–8.00)

Impact factor 5.73 (17.42) 2.97 (2.02–5.49)

The interobserver agreement in the present study was found to be sufficient as the
calculated Cohen κ values for all items were above the recommended threshold value
of 0.6, as presented in Table 2.

Table 2. Interobserver agreement for abstract reporting items.

Item Kappa Point Kappa > 0.60

Title 0.888 *
Authors 0.953 *
Trial design 0.791 *

Methods
Participants 0.958 *
Interventions 0.607 *
Objective 0.722 *
Outcome 0.864 *
Randomization 0.607 *
Blinding 0.684 *

Results
Numbers randomized 0.637 *
Recruitment 0.954 *
Numbers analyzed 0.969 *
Outcome 0.737 *
Harms 0.639 *

Conclusions 0.607 *
Trial registration 0.895 *
Funding 0.830 *

* Kappa > 0.60.

Only 62 (20.5%) of all the included abstracts adequately described the trial design (e.g.,
parallel, crossover, etc.). A proper title and the corresponding author details were provided
by 118 and 136 (39.1% and 45.0%) of the included abstracts, respectively. With regards to
the methodology section, interventions and objective items were overwhelmingly well-
reported (294/302, 97.4% and 296/302, 98.0%, respectively). On the contrary, randomization
and blinding were poorly reported by most abstracts, with only 18 (6.0%) and 56 (18.5%)
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sufficiently describing those items. Participant items were properly described in 186 (61.6%)
abstracts, while the outcome was reported in 222 (73.5%) abstracts.

Results of the primary outcome measures were adequately described in 236 (78.1%)
abstracts. The larger proportion of the included abstracts (224, 74.2%) provided the number
of participants randomized in each trial group; however, most abstracts failed to report
the number of participants included in the analysis, with only 61 (20.2%) abstracts pro-
viding this valuable information. Another poorly reported item was the side effects and
adverse events, which were described in only 87 (28.8%) of the included abstracts. Funding
statement was provided by only 18 (6.0%) abstracts. Fifty abstracts (16.6%) gave the trial
registration information. Adequate conclusions were provided by the vast majority of
the abstracts (295, 97.7%). The adherence of each item to the CONSORT for the abstract
guideline is provided in Table 3.

Table 3. Quality of the individual CONSORT for abstract items.

Items N %

Title 118 39.1

Authors 136 45.0

Trial design 62 20.5

Methods

Participants 186 61.6

Interventions 294 97.4

Objective 296 98.0

Outcome 222 73.5

Randomization 18 6.0

Blinding 56 18.5

Results

Numbers randomized 224 74.2

Recruitment 143 47.4

Numbers analyzed 61 20.2

Outcome 236 78.1

Harms 87 28.8

Conclusions 295 97.7

Trial registration 50 16.6

Funding 18 6.0

Only one abstract adequately reported every item and had a maximum score of 17.
The median score was 8 (IQR 7–10) out of 17 (47.0%) items. The average overall reporting
scores of the included abstracts are described in Table 4.

Table 4. Overall reporting quality score.

Score Score (%)

Mean 8.28 48.32

SD 2.34 13.61

95% CI 8.02–8.55 46.77–49.86

Median 8.00 47.00

IQR 7.00–10.00 41.00–58.00
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The overall quality score for each study characteristic of interest that was included in
the regression analysis is presented in Table 5.

Table 5. Overall reporting quality score for each study characteristic.

Characteristics Mean Score (%) 95% CI

Type of intervention
Non-pharmacological 46.45 44.44–48.45
Pharmacological 50.72 48.35–53.09

Study centers
Single center 46.12 44.59–47.66
Multicenter 57.34 53.29–61.39

Significance of results
Non-significant 44.60 42.00–47.20
Significant 50.38 48.51–52.25

Number of participants
<100 45.12 43.29–46.95
≥100 52.42 49.95–54.90

Funding
Non-industry 47.59 46.10–49.07
Industry 69.60 56.94–82.26

Number of authors
<5 44.63 41.90–47.36
5–7 45.10 42.85–47.35
>7 51.40 48.21–54.59
Collaboration 57.38 52.82–61.93

Setting
Non-hospital 47.79 45.56–50.01
Hospital 48.90 46.77–51.04

Abstract structure
Unstructured abstract 34.53 22.54–46.53
Structured abstract 49.04 47.56–50.52

Impact factor
<2.200 42.69 40.13–45.24
2.201–4 44.51 42.60–46.41
>4 56.60 53.96–59.23

Quartiles
Non-ranked 39.00 35.21–42.79
1st 55.28 52.60–57.95
2nd 50.06 46.33–53.74
3rd 44.46 42.29–46.62
4th 43.77 39.76–47.79

Table 6 presents the results of the linear regression analysis. Cutoff values of 2.200 and
4.000 for journal impact factors were chosen to create three approximately equal groups.
This decision was made to facilitate a balanced categorization of journals based on their
impact factors. The goal was to have comparable representation in each group, which
enhanced the robustness of the analysis and provided a more nuanced understanding of
the data.
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Table 6. Linear-regression-derived estimates and 95% CI with the dependent variable defined as the
mean overall quality score shown as a percentage.

Characteristics
Univariate Analysis,

Estimate 95% CI
Multivariate Analysis,

Estimate 95% CI

Type of intervention
Non-pharmacological Reference Reference
Pharmacological 4.273 (1.198–7.347) ** 2.406 (−0.170–4.982)

Study centers
Single center Reference Reference
Multicenter 11.216 (7.536–14.895) *** 4.367 (0.822–7.911) *

Significance of results
Non-significant Reference Reference
Significant 5.780 (2.626–8.933) *** 2.946 (0.335–5.557) *

Number of participants
<100 Reference Reference
≥100 7.301 (4.300–10.301) *** 2.424 (−0.304–5.152)

Funding
Non-industry Reference Reference
Industry 22.014 (13.756–30.273) *** 12.341 (4.775–19.907) **

Number of authors
<5 Reference Reference
5–7 0.466 (−3.347–4.279) 0.686 (−2.597–3.968)
>7 6.770 (2.767–10.772) ** 2.358 (−1.152–5.869)
Collaboration 12.742 (7.816–17.669) *** 3.339 (−1.570–8.248)

Setting
Non-hospital Reference
Hospital 1.116 (−1.974–4.206)

Abstract structure
Unstructured abstract Reference Reference
Structured abstract 14.502 (7.588–21.415) *** 14.784 (8.867–20.700) ***

Impact factor
<2.200 Reference Reference
2.201–4 1.820 (−1.617–5.257) −4.277 (−8.521- (−0.032)) *
>4 13.912 (10.535–17.288) *** 11.327 (4.396–18.259) **

Quartiles
Non-ranked Reference Reference
1st 16.275 (11.533–21.016) *** −0.701 (−8.894–7.491)
2nd 11.056 (6.133–15.978) *** 8.299 (2.820–13.778) **
3rd 5.456 (0.609–10.302) * 6.943 (1.464–12.423) *
4th 4.773 (−1.804–11.350) 2.820 (−2.933–8.572)

* p < 0.05, ** p < 0.01, *** p < 0.001.

In a univariate model, the higher overall scores were associated with structured ab-
stracts (p < 0.001), pharmacological intervention (p < 0.01), a multicenter setting (p < 0.001),
statistically significant results (p < 0.001), funding by the industry (p < 0.001), a higher
number of participants (p < 0.001), having been published in journals with impact factors
above 4 (p < 0.001) and in journals in the first three quartiles, as well as having more
authors, namely above seven (p < 0.01), and being authored by a collaboration (p < 0.001).
As no significant association was found with the study setting, it was omitted from the
multivariate analysis. A higher overall score remained associated with structured abstracts
(p < 0.001), a multicenter setting (p < 0.05), statistically significant results (p < 0.05), industry
funding (p < 0.01), being published in the second (p < 0.01) and third quartile (p < 0.05), and
having been published in journals with impact factors above four (p < 0.01) in the multiple
regression model. The overall score was adversely impacted by being published in journals
with impact factors between 2.201 and 4.
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4. Discussion

This study analyzed 302 abstracts of glaucoma randomized controlled trials and found
scarce reporting of CONSORT-A checklist items, as the majority of abstracts included
mostly half of all items. It should be noted that only one abstract included all the checklist
items. Further, items such as randomization and funding were reported in less than 10% of
all abstracts. The results of our study should raise awareness of the current status of the
reporting quality in the field of glaucoma. Since this is a rising field, inadequate reporting
quality could have an impact on the design of future studies and also on the translation of
current conclusions into clinical practice.

The results of our study showed that adverse effects were reported in merely 30%
of glaucoma randomized controlled trial abstracts. Since it could be assumed that clini-
cians did not have time to read through the whole manuscript in search of high-quality
information for their patients, the omission of adverse effect data in abstracts could lead to
inappropriate intervention in particular patients. In general, due to both time limitations
and very often, the non-availability of the full-text articles, most clinicians and scientists
perform the preliminary evaluation of the quality and validity of a clinical trial just by
screening the abstracts. Therefore, it is of great importance that the abstract is well-written,
detailed, and transparent, as this eliminates bias and confounding factors.

The results of our study were in accordance with the results of several previ-
ous studies, which reported a low adherence to the CONSORT-A guidelines [25–27].
Song et al. reported that although the reporting quality of psychiatry randomized con-
trolled trial abstracts improved after the publication of the CONSORT-A guidelines, it
still remained suboptimal with an overall quality score of just 45% [25]. Janackovic et al.
reported that randomized controlled trials published in the seven top anesthesiology jour-
nals did not adhere to CONSORT-A guidelines with a median adherence of only 41% [26].
Baulig et al. reported that none of the 136 investigated abstracts on macular degenera-
tion reported all of the CONSORT-A items, and the median number of reported items
was seven [27].

A number of authors showed that there was substandard reporting of funding in
randomized controlled trial abstracts, also observed in our study, which could be mis-
leading to the reader, as it is well-known that funding by industry could be associated
with the positive results of randomized controlled trials [28,29]. Previous research has also
demonstrated that inaccurate or omitted funding information could lead to the uncritical
incorporation of those results into clinical practice [30]. Fundytus et al. showed that the
vast majority of oncology randomized controlled trials are now funded by industry—they
are larger, more likely to be positive, and published in higher impact journals than trials
without industry support [31]. Furthermore, the results of a study by Wiehn et al. showed
that adequate reporting varied considerably across CONSORT items with information on
blinding and adverse effects being the least reported [32]. Although the results of several
studies have concluded that funding is mostly not included in the abstract of randomized
controlled trials, it has been observed that funding is reported in the full text of the random-
ized controlled trial articles. For instance, a study by Alharbi et al. reported that funding
was included in 76.9% of periodontal studies, published in three of the most citable journals
in the field. This proportion was more than ten times higher when compared to our results.
However, there is a possibility that the majority of journals include additional sections for
acknowledgements, conflicts of interest, and funding. Nonetheless, as mentioned before,
not all scientific articles are freely available, and readers should be able to distinguish
between funded and non-funded research based on the abstract data [33].

Improving the reporting quality of randomized controlled trial abstracts requires
concerted efforts and considerations. Firstly, addressing the limitation imposed by word
count restrictions on abstract length is crucial. Journals should reconsider these limitations,
recognizing that comprehensive reporting may necessitate additional space. Secondly,
promoting structured abstracts is paramount, given our findings on their significantly
better reporting quality. Journals not endorsing structured abstracts should consider
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adopting this practice, while those already doing so could refine the designated structure to
align more closely with CONSORT-A guidelines. Thirdly, educating authors on the effective
utilization of CONSORT-A guidelines for abstract writing is imperative. Workshops and
resources should be provided to enhance authors’ understanding and application of these
guidelines. Additionally, educating peer reviewers to encourage authors to structure
their abstracts in accordance with CONSORT-A guidelines is essential for maintaining
reporting standards. Furthermore, editors should play a proactive role by insisting on
stricter adherence to these guidelines during the review process. Finally, journals should
explicitly endorse CONSORT-A guidelines in their submission guidelines for authors,
reinforcing the importance of compliance. Stricter enforcement mechanisms should be
implemented to ensure that these guidelines become an integral part of the abstract writing
process, fostering a culture of comprehensive reporting in the field of glaucoma research.

It is worth mentioning that published glaucoma articles, or their available abstracts,
could be used as study materials for both students during their formal education and the
general population while initiating public health interventions. For instance, an advanced
approach to formal education for medical students was described by Marin et al. The
authors provided valuable data on experience with a pilot model of ophthalmology longi-
tudinal integrated clerkships, which improved students’ knowledge in this field, but the
authors also recognized the need for future studies that would evaluate the relationship
between medical curricula and students’ interest in ophthalmology. Similarly, a need for
accurate information that would allow glaucoma patients to make informed decisions
on their condition was recognized in a study by Cohen et al., where authors evaluated
patient education materials available online [34,35]. Therefore, in order to ensure that study
materials are of high quality, items such as funding, but also harms and outcomes, must be
represented in article abstracts.

The limitation of this study was that we used only one database—MEDLINE/
PubMed—because of the fact that it is the most used database for medical professionals
worldwide and it is a free-access database. The strengths of this study were its repro-
ducibility and selection criterion transparency, as well as a wide timeframe from 2017 to
2022. Finally, we would like to emphasize that the interobserver agreement measured by
Cohen’s kappa was adequate in all the checklist items.

5. Conclusions

Our study indicated that the publication of the CONSORT-A guidelines has not yet
translated into better randomized controlled trial abstract reporting in the field of glaucoma
research. Glaucoma is a common and serious condition with an increasing need for
high-quality, evidence-based information; however, the reporting quality of randomized
controlled trial abstracts concerning glaucoma had not been assessed until this study was
conducted. Since items included in the abstracts could assist the evaluation of the quality
of the presented trials and the further translation of the trial results into clinical practice,
an improvement in glaucoma research reporting transparency is needed. Further efforts
on implementing the guidelines are required to enhance the quality of reported data and
facilitate the translation of scientific research into clinical practice.
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Abstract: The ubiquitin–proteasome system (UPS) is a fundamental process that regu-
lates various biological functions, including immune response, cell cycle, oxidative stress,
migration, and cellular proliferation. This system is responsible for the degradation of
proteins, while proteasomes play a significant role in mechanisms involved in health and
human diseases. The participation of the UPS in immune response is particularly rele-
vant, leading to the involvement of immunoproteasomes. This specialized proteasome
is involved in the processing and presentation of antigenic peptides, making it crucial
for proper immune function. Moreover, the impact of the UPS is considered essential
in understanding several diseases, such as neurodegenerative disorders, infections, and
vascular diseases. The dysregulation of the UPS may contribute to the pathogenesis of
these conditions, highlighting its importance as a potential therapeutic target. Interestingly,
the UPS is also related to ocular structures, playing a role in visual perception and ocular
homeostasis. This involvement in the regulation of various ocular processes suggests its
potential impact on both anterior and posterior eye pathologies. This review aims to discuss
the general considerations of the UPS and provide information about its participation in
anterior and posterior eye pathologies. By understanding its role in ocular health and
disease, researchers and clinicians may explore novel therapeutic strategies targeting the
UPS for the treatment of various eye conditions. In conclusion, the UPS is a crucial player
in biological processes, with far-reaching implications in health and disease, including
the anterior and posterior segments of the eye. Further research in this field may lead
to the development of innovative therapies and a better understanding of the complex
mechanisms underlying various eye disorders.

Keywords: proteasome; ubiquitin; ocular surface; retinal diseases; immunoproteasome

1. Introduction

The ubiquitin–proteasome system (UPS) is one of the most specialized and critical sys-
tems in mammals, playing a profound role in protein degradation and essential cellular pro-
cesses such as cell cycle regulation, immune responses, and signaling pathways [1–4]. The
UPS operates through two key components: ubiquitination, a post-translational modifica-
tion that regulates various cellular events, and the proteasome, a multi-subunit complex re-
sponsible for recognizing polyubiquitinated proteins and initiating their degradation [5,6].

Due to the participation of the UPS in different biological processes in the cell, this
system has been a therapeutic target in many diseases such as multiple myeloma, lung
cancer, autoimmunity, peripheral neuropathy, and neurodegenerative disorders [7,8].
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Cell death and cellular degeneration may arise from imbalances in cellular systems
or biological processes, which are associated with various ocular pathologies that present
with distinct clinical manifestations. Among these events, the role of oxidative stress has
been considered in recent years [9]. For example, its impact on the levels of reactive oxy-
gen species (ROS) that promote lipid peroxidation and subsequent mitochondrial damage,
reflected in pathologies such as glaucoma, macular degeneration, diabetic retinopathy, kera-
toconus and dry eye, suggests that oxidative stress may be involved in pathophysiology [9]
and is, in turn, influenced by the activity of the UPS [10–13].

Recent research has highlighted the significant role of the UPS in a variety of diseases
that disrupt cellular homeostasis, particularly in anterior and posterior ocular pathologies.
These conditions share common biological mechanisms involving ubiquitin–proteasome
activity, which is vital for maintaining cellular proteostasis.

This review aims to provide a comprehensive overview of the UPS and its involvement
in specific ocular pathologies. Additionally, we will examine the immunoproteasome
and its influence on ocular mechanisms across various physiological processes, thereby
enhancing our understanding of diverse ocular diseases.

A systematic literature search was conducted using databases such as PubMed, Scopus,
and Google Scholar. Keywords related to ocular diseases, treatments, ubiquitination and
proteasome inhibitors were used to identify relevant studies. Articles were initially screened
based on titles and abstracts to assess their relevance to the research topic. Full-text articles
were then reviewed to ensure they met the inclusion criteria. The following inclusion
criteria were applied: (1) studies published in peer-reviewed journals, (2) studies published
in English, (3) studies focusing on ocular diseases and the relationship between UPS
and eye, and (4) studies conducted to capture the most recent developments in the field.
Exclusion criteria included: (1) studies not related to ocular diseases, (2) studies with
incomplete data or unclear methodologies, and (3) sources that did not provide primary
data (e.g., opinion pieces or editorials).

2. The Ubiquitin–Proteasome System

2.1. Ubiquitination

Proteins play a crucial role as regulatory elements in numerous essential biological
processes in living beings and, in some cases, it is necessary for certain chemical modifi-
cations. These modifications, known as “post-translational modifications” (PTMs), serve
to determine the catalytic activity of proteins, as well as modify their function and local-
ization within the cell. These PTMs can involve the addition of functional groups, such
as acetyl, phosphate, or methyl groups, to specific amino acid residues within the protein.
Alternatively, PTMs can include the removal of certain groups or the formation of disulfide
bridges between cysteine residues [14].

By altering the catalytic activity, stability, interactions, or localization of proteins,
PTMs play a crucial role in regulating numerous biological processes, such as cell signaling,
gene expression, metabolism, and immune response [15]. Dysregulation of PTMs has
been implicated in various diseases, including cancer, neurodegenerative disorders, and
autoimmune diseases. Understanding the complex interplay of PTMs and their impact
on protein function is an active area of research in biology and medicine with potential
applications in the development of targeted therapies and biomarkers for disease diagnosis
and prognosis [16].

Among the most common PTMs that proteins undergo are palmitoylation, phospho-
rylation, glycosylation, methylation, and ubiquitination. Ubiquitination is a process that
the vast majority of eukaryotic cells present, characterized by the covalent attachment of
one or more ubiquitin (Ub) molecules to a target protein, leading to changes in its function,
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location, structure, or activity [17]. Ub is a small yet essential protein, composed of 76 amino
acids, that plays a critical role in regulating various cellular processes. Its high conservation
across eukaryotic species underscores its fundamental importance in cellular function.
Covalent binding serves as a significant signal for protein degradation, particularly within
the context of targeted protein degradation by proteasome.

In 2004, scientists Hershko, Ciechanover, and Rose were awarded the Nobel Prize in
Chemistry for their contributions to in vitro proteolysis, where they elucidated the role of
Ub in protein degradation [18].

For the ubiquitination process to occur, the activity of several actors is required in a
three-step sequential manner: first, a Ub molecule is activated by the activating enzyme
or E1 in an ATP-dependent manner; then, a conjugating enzyme or E2 transports the Ub
to the substrate protein; and, finally, it culminates in the formation of an isopeptide bond
between the terminal α-carboxyl group of Ub and the ε-amino group of a lysine (K) present
in the target protein, a function carried out by E3 ligases [10,19] (Figure 1).

Figure 1. The Ubiquitin–Proteasome System (UPS). Ubiquitination is a post-translational protein
modification that occurs in three key steps: activation (E1), where ubiquitin is activated; conjuga-
tion, in which ubiquitin is transferred to a ubiquitin-conjugating enzyme (E2); and ligation, where
ubiquitin is attached to a substrate protein through the action of an E3 ubiquitin ligase. The polyubiq-
uitinated protein is then recognized by the proteasome and degraded into small peptides. Deubiq-
uitinating enzymes (DUBs) can remove the ubiquitin, allowing it to be recycled for further rounds
of ubiquitination.

Certainly, one of the aspects crucial to the diversity and intricacy of ubiquitination is
the activity of the E3 ligase enzyme. Once bound and loaded with the substrate, the E3
ligase directs and determines the biological function of the modified protein (substrate). In
the human genome, 2 genes have been identified as coding for E1, 40 for E2, and over 600 for
E3, which demonstrates the diversity and complexity in the functions of ubiquitination [20].
The E3 ligase are classified into four types according to its structure and function: HECT
type, U-box type, RBR type, and RING type [21].

The ubiquitination process, unlike other PTMs, is more complex; it involves the
binding of a Ub molecule to the target protein (monoubiquitination), but also the presence
of seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) in the Ub enabling the
formation of various polyubiquitin chains (polyubiquitination). In this case, the initially
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inserted Ub acts as the “acceptor or mark” for the insertion of additional Ubs. The type of
linkage between the Ub molecules determines the route or destination of the ubiquitinated
protein [22]. This diversity makes ubiquitination a complex process influencing multiple
cellular and molecular processes [23].

Proteomic analysis has revealed that ubiquitination can occur in both cytosolic pro-
teins located in the membrane and the cell nucleus [23]. In fact, it is well known that
ubiquitination regulates a wide range of cellular processes, including cell cycle progression,
endocytosis, intracellular trafficking, DNA repair, transcription, signaling and antigen
presentation in the immune response, among others [7,24,25]. For instance, Jarome et al.
demonstrated that ubiquitination induces changes even in gene expression by modifying
histones such as histone H2B, thereby facilitating trimethylation of lysine 4 H3 in genes
associated with hippocampal learning [26]. Consequently, Collins P.E. et al. described the
importance of ubiquitination in the transcriptional activity of NF-κB (nuclear factor kappa
enhancer in the light chain of activated B cells), the principal regulator of the immune
response [27].

Just as cells have machinery that provides the insertion of Ub, and this modification
triggers a cellular response, there exists a mechanism to remove Ub from proteins, thus
reversing the Ub action. This process is referred to as Deubiquitination (DUB), and enzymes
possessing this capability play a crucial role in the process. In humans, approximately
100 DUBs have been described. Generally, DUBs bind to the isopeptide bond, counteracting
the Ub ligase activity and disrupting the regulation by Ub [28]. Consequently, the functions
of DUBs include the following: editing Ub chains, recycling Ub molecules during the
ubiquitination process, processing Ub precursors and their significant role in regulating
proteasomal activity is well-documented [29,30].

2.2. Proteasome

The proteasome is a complex with protease activity that requires energy, predomi-
nantly found in eukaryotic cells, and is involved in the cellular machinery that modulates a
significant portion of protein degradation. Activation of the proteasome via ubiquitination
signaling necessitates polyubiquitination of residue 48, which serves as cue to initiate
degradation through the proteasomal pathway [31–33]. In contrast, if the chain is formed
through lysine 63, it does not act as a signal for degradation; instead, it is involved in vari-
ous non-proteolytic functions, including transcription activation, protein kinase activation,
DNA repair and replication, and intracellular trafficking [34,35].

Once the substrate has been marked for degradation, the proteasome, in its 26S
conformation and with a molecular weight of approximately 2500 kDa, functions as a large
multicatalytic protease. It is composed of the following two main complexes: the 20S core
complex (the catalytic core) and the 19S regulatory complex [36]. The 20S catalytic complex
features two outer α rings and two inner β rings, each comprising seven subunits that
provide structural integrity (α1–α7 and β1–β7). The inner β rings exhibit the following
distinct catalytic activities: post-glutamyl (β1) activity, which resembles that of caspases and
cleaves substrates at acidic residues; trypsin-like (β2) activity, which targets basic residues;
and chymotrypsin-like (β5) activity, which cleaves hydrophobic residues [37]. This intricate
structure allows the proteasome to efficiently process and degrade ubiquitinated proteins,
thereby playing a crucial role in cellular homeostasis.

The 19S complex is located at the end of the 20S center, composed of the following
two structures: the base and the lid. The entry to the proteolytic chamber is typically
obstructed by the N-terminal ends of the α subunits [38]. The base is the regulatory subunit
(19S), which is responsible for binding, deubiquitination, unfolding, and translocating
substrates to the catalytic core. It is formed by six subunits with ATPase activity that belong
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to the AAA family (Rpt1-Rpt6) and three subunits, namely Rpn1 and Rpn2 (scaffolding
proteins) and Rpn10 (a ubiquitin receptor), lack ATPase activity. These subunits link the
cap and the base of the proteasome complex and play a crucial role in stabilizing it [39].
The ATPase subunits meet the α subunits of the 20s complex [40]. The lid is formed by
nine non-ATPase subunits (Rpn3, 5-9, 11, 12, and small adhesive proteins SEM1) [1,41].
Both substrate recognition and unfolding are energy-dependent processes, relying on the
ATPase activity of the subunits to provide necessary metabolic energy [42,43].

In addition to the 19S regulatory complex, there are other lesser-known activating
complexes, including the 11S complex (also referred to as PA28/PA26/REG) and the PA200
complex [44]. Unlike the 19S complex, both the 11S and PA200 complexes lack ATPase
activity and do not unfold proteins. However, they are capable of inducing the opening of
the 20S channel, thereby facilitating substrate access [45].

Proteolysis is conducted through different steps that involve the recognition of the
substrate, developing translocation and deubiquitination. The substrate protein must have
at least four Ubs attached to be recognized. Rpn10 is associated with polyubiquitin while
Rpn1-Rpn2 binds to the protein.

Deubiquitinating enzymes separate the Ubs and the subunits with ATPase activity,
using the energy of ATP, they produce the unfolding of the protein and make it pass
towards the inner chamber of the central particle through conformational changes in
the alpha subunits that obstruct the entry [46]. As the protein traverses the chamber,
hydrolysis of the peptide bonds takes place, resulting in the release of peptides through
the regulatory particle [41]. The proteasome degrades the substrate into fragments, which
are subsequently processed into smaller peptides of uniform size. These peptides are then
further degraded into free amino acids by the action of endopeptidases or exopeptidases,
ultimately leading to their breakdown.

The proteasome is extensively documented to be involved in numerous patho-
logical processes, including cancer, inflammatory conditions, and neurodegenerative
diseases [47–49]. Its role in these diseases underscores the importance of the UPS in
maintaining cellular homeostasis. Disruptions in proteasomal function can lead to accumu-
lation of damaged or misfolded proteins, contributing to cellular dysfunction and disease
progression. In particular, the UPS has been implicated in the pathogenesis of neurodegen-
erative disorders such as Alzheimer’s and Parkinson’s disease, where the failure to degrade
ubiquitinated proteins results in toxic aggregates that exacerbate neuronal damage [50–53].
Understanding the mechanisms by which the proteasome influences these pathological
states is crucial for developing therapeutic strategies aimed at restoring proteostasis and
mitigating disease effects.

2.3. Immunoproteasome

The immunoproteasome is a specialized variant of the proteasome that plays vital
roles in both health and disease. It is instrumental in immune responses through several
mechanisms. Notably, it generates peptides for presentation by Major Histocompatibility
Complex (MHC) class I molecules, a process essential for activating CD8+ T cells in response
to viral infections [54,55]. The immunoproteasome differs from the standard proteasome in
its peptide cleavage properties, which enhances its ability to efficiently produce antigenic
peptides. Furthermore, it supports the differentiation of pro-inflammatory T helper cell
subsets, such as Th1 and Th17, and facilitates the production of pro-inflammatory cytokines,
including interferons, TNF-alpha, IL-6, IL-17, and IL-23 [56,57]. These cytokines contribute
to the development and persistence of autoimmune diseases. Consequently, targeting and
inhibiting the immunoproteasome presents a promising therapeutic strategy for managing
autoimmune conditions and influencing viral infections [58].
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Hematopoietic origin cells or cells stimulated with pro-inflammatory agents leads
to the replacement the constitutive catalytic subunits of the proteasome (β1, β2, β5) with
the inducible catalytic subunits of Low-Molecular-Weight Peptides LMP2 (β1i) and LMP7
(β5i), or with the Multi-Catalytic Endopeptidase Complex-Like MECL-1 (β2i) during
proteasomal neosynthesis, forming what is known as the immunoproteasome [59,60].
Under inflammatory conditions, the 19S regulatory subunit is also substituted by the
11S subunit (also called PA28), which consists of two subunits, PA28α and PA28β. This
complex is significantly smaller [61] and its involvement has been studied in various
neurodevelopmental disorders, including epilepsy [62].

Furthermore, the immunoproteasome is implicated in a range of diseases. For exam-
ple, its dysfunction has been associated with cardiovascular and pulmonary conditions,
including chronic obstructive pulmonary disease [63–65]. For instance, the immunopro-
teasome is continuously expressed in alveolar macrophages and is quickly activated in
respiratory cells during viral infections, highlighting its role in antiviral immunity in the
lungs [66–68]. Additionally, the immunoproteasome is involved in the degradation of
oxidatively damaged proteins, particularly under conditions of stress and disease [57,69].
Given these roles, it is plausible to consider its involvement in ocular pathologies, where
dysregulation of the immunoproteasome has been linked to diseases characterized by
protein aggregation.

In summary, the immunoproteasome is essential for antigen presentation, immune
regulation, and protein homeostasis. Its dysregulation has been associated with various
diseases, making it a potential therapeutic target and biomarker for disease prediction
and progression.

3. Role of the UPS in Eye

Advancements in biology have significantly enhanced our understanding of the
pathophysiological events underlying ocular diseases, including the critical roles played
by specific metabolic pathways and signaling cascades. These discoveries have provided
deeper insights into the mechanisms driving various ocular conditions, thus paving the way
for more targeted interventions in diagnosis and treatment [70]. A notable example is the
potential involvement of the UPS, whose association with protein accumulation may play a
pivotal role in the pathogenesis of ocular diseases. In fact, recent studies suggest that UPS
plays a key role in retinal development, photoreceptor survival, and neuroinflammation
(REF). These functions are crucial in eye diseases such as glaucoma and ocular surface
disorders, where inflammation and cell death are prominent.

Currently, for the management of various anterior segment ocular pathologies, phar-
macological and surgical treatments are available to minimize the risk of vision loss,
although their effectiveness is limited in some cases [71]. However, the development of
novel therapies that can intervene at the early stages of biological processes, such as in-
flammation, oxidative stress, or apoptosis, holds the potential for more effective treatment
prior to the manifestation of clinical signs and symptoms. One example of this is the use of
proteasome inhibitors, which have been proposed as a therapeutic option in diseases like
cancer. Additionally, the dysregulation of enzymatic activity in the ubiquitination process
could be a key factor in the treatment of various ocular pathologies.

In Drosophila Melanogaster, ocular development requires ubiquitination to activate
retinal morphogenesis and photoreceptor cells viability [72]. Furthermore, neuroinflam-
mation plays a crucial role in glaucoma, as inflammatory mediators influence cellular
responses in the retina, ultimately leading to cell loss via apoptosis. Moreover, the regula-
tion of ubiquitination activity is vital in various ocular surface diseases, as it is maintains
cellular homeostasis and influence disease progression [73,74]. However, the role of the
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UPS in ocular pathologies is not so widely studied, considering that the multiple roles of
the UPS include regulation of inflammation, so it could be thought that some biological
phenomena involved in pathologies of both the anterior segment and the posterior segment
of the eye could be explained by the Ubiquitin–Proteasome pathway (Figure 2).

Figure 2. The UPS regulates key biological processes such as inflammation, oxidative stress, and cell
death. Its dysfunction could be involved in anterior segment ocular diseases, such as dry eye and
keratoconus, which are associated with chronic inflammation and abnormal protein degradation.
In the posterior segment, the UPS may influence conditions such as glaucoma and age-related
macular degeneration (AMD), where impaired protein degradation and stress response contribute to
disease progression.

In this section, we discuss the role of the UPS in both anterior segment pathologies
(such as dry eye and keratoconus) and posterior segment pathologies (including macu-
lar degeneration and glaucoma), highlighting its clinical relevance in the diagnosis and
treatment of these conditions.

3.1. Anterior Segment of the Eye
3.1.1. Dry Eye

Dry eye disease (DED) is a multifactorial disease that results in the loss of homeostasis
of the Lacrimal Functional Unit (LFU), causing ocular symptoms and signs that, in some
cases, result in visual impairment and loss of quality of life [75]. In recent decades, signifi-
cant contributions from molecular and cellular biologist has allowed us to understand and
establish the various events involved in the pathogenesis of the disease. Such is the case for
inflammation, where once various transcription factors such as NF-κB are activated, they
modulate the gene expression of cytokines such as IL-6, IL-22, and tumor necrosis factor
(TNFα) and this leads to an inflammatory process [76] that modifies tear film, corneal, and
conjunctival stability.

Key biological events in dry eye disease include hyperosmolarity, instability of the
tear film, loss of homeostasis, inflammation, and neurosensory abnormalities [77]. These
events are closely related to changes in tear quality, which in turn disrupt the LFU. This
dysregulation may be associated with alterations in the proteins on the ocular surface,
which can accumulate and induce apoptosis in conjunctival, epithelial cells, and Meibomian
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glands. Therefore, dysfunction in the UPS could lead to a loss of protein balance, potentially
inducing remodeling of the ocular surface.

Accordingly, experimental studies suggest that inflammation plays a role in the di-
agnosis and treatment of dry eye. Thus, Kuklinski E.J. et al., demonstrated in vitro that
dendrite cells (DC) are activated, and these initially mediate the activation of the innate
and adaptive immune response on the ocular surface in a dry eye model [78]. However, it
is necessary to recognize that antigen presentation by DC can be carried out by MHC class
I and II. Although a large participation in DED is associated with the activity of MHC class
II and its mechanism which modulates the activation of Th1 lymphocytes, and thus the
secretion of pro-inflammatory cytokines such as TNF, IL-2, IL-17. In the case of recognition
by MHC class I, once DCs are activated, they induce the production of A and B proteins
related to MHC class I, which activate NK cells, and these produce IFN-γ, which leads to
conjunctival and corneal epithelial activation, causing activation of Th1 cells. Interestingly,
recognition by MHC class I requires proteasomal and immunoproteasome activity [59].

Recently, Xie M. et al. (2022) demonstrated, in C57BL/6 mice with dry eye and
stimulated with acacetin, a natural flavone, a reduction in the activity of the NLRP3
inflammasome, and, thus, a decrease in corneal staining and an increase in the number
of goblet cells in the conjunctiva. Interestingly, acacetin inactivated the NLRP3 signal
through its ubiquitination, where glycoprotein 78 (gp78), known as E3 ligase, suppressed
the activation of NLRP3 and attenuated the inflammatory response, suggesting a promising
therapeutic target, where ubiquitination activity is involved [79].

Inflammation plays a key role in the immunopathology of dry eye, with emerging ther-
apies focusing on suppressing this response. A critical factor in ocular surface inflammation
is nuclear factor kappa B (NF-κB) [80], which promotes the secretion of pro-inflammatory
cytokines [81]. The activation of NF-κB depends on the UPS, which labels IκB with Ub
for degradation. Once IκB is degraded, NF-κB translocates to the nucleus and activates
inflammatory gene transcription. Consequently, studies suggest that proteasome inhibitors
could help reduce inflammatory mediators in diseases where inflammation is a central
factor [27,82].

On the other hand, IL-17 has been studied as a therapeutic target promoter in dry eye.
Alam J. (2022) established elevated levels of both IL-17 and IL-23 in corneal and conjunc-
tival tissues in an animal model with receptor-deficient nuclear RXRα. In transcriptomic
analyses, they found that ubiquitination was involved within the pathways related to
IL-17 signaling [83]. This aspect is consistent with what was published by Rong Z. et al.
(2007), who found that TRAF mediates the ubiquitination of IL-17R induced by IL-17F,
and that its E3 ligase activity was necessary for said signaling [84], the role of residue
48 in polyubiquitination is considered crucial in determining the specific type of dry eye
condition that involves the Th17 phenotype [85].

Dry eye is associated with other ocular disorders. During the process of aging and
cellular senescence, ocular structures undergo important changes, especially those of the
ocular surface. Nättinen J. et al. (2019) examined the effects of aging on the tear proteome,
finding a relationship between age and several tear proteins related to cell death and
inflammatory response, and several proteins of the ubiquitination complex [86].

In addition, ocular manifestations of limbal stem cell deficiency (LSCD) include dry
eye. In an LSCD model, an increase in inflammatory cells and the activity of immunopro-
teasome formation with a decrease in constitutive proteasome formation was found [87,88].
Furthermore, the immunoproteasome has been implicated in the pathophysiology of dry
eye disease, particularly in conditions such as Sjögren’s syndrome [89]. For example, the
dysregulation of immune responses, including those mediated by the immunoprotea-
some, can lead to the destruction of lacrimal glands and reduced tear production, further
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aggravating dry eye symptoms [90]. The above suggests that it may lead to rapid im-
munoproteasome response and reduce constitutive proteasome activity, a change in the
proteasome population after the immune response.

In studies of chronic inflammation, constitutive proteasome activity has been shown
to decrease and immunoproteasome activity to increase. Therefore, in chronic stages of dry
eye, it is possible that the activity of the constitutive proteasome may be affected, leading
to the non-degradation of proteins via the proteasome, and, therefore, this leads to the
accumulation of proteins, which subsequently contributes to oxidative stress, activation of
autophagy, and subsequent cell death [91–93]. Thus, given its involvement in inflammation
and immune regulation, the immunoproteasome is being explored as a potential thera-
peutic target for dry eye treatment, especially in autoimmune contexts, and as focusing
on inhibitors of the immunoproteasome may help mitigate the inflammatory responses
associated with dry eye conditions.

3.1.2. Keratoconus

Keratoconus (KC) is a degenerative disease of the cornea characterized by cone-
like steepening and irregular stromal thinning, which distorts vision. In recent years,
attention has been focused on the role of inflammation as a regulator of the disease’s
development and progression [94]. Understanding the pathophysiology of KC, from a
molecular perspective, allows us to recognize the clinical significance of biological events
such as inflammation, oxidative stress, alterations in the extracellular matrix, and the
activation of apoptosis [95].

For many decades, inflammation was thought to be irrelevant in KC. However, ex-
perimental studies have demonstrated its influence on specific signals that contribute to
cellular stress, alterations in the extracellular matrix, and the activation of apoptotic path-
ways, ultimately leading to damage in keratocytes and fibroblasts at the corneal level [96].
Nonetheless, the role of the UPS in protein regulation and stability at the corneal level
remains underexplored.

The corneal epithelium has the capacity to express K3/K12 keratins and maintains
regular functions related to the renewal process in the face of an injury [88]. For this, it
is necessary to modulate the amount of keratin present in affected tissue and ensure that
it does not accumulate and is not added at undesirable times. In addition, the constitu-
tive proteasome plays a crucial role in protein degradation, as highlighted by Chan J.K.L.
et al. (2018), who emphasized the importance of keratin 6a (K6a) and its post-translational
modification by Ub. This modification influences proteasomal processing to produce an-
timicrobial peptides derived from keratin, which contribute to the innate immune response
in the corneal epithelium, particularly in cytoskeletal remodeling in UPS-mediated infec-
tions [97]. This underscores the system’s role in generating antigenic fragments during
immune responses.

Bardag-Gorce et al. characterized the proteasome in corneal epithelial cells [87] and
later investigated its effects in an animal model following corneal injury. They found that
the epithelial keratins K3 and K13 are polyubiquitinated for proteasomal degradation.
However, corneal injury leads to impaired proteasome activity, resulting in keratin aggre-
gation and subsequent UPS activation [88]. This suggests that proteasome activity is crucial
for the formation and removal of corneal keratin aggresomes, with potential therapeutic
implications for ocular surface injuries such as Limbal Stem Cell Deficiency (LSCD) and
other conditions that promote corneal opacity, including keratoconus.

In addition, Ferrington D.A. et al. (2013) proposed that the immunoproteasome is
key in corneal healing. Following the induction of inflammatory cytokine secretion, the
constitutive proteasome becomes unstable, and the immunoproteasome is rapidly activated.
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This activation enables the production of peptides that are ultimately bound to MHC class
I molecules [98].

On the other hand, Lomako J. et al. (2010), highlighted the importance of the protea-
some in regulating MUC4, a membrane mucin involved in eye protection. They demon-
strated that TGF-β induces the degradation of MUC4 in the basal and intermediate layers
of the cornea, and that this effect is reversed by proteasome inhibitors (MG132), leading
to an increased expression of MUC4 on corneal tissue [99]. This suggests that proteasome
inhibitors could be a promising therapeutic approach for treating corneal injuries and
stabilizing mucin in cases of ocular surface damage. Additionally, recent omics-based
studies of corneal tissue have revealed that the UPS pathway plays a role in keratoconus
(KC), with its upregulation potentially contributing to KC progression [100,101]. Thus,
targeting the UPS may offer a novel therapeutic strategy for the treatment of KC.

Indeed, several studies in transcriptomics and proteomics affirm that hypothesis.
Shinde V. et al. (2019), evaluated corneas of healthy individuals and those with kerato-
conus using mass spectrometry, detecting a total of 3132 proteins, of which 627 were over-
regulated in ectatic corneas. Interestingly, within these proteins, some E3 ligases (CUL2,
CUL3 and CUL4B), SUMO3 and UBA6 [100] were involved in the proteasomal pathway,
among them some E3 ligases (CUL2, CUL3 and CUL4B), which could in the future be used
as new therapeutic targets.

Cellular proteases, particularly those such as metalloproteinases (MMP), play a critical
role in the degradation compression of the extracellular matrix and corneal thinning [102].
Several factors regulate the activity of these enzymes, with vascular endothelial growth
factor (VEGF) being a prominent example, as it is expressed in both corneal epithelial and
endothelial cells. Once activated, VEGF stimulates the expression of MMP-2 and MMP-9 in
the cornea, leading to inflammation, scarring, and loss of corneal transparency.

Consequently, antiangiogenic factors can modulate the activity of VEGF;
thrombospondin-1 (TSP-1) serves as a notable example. Bardag-Gorce F. et al. demon-
strated, in cultures of epithelial cells within a neovascularization model, that TSP-1 levels
decreased. However, when the proteasome was inhibited, TSP-1 levels increased, while
VEGF decreased [103]. This finding is clinically relevant for the development of corneal
neovascularization with proteasome inhibitors, potentially reducing visual loss.

The immunoproteasome is abundantly expressed in the corneal epithelium and plays
a crucial role in maintaining corneal integrity and function. The immunoproteasome has
been implicated in the pathogenesis of keratoconus, though its exact role is still being
investigated. For example, immunoproteasome deficiency leads to increased apoptosis in
corneal epithelial cells and delayed wound healing in mouse models [87,98].

Recently, its function has been involved in regulating inflammation, with findings
suggesting a significant role in mediating oxidative stress responses [104] may be relevant
in keratoconus pathogenesis. Further studies are essential to elucidate the specific mecha-
nisms through which the immunoproteasome and protein accumulation resulting from
proteasome dysfunction may contribute to corneal thinning and the structural changes
characteristic of keratoconus. Such research could provide valuable insights into potential
therapeutic strategies for addressing these pathological alterations.

In ocular surface diseases, including dry eye and keratoconus, effective management
is crucial for enhancing visual quality. However, current treatments often fall short of
expectations, primarily focusing on alleviating symptoms while neglecting underlying fac-
tors such as oxidative stress, inflammation, and protein accumulation, which significantly
contribute to the pathophysiology of these diseases. Therefore, future research should
investigate the role of the UPS in disease biology, as a comprehensive understanding of its
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function could provide insights into more effective therapeutic strategies that target the
root causes of these conditions.

3.2. Posterior Segment of the Eye
3.2.1. Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is one of the causes of global blindness [105].
Within its etiopathogenesis, there are various factors, including mutagenesis in some
candidate genes, epigenetic factors, and lifestyle factors [106–109]. Biological events are
related to protein degradation or PTMs that some proteins may undergo that maintain
retinal homeostasis from visual development to retinal neurodegeneration processes [110].

The immunoproteasome plays a significant role in retinal function and health, partic-
ularly in the context of visual transmission [111,112]. For instance, immunoproteasomes
are present in high concentrations in the photoreceptors and synaptic regions of the retina,
suggesting their importance in visual transmission. Studies using immunoproteasome
knockout (KO) mice have demonstrated that a deficiency in immunoproteasome subunits
leads to defects in bipolar cell responses, resulting in a decrease in the amplitude of elec-
troretinography (ERG) b-waves by approximately 25% [111]. This highlights their relevance
in retinal physiology and physiopathology processes.

On the other hand, the immunoproteasome has been shown to provide cytoprotective
effects in the retina under conditions of oxidative stress and injury [12]. For instance,
retinal pigment epithelial cells lacking immunoproteasome components exhibited increased
susceptibility to peroxide-induced cell death, indicating that the immunoproteasome plays
a protective role against oxidative damage and its possible implication in age-related
macular degeneration.

Considering that the retina has a high metabolic rate, rapid and efficient activities
are required for the modification of proteins and, where appropriate, to lead them to
degradation. However, as age advances and adds to other factors, such as UV exposure,
poor diet, and cigarette intake [113], these degradation processes and modifications in
proteins can alter in a more accelerated manner. Therefore, the accumulation of proteins in
the macular area and its relationship with cellular senescence and aging can be explained
by autophagy and UPS activity [114,115].

In an animal model, it has been demonstrated that inhibiting the activity of the
proteasome results in the accumulation of oxidized proteins, including lipofuscin; this
is a key component in the formation of the dominated “drusen” [3]. Therefore, there
is an implication of proteasome activity. The proteasome not only focuses on protein
degradation, but also how relevant processes, such as oxidative stress, cell signaling,
inflammation, and key elements in the physiopathogenesis of AMD, can be regulated
through the ubiquitination–proteasome pathway.

Consequently, Lee H. et al. reported that, in aqueous humor samples of individuals
with AMD, analyzed by proteomics, a significant increase in proteins related to proteasome
activity could be seen, including the regulatory subunit Rpn2 [116]. In addition, Qin
et al., proposed that inhibiting the proteasome pharmacologically in RPE cells induced
deregulation of the NF-κB pathway, which finally led to the differential expression of
pro-inflammatory and proapoptotic genes, aspects that agree with what was reported
by Fernandez A.F. et al. and Qin T. et al., who suggested that UPS has a role both in
inflammation, and oxidative stress in AMD [117,118]. The above shows that the activity of
the UPS influences many events in the retinal tissue and that this could be a critical element
in the search for therapeutic interventions for AMD [114,119], considering its multiple roles
in both retinal development and neurodegeneration.
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3.2.2. Glaucoma

Glaucoma is defined as a neurodegenerative disease that includes a variety of bio-
logical events including glutamate excitotoxicity, mitochondrial dysfunction, cholinergic
deregulation, etc., which lead to loss of retinal ganglion cells (RGCs), clinically converted
by the loss of the nerve fiber layer of the retina, in some cases with an increase in intraocular
pressure (IOP) and, with these, changes in functions such as contrast sensitivity and visual
field [73].

Recent studies reveal molecular mechanisms that include protein misfolding, protein
aggregation, and the role of UPS activity in regulating protein degradation processes. An
event that has been highlighted in the pathophysiology of neurodegenerative diseases.

Indeed, several studies support that glaucoma should not only be considered an eye
disease, but it can also become a risk factor for Alzheimer’s disease [120,121]. In fact, the
pathophysiological mechanisms of glaucoma converge with Alzheimer’s when comparing
characteristics such as cholinergic deficiency, glutamate excitotoxicity, and neuroinflam-
mation [73]. For instance, Korac J et al. (2013) demonstrated the role of ubiquitination
in the formation of misfolded proteins in different neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, and amyotrophic lateral sclerosis (ALS) [122].

Optineurin (OPTN) is a protein that interacts with a series of events, including cell
morphogenesis, vesicular trafficking, transcriptional regulation, and autophagy, and has
been a genetic marker in normal tension glaucoma and primary open-angle glaucoma
(POAG) [123,124]. Under physiological conditions, OPTN interacts with LC3 to degrade its
substrates through autophagy [125]. Thus, when analyzing the protein structure, it can be
seen that it contains a ubiquitin-binding domain, and studies such as that of Shen WC have
shown that mutations in the region related to Ub recognition in the OPTN gene interfere
with the process of autophagy, and, thus, OPTN colocalizes with misfolded proteins [126].

Conversely, Kageyama et al. indicated that chemical inhibition of the proteasome
leads to a reduction in proteasome activity and an increase in the level of polyubiquitinated
proteins, ultimately resulting in retinal degeneration and the death of photoreceptors and
retinal ganglion cells [127]. Similar findings were reported by Hayat B et al. in patients with
pseudoexfoliation glaucoma, who exhibited increased expression of ER-stress markers and
decreased proteasome activity [128]. This imbalance in proteasome function underscores
its clinical significance and highlights the UPS as a promising therapeutic target in retinal
diseases such as glaucoma.

From another point of view, inflammation has been considered a possible etiology
for the release of inflammatory mediators from trabecular meshwork (TM) cells [73,129].
Indeed, studies of tear proteomes and aqueous humor samples from glaucoma patients
demonstrate a pro-inflammatory profile, supporting the role of inflammation in glau-
coma [130]. Keller K.E. and Wirtz M.K. described that the ASB10 gene is associated with
the development of glaucoma and, interestingly, ASB10 is regulated by pro-inflammatory
cytokines that, in turn, contain the suppressor of cytokine signaling (SOCS) gene family that
contains ubiquitination domains and could recruit complexes of Ub ligase for subsequent
degradation by the proteasome [131].

In studies of POAG individuals with elevated IOP levels, differential expression of
ASB10 has been identified; it has a role in regulating aqueous humor outflow and main-
taining IOP homeostasis [132]. Although direct involvement of the immunoproteasome
in glaucoma pathology has not been thoroughly investigated, its established role in other
neurodegenerative conditions and its significance in regulating inflammation position it as
a promising candidate for further study.

Consequently, Keller K.E. et al. (2013) demonstrated that TM cells express ASB10 and
contain motifs facilitated by two proteins: Cullin5 and elonginBC. This study suggests that
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ASB10 may function as a Ub ligand, promoting the degradation of specific proteins in TM
cells. This mechanism is crucial for understanding of the regulation of cellular homeostasis
and provides insights into glaucoma pathogenesis, where the accumulation of misfolded
or excess proteins can lead to cellular dysfunction and impaired tissue function. [133].

The immunoproteasome has emerged as a potential therapeutic target in various neu-
rodegenerative diseases, including Alzheimer’s disease and cardiovascular diseases [49,63].
In Alzheimer’s disease, increased immunoproteasome activity has been observed in re-
active glial cells surrounding amyloid plaques, suggesting its involvement in disease
pathogenesis [134]. Tezel et al. have proposed that proteasome activity could serve as
a biomarker in human glaucoma models [135]. The immunoproteasome offers valuable
insights into disease progression and holds promise as a therapeutic target. Its involvement
in neurodegenerative diseases, along with its potential as a biomarker and treatment target,
warrants further investigation, particularly in glaucoma. Exploring the immunoprotea-
some’s role in glaucoma pathophysiology could pave the way for novel treatment strategies
targeting this proteasome subtype.

Age-related retinal degeneration represents a significant public health concern, given
the increasing number of individuals in older age groups. Understanding the biolog-
ical events occurring within the retina is crucial, as it could lead to early detection of
changes primarily associated with protein accumulation and dysfunction in key biological
systems, such as the UPS. This knowledge may pave the way for more effective diagnos-
tic and therapeutic strategies aimed at mitigating the impact of retinal degeneration in
aging populations.

4. Treatments Targeting the Proteasome in Ocular Pathologies

The proteasome has garnered significant attention as a potential therapeutic target
in various diseases [136]. Recent advances in understanding the role of proteasomal
dysfunction in the pathogenesis of multiple conditions have led to the exploration of novel
drug development strategies focused on modulating proteasomal activity [137].

In the context of ocular diseases, where protein homeostasis is crucial for maintaining
cellular integrity, proteasome-targeted therapies hold great promise. Diseases like kerato-
conus, dry eye, glaucoma, and age-related macular degeneration (AMD) have been linked
to impaired protein degradation, leading to the accumulation of misfolded or dysfunctional
proteins [138]. These accumulated proteins can trigger cellular stress, inflammation, and
tissue damage, which ultimately contribute to disease progression. Therefore, restoring
proper proteasomal function could be a pivotal strategy in preventing or even reversing
disease processes.

The development of small molecules or biologics that either enhance or inhibit protea-
somal activity offers a promising avenue for therapeutic intervention. Proteasome activators
could help with improving protein degradation, especially in diseases characterized by
the accumulation of damaged proteins [137]. Conversely, proteasome inhibitors could be
utilized to selectively degrade or to induce cell death in cancer cells where excessive protein
degradation may be beneficial [139,140].

Targeting the proteasome holds promise for developing more specific and effective
therapies, potentially improving patient outcomes and transforming the management of
ocular diseases. Further investigation into the precise mechanisms underlying proteasomal
regulation and the optimal modulation of its activity will be crucial to fully unlock the
therapeutic potential of this approach. Currently, proteasome inhibitors are being explored
in the contexts of cancer, autoimmunity, and viral infections, and this strategy could
potentially be adapted as a novel therapeutic approach for ocular diseases (Table 1).
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Table 1. Treatments targeting the proteasome in ocular pathologies.

Treatment Mechanism of Action Ocular Pathologies Outcome/Effect Refs.

Bortezomib
Inhibits the 26S

proteasome, preventing
protein degradation

Wet AMD, diabetic
retinopathy

Reduces inflammation, prevents
retinal cell death, and exerts a

neuroprotective effect.
[141,142]

Carfilzomib
Inhibits the proteasome

by binding to its
catalytic subunits

Glaucoma, retinal
degeneration

Reduces oxidative stress, and
prevents retinal damage. [143]

Lactacystin

Inhibits proteasomal
activity by binding to

the proteasome catalytic
site

AMD
May modulate inflammatory

pathways, retinal aging, and cell
survival.

[127,144]

MG132
A potent, reversible

proteasome inhibitor

Corneal injury,
keratoconjunctivitis

sicca.

Reduces cellular apoptosis, and
promotes tissue repair. [145,146]

Glaucoma

MG132 could enhance the
efficiency of transduction by a
FIV vector expressing green
fluorescent protein (GFP) in

immortalized human trabecular
meshwork cells.

[147]

Epoxomicin

Selectively inhibits the
20S proteasome,
blocking protein

degradation

AMD, Glaucoma

Suppresses pro-inflammatory
signaling, mitigates retinal cell

death, and promotes
anti-inflammatory activity.

[148,149]

Ubistatin
Inhibits the

ubiquitin-proteasome
pathway

Retinal pathology
Enhances retinal neuron survival

and may promote neurite
growth and synaptogenesis.

[150]

All findings presented in this table are based on studies of proteasome inhibitors. FIV: feline immunodeficiency
virus. AMD: Age-related macular degeneration. GFP: green fluorescent protein.

5. Conclusions and Future Perspectives

The eye is a target organ for many biological events, including oxidative stress, in-
flammation, and processes that are required by the UPS to maintain ocular homeostasis.
However, due to various exogenous and endogenous factors, this balance can be lost,
generating an accumulation of protein components that can trigger responses that favor
the appearance of diseases such as dry eye, glaucoma, AMD, and others, which is why, in
the last decade, a significant number of publications have focused their attention on under-
standing what happens with “cellular proteostasis” and how, from the loss of proteostasis,
pathways can appear that lead to the development of the disease [8,151,152].

This highlights the critical role of the UPS in regulating the activity and maintenance
of numerous proteins, either through ubiquitination signals or by directing them for
degradation via proteasomal pathways. The involvement of the UPS in ocular health
provides valuable insights not only into the pathophysiology of ocular diseases but also in
identifying potential biomarkers associated with UPS dysfunction. For example, retinal
degenerative diseases are frequently marked by the accumulation of misfolded proteins
and protein aggregation, which are key pathological features [153]. These insights open the
door to exploring pharmacological interventions targeting proteasome in the treatment of
eye diseases.

Although numerous studies are included in this review concerning the role of the UPS,
several limitations exist regarding the therapeutic approaches to the ocular pathologies
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described. While the UPS is indeed involved in protein accumulation and recycling, further
research is essential to determine whether specific E3 ligases are associated with protein
buildup in ocular tissues, and to explore whether the proteasome and immunoproteasome
could serve as viable therapeutic targets.

Additionally, the UPS plays a crucial role in the removal of damaged or misfolded
proteins, and its dysfunction can lead to the accumulation of toxic proteins, resulting
in inflammation, cell death, and further vision impairment. Investigating the molecular
mechanisms underlying UPS failure in retinal cells could provide valuable insights into
potential strategies for targeting this system to slow or prevent disease progression.

Currently, within pharmacological interventions for many diseases such as cancer,
autoimmune and neurodegenerative disease, have been described as either activating
or inhibiting the activity of the proteasome [137,154–156]. Therefore, considering the
implications of UPS activity on various ocular structures, one can think of future and novel
therapeutic approaches to various ocular disorders.

In fact, medications based on proteasome inhibitors have already been patented for
the treatment of dry eye [157], which shows that they can be a therapeutic line to explore
for many diseases of both the anterior and posterior segments of the eye.

In comparison to other conditions, such as neurodegenerative disorders, autoimmune
conditions, infectious diseases, and cancer, the investigation of the role of the UPS in oph-
thalmology remains in its early stages. Nonetheless, this progress has been facilitated by a
deeper understanding of the biological events associated with ocular diseases, supported by
insights from omics approaches, in vitro assays, and other methods. These efforts have en-
abled the identification of disrupted metabolic pathways and have clarified the relationship
between the UPS and additional biological pathways that maintain cellular homeostasis.
Consequently, there remains significant scope for further research and development in this
area for application in the field of ophthalmology.
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T.; Vilaj, M.; et al. Genetic regulation of post-translational modification of two distinct proteins. Nat. Commun. 2022, 13, 1586.
[CrossRef] [PubMed]

16. Zhong, Q.; Xiao, X.; Qiu, Y.; Xu, Z.; Chen, C.; Chong, B.; Zhao, X.; Hai, S.; Li, S.; An, Z.; et al. Protein posttranslational
modifications in health and diseases: Functions, regulatory mechanisms, and therapeutic implications. Med. Comm 2023, 4, e261.
[CrossRef]

17. Glickman, M.H.; Ciechanover, A. The ubiquitin-proteasome proteolytic pathway: Destruction for the sake of construction. Physiol.
Rev. 2002, 82, 373–428. [CrossRef]

18. Kresge, N.; Simoni, R.D.; Hill, R.L. The Discovery of Ubiquitin-mediated Proteolysis by Aaron Ciechanover, Avram Hershko, and
Irwin Rose. J. Biol. Chem. 2006, 281, e32–e36. [CrossRef]

19. Metzger, M.B.; Hristova, V.A.; Weissman, A.M. HECT and RING finger families of E3 ubiquitin ligases at a glance. J. Cell Sci.
2012, 125, 531–537. [CrossRef]

20. Toma-Fukai, S.; Shimizu, T. Structural Diversity of Ubiquitin E3 Ligase. Molecules 2021, 26, 6682. [CrossRef]
21. Yang, Q.; Zhao, J.; Chen, D.; Wang, Y. E3 ubiquitin ligases: Styles, structures and functions. Mol. Biomed. 2021, 2, 23. [CrossRef]
22. Dougherty, S.E.; Maduka, A.O.; Inada, T.; Silva, G.M. Expanding Role of Ubiquitin in Translational Control. Int. J. Mol. Sci. 2020,

21, 1151. [CrossRef] [PubMed]
23. Callis, J. The ubiquitination machinery of the ubiquitin system. Arab. B. 2014, 12, e0174. [CrossRef]
24. Groothuis, T.A.M.; Dantuma, N.P.; Neefjes, J.; Salomons, F.A. Ubiquitin crosstalk connecting cellular processes. Cell Div. 2006, 1,

21. [CrossRef]
25. Damgaard, R.B. The ubiquitin system: From cell signalling to disease biology and new therapeutic opportunities. Cell Death

Differ. 2021, 28, 423–426. [CrossRef]
26. Jarome, T.J.; Perez, G.A.; Webb, W.M.; Hatch, K.M.; Navabpour, S.; Musaus, M.; Farrell, K.; Hauser, R.M.; McFadden, T.; Martin,

K.; et al. Ubiquitination of Histone H2B by Proteasome Subunit RPT6 Controls Histone Methylation Chromatin Dynamics During
Memory Formation. Biol. Psychiatry 2021, 89, 1176–1187. [CrossRef] [PubMed]

27. Collins, P.E.; Mitxitorena, I.; Carmody, R.J. The Ubiquitination of NF-κB Subunits in the Control of Transcription. Cells 2016, 5, 23.
[CrossRef]

28. Wang, W.; Cai, X.; Chen, X.-L. Recent Progress of Deubiquitinating Enzymes in Human and Plant Pathogenic Fungi. Biomolecules
2022, 12, 1424. [CrossRef] [PubMed]

29. Snyder, N.A.; Silva, G.M. Deubiquitinating enzymes (DUBs): Regulation, homeostasis, and oxidative stress response. J. Biol.
Chem. 2021, 297, 101077. [CrossRef]

30. Eletr, Z.M.; Wilkinson, K.D. Regulation of proteolysis by human deubiquitinating enzymes. Biochim. Biophys. Acta 2014, 1843,
114–128. [CrossRef]

31. Hershko, A.; Ciechanover, A. The ubiquitin system. Annu. Rev. Biochem. 1998, 67, 425–479. [CrossRef] [PubMed]
32. Blount, J.R.; Johnson, S.L.; Todi, S. V Unanchored Ubiquitin Chains, Revisited. Front. Cell Dev. Biol. 2020, 8, 582361. [CrossRef]
33. Thibaudeau, T.A.; Smith, D.M. A Practical Review of Proteasome Pharmacology. Pharmacol. Rev. 2019, 71, 170–197. [CrossRef]

[PubMed]
34. Tracz, M.; Bialek, W. Beyond K48 and K63: Non-canonical protein ubiquitination. Cell. Mol. Biol. Lett. 2021, 26, 1. [CrossRef]

[PubMed]

107



Life 2025, 15, 504

35. Hochrainer, K.; Lipp, J. Ubiquitylation within signaling pathways in- and outside of inflammation. Thromb. Haemost. 2007, 97,
370–377.

36. DeMartino, G.N.; Slaughter, C.A. The proteasome, a novel protease regulated by multiple mechanisms. J. Biol. Chem. 1999, 274,
22123–22126. [CrossRef]

37. Saha, A.; Oanca, G.; Mondal, D.; Warshel, A. Exploring the Proteolysis Mechanism of the Proteasomes. J. Phys. Chem. B 2020, 124,
5626–5635. [CrossRef]

38. Groll, M.; Bajorek, M.; Köhler, A.; Moroder, L.; Rubin, D.M.; Huber, R.; Glickman, M.H.; Finley, D. A gated channel into the
proteasome core particle. Nat. Struct. Biol. 2000, 7, 1062–1067. [CrossRef]

39. Lander, G.C.; Estrin, E.; Matyskiela, M.E.; Bashore, C.; Nogales, E.; Martin, A. Complete subunit architecture of the proteasome
regulatory particle. Nature 2012, 482, 186–191. [CrossRef]

40. Lee, S.-H.; Moon, J.-H.; Yoon, S.K.; Yoon, J.-B. Stable incorporation of ATPase subunits into 19 S regulatory particle of human
proteasome requires nucleotide binding and C-terminal tails. J. Biol. Chem. 2012, 287, 9269–9279. [CrossRef]

41. Budenholzer, L.; Cheng, C.L.; Li, Y.; Hochstrasser, M. Proteasome Structure and Assembly. J. Mol. Biol. 2017, 429, 3500–3524.
[CrossRef] [PubMed]

42. Murata, S.; Yashiroda, H.; Tanaka, K. Molecular mechanisms of proteasome assembly. Nat. Rev. Mol. Cell Biol. 2009, 10, 104–115.
[CrossRef] [PubMed]

43. Wen, X.; Klionsky, D.J. The proteasome subunit RPN10 functions as a specific receptor for degradation of the 26S proteasome by
macroautophagy in Arabidopsis. Autophagy 2016, 12, 905–906. [CrossRef]

44. Rechsteiner, M.; Hill, C.P. Mobilizing the proteolytic machine: Cell biological roles of proteasome activators and inhibitors. Trends
Cell Biol. 2005, 15, 27–33. [CrossRef] [PubMed]

45. Cheng, Y. Toward an atomic model of the 26S proteasome. Curr. Opin. Struct. Biol. 2009, 19, 203–208. [CrossRef]
46. Goldberg, A.L.; Kim, H.T.; Lee, D.; Collins, G.A. Mechanisms That Activate 26S Proteasomes and Enhance Protein Degradation.

Biomolecules 2021, 11, 779. [CrossRef]
47. Chen, B.; Zhu, H.; Yang, B.; Cao, J. The dichotomous role of immunoproteasome in cancer: Friend or foe? Acta Pharm. Sin. B 2023,

13, 1976–1989. [CrossRef]
48. Imbesi, C.; Ettari, R.; Irrera, N.; Zappalà, M.; Pallio, G.; Bitto, A.; Mannino, F. Blunting Neuroinflammation by Targeting the

Immunoproteasome with Novel Amide Derivatives. Int. J. Mol. Sci. 2023, 24, 732. [CrossRef]
49. Lee, M.J.; Bhattarai, D.; Jang, H.; Baek, A.; Yeo, I.J.; Lee, S.; Miller, Z.; Lee, S.; Hong, J.T.; Kim, D.-E.; et al. Macrocyclic

Immunoproteasome Inhibitors as a Potential Therapy for Alzheimer’s Disease. J. Med. Chem. 2021, 64, 10934–10950. [CrossRef]
50. Wagner, L.K.; Gilling, K.E.; Schormann, E.; Kloetzel, P.M.; Heppner, F.L.; Krüger, E.; Prokop, S. Immunoproteasome deficiency

alters microglial cytokine response and improves cognitive deficits in Alzheimer’s disease-like APPPS1 mice. Acta Neuropathol.
Commun. 2017, 5, 52. [CrossRef]

51. Nguyen, H.D.; Kim, Y.E.; Nhat Nguyen, L.T.; Kwak, I.H.; Lee, Y.K.; Kim, Y.J.; Hai Nguyen, T.T.; Pham, H.N.; Ma, H.-I. Upregulation
of immunoproteasome PSMB8 is associated with Parkinson’s disease. Parkinsonism Relat. Disord. 2023, 114, 105797. [CrossRef]
[PubMed]

52. Madsen, D.A.; Schmidt, S.I.; Blaabjerg, M.; Meyer, M. Interaction between Parkin and α-Synuclein in PARK2-Mediated Parkinson’s
Disease. Cells 2021, 10, 283. [CrossRef] [PubMed]

53. Moon, S.P.; Balana, A.T.; Galesic, A.; Rakshit, A.; Pratt, M.R. Ubiquitination Can Change the Structure of the α-Synuclein Amyloid
Fiber in a Site Selective Fashion. J. Org. Chem. 2020, 85, 1548–1555. [CrossRef] [PubMed]

54. Kasahara, M. Role of immunoproteasomes and thymoproteasomes in health and disease. Pathol. Int. 2021, 71, 371–382. [CrossRef]
55. McCarthy, M.K.; Weinberg, J.B. The immunoproteasome and viral infection: A complex regulator of inflammation. Front.

Microbiol. 2015, 6, 21. [CrossRef]
56. Abi Habib, J.; Lesenfants, J.; Vigneron, N.; Van den Eynde, B.J. Functional Differences between Proteasome Subtypes. Cells 2022,

11, 421. [CrossRef]
57. Basler, M.; Groettrup, M. On the Role of the Immunoproteasome in Protein Homeostasis. Cells 2021, 10, 3216. [CrossRef]
58. Basler, M.; Mundt, S.; Bitzer, A.; Schmidt, C.; Groettrup, M. The immunoproteasome: A novel drug target for autoimmune

diseases. Clin. Exp. Rheumatol. 2015, 33 (Suppl S92), S74–S79.
59. Sijts, E.J.A.M.; Kloetzel, P.M. The role of the proteasome in the generation of MHC class I ligands and immune responses. Cell.

Mol. Life Sci. 2011, 68, 1491–1502. [CrossRef]
60. Vagapova, E.; Burov, A.; Spasskaya, D.; Lebedev, T.; Astakhova, T.; Spirin, P.; Prassolov, V.; Karpov, V.; Morozov, A. Immuno-

proteasome Activity and Content Determine Hematopoietic Cell Sensitivity to ONX-0914 and to the Infection of Cells with
Lentiviruses. Cells 2021, 10, 1185. [CrossRef]

61. Kisselev, A.F.; Goldberg, A.L. Proteasome inhibitors: From research tools to drug candidates. Chem. Biol. 2001, 8, 739–758.
[CrossRef] [PubMed]

108



Life 2025, 15, 504

62. Leister, H.; Krause, F.F.; Gil, B.; Prus, R.; Prus, I.; Hellhund-Zingel, A.; Mitra, M.; Da Rosa Gerbatin, R.; Delanty, N.; Beausang,
A.; et al. Immunoproteasome deficiency results in age-dependent development of epilepsy. Brain Commun. 2024, 6, fcae017.
[CrossRef]

63. Schaftenaar, F.H.; van Dam, A.D.; de Bruin, G.; Depuydt, M.A.C.; de Mol, J.; Amersfoort, J.; Douna, H.; Meijer, M.; Kröner, M.J.;
van Santbrink, P.J.; et al. Immunoproteasomal Inhibition With ONX-0914 Attenuates Atherosclerosis and Reduces White Adipose
Tissue Mass and Metabolic Syndrome in Mice. Arterioscler. Thromb. Vasc. Biol. 2024, 44, 1346–1364. [CrossRef]

64. Keller, I.E.; Vosyka, O.; Takenaka, S.; Kloß, A.; Dahlmann, B.; Willems, L.I.; Verdoes, M.; Overkleeft, H.S.; Marcos, E.; Adnot, S.;
et al. Regulation of Immunoproteasome Function in the Lung. Sci. Rep. 2015, 5, 10230. [CrossRef]

65. Arya, R.; Kedar, V.; Hwang, J.R.; McDonough, H.; Li, H.-H.; Taylor, J.; Patterson, C. Muscle ring finger protein-1 inhibits
PKC{epsilon} activation and prevents cardiomyocyte hypertrophy. J. Cell Biol. 2004, 167, 1147–1159. [CrossRef] [PubMed]

66. Kammerl, I.E.; Hardy, S.; Flexeder, C.; Urmann, A.; Peierl, J.; Wang, Y.; Vosyka, O.; Frankenberger, M.; Milger, K.; Behr, J.; et al.
Activation of immune cell proteasomes in peripheral blood of smokers and COPD patients: Implications for therapy. Eur. Respir.
J. 2022, 59, 2101798. [CrossRef]

67. Lin, Y.-C.; Jeng, K.-S.; Lai, M.M.C. CNOT4-Mediated Ubiquitination of Influenza A Virus Nucleoprotein Promotes Viral RNA
Replication. MBio 2017, 8, e00597-17. [CrossRef]

68. Liao, T.-L.; Wu, C.-Y.; Su, W.-C.; Jeng, K.-S.; Lai, M.M.C. Ubiquitination and deubiquitination of NP protein regulates influenza A
virus RNA replication. EMBO J. 2010, 29, 3879–3890. [CrossRef] [PubMed]

69. Pickering, A.M.; Davies, K.J.A. Degradation of damaged proteins: The main function of the 20S proteasome. Prog. Mol. Biol.
Transl. Sci. 2012, 109, 227–248. [CrossRef]

70. Rosenbaum, J.T.; Sibley, C.H.; Choi, D.; Harrington, C.A.; Planck, S.R. Molecular diagnosis: Implications for ophthalmology. Prog.
Retin. Eye Res. 2016, 50, 25–33. [CrossRef]

71. Ong, F.S.; Kuo, J.Z.; Wu, W.-C.; Cheng, C.-Y.; Blackwell, W.-L.B.; Taylor, B.L.; Grody, W.W.; Rotter, J.I.; Lai, C.-C.; Wong, T.Y.
Personalized Medicine in Ophthalmology: From Pharmacogenetic Biomarkers to Therapeutic and Dosage Optimization. J. Pers.
Med. 2013, 3, 40–69. [CrossRef] [PubMed]

72. Piedade, W.P.; Famulski, J.K. E3 ubiquitin ligase-mediated regulation of vertebrate ocular development; new insights into the
function of SIAH enzymes. Biochem. Soc. Trans. 2021, 49, 327–340. [CrossRef] [PubMed]

73. Durán-Cristiano, S.C. Glaucoma: Biological mechanism and its Clinical Translation. Curr. Mol. Med. 2022. [CrossRef]
74. Zhang, J.; Li, W.; Xiong, Z.; Zhu, J.; Ren, X.; Wang, S.; Kuang, H.; Lin, X.; Mora, A.; Li, X. PDGF-D-induced immunoproteasome

activation and cell-cell interactions. Comput. Struct. Biotechnol. J. 2023, 21, 2405–2418. [CrossRef] [PubMed]
75. Li, M.; Gong, L.; Chapin, W.J.; Zhu, M. Assessment of Vision-Related Quality of Life in Dry Eye Patients. Invest. Ophthalmol. Vis.

Sci. 2012, 53, 5722–5727. [CrossRef]
76. Ganesalingam, K.; Ismail, S.; Sherwin, T.; Craig, J.P. Molecular evidence for the role of inflammation in dry eye disease. Clin. Exp.

Optom. 2019, 102, 446–454. [CrossRef]
77. Bron, A.J.; de Paiva, C.S.; Chauhan, S.K.; Bonini, S.; Gabison, E.E.; Jain, S.; Knop, E.; Markoulli, M.; Ogawa, Y.; Perez, V.; et al.

TFOS DEWS II pathophysiology report. Ocul. Surf. 2017, 15, 438–510. [CrossRef]
78. Kuklinski, E.J.; Yu, Y.; Ying, G.-S.; Asbell, P.A. Association of Ocular Surface Immune Cells with Dry Eye Signs and Symptoms in

the Dry Eye Assessment and Management (DREAM) Study. Invest. Ophthalmol. Vis. Sci. 2023, 64, 7. [CrossRef]
79. Xie, M.; Wang, H.; Peng, J.; Qing, D.; Zhang, X.; Guo, D.; Meng, P.; Luo, Z.; Wang, X.; Peng, Q. Acacetin protects against

depression-associated dry eye disease by regulating ubiquitination of NLRP3 through gp78 signal. Front. Pharmacol. 2022, 13,
984475. [CrossRef]

80. Chen, Z.J. Ubiquitin signalling in the NF-kappaB pathway. Nat. Cell Biol. 2005, 7, 758–765. [CrossRef]
81. Kravtsova-Ivantsiv, Y.; Ciechanover, A. The ubiquitin-proteasome system and activation of NF-κB: Involvement of the ubiquitin

ligase KPC1 in p105 processing and tumor suppression. Mol. Cell. Oncol. 2015, 2, e1054552. [CrossRef] [PubMed]
82. Yamamoto, Y.; Gaynor, R.B. Therapeutic potential of inhibition of the NF-κB pathway in the treatment of inflammation and

cancer. J. Clin. Invest. 2001, 107, 135–142. [CrossRef]
83. Alam, J.; Yazdanpanah, G.; Ratnapriya, R.; Borcherding, N.; de Paiva, C.S.; Li, D.; Guimaraes de Souza, R.; Yu, Z.; Pflugfelder, S.C.

IL-17 Producing Lymphocytes Cause Dry Eye and Corneal Disease with Aging in RXRα Mutant Mouse. Front. Med. 2022, 9,
849990. [CrossRef]

84. Rong, Z.; Cheng, L.; Ren, Y.; Li, Z.; Li, Y.; Li, X.; Li, H.; Fu, X.-Y.; Chang, Z. Interleukin-17F signaling requires ubiquitination of
interleukin-17 receptor via TRAF6. Cell. Signal. 2007, 19, 1514–1520. [CrossRef] [PubMed]

85. Lin, X.; Rui, K.; Deng, J.; Tian, J.; Wang, X.; Wang, S.; Ko, K.-H.; Jiao, Z.; Chan, V.S.-F.; Lau, C.S.; et al. Th17 cells play a critical role
in the development of experimental Sjögren’s syndrome. Ann. Rheum. Dis. 2015, 74, 1302–1310. [CrossRef]

86. Nättinen, J.; Jylhä, A.; Aapola, U.; Mäkinen, P.; Beuerman, R.; Pietilä, J.; Vaajanen, A.; Uusitalo, H. Age-associated changes in
human tear proteome. Clin. Proteomics 2019, 16, 11. [CrossRef] [PubMed]

109



Life 2025, 15, 504

87. Bardag-Gorce, F.; Hoft, R.; Meepe, I.; Garcia, J.; Tiger, K.; Wood, A.; Laporte, A.; Pan, D.; Makalinao, A.; Niihara, R.; et al.
Proteasomes in corneal epithelial cells and cultured autologous oral mucosal epithelial cell sheet (CAOMECS) graft used for the
ocular surface regeneration. Ocul. Surf. 2017, 15, 749–758. [CrossRef]

88. Bardag-Gorce, F.; Makalinao, A.; Meepe, I.; Hoft, R.H.; Cortez, D.; Oliva, J.; Laporte, A.; Stark, J.; Gorce, A.; Di Lorenzo, M.; et al.
Corneal keratin aggresome (CKAGG) formation and clearance by proteasome activation. Heliyon 2018, 4, e01012. [CrossRef]

89. Kamounah, S.; Sembler-Møller, M.L.; Nielsen, C.H.; Pedersen, A.M.L. Sjögren’s syndrome: Novel insights from proteomics and
miRNA expression analysis. Front. Immunol. 2023, 14, 1183195. [CrossRef]

90. de Paiva, C.S.; Trujillo-Vargas, C.M.; Schaefer, L.; Yu, Z.; Britton, R.A.; Pflugfelder, S.C. Differentially Expressed Gene Pathways in
the Conjunctiva of Sjögren Syndrome Keratoconjunctivitis Sicca. Front. Immunol. 2021, 12, 702755. [CrossRef]

91. Li, Y.; Li, S.; Wu, H. Ubiquitination-Proteasome System (UPS) and Autophagy Two Main Protein Degradation Machineries in
Response to Cell Stress. Cells 2022, 11, 851. [CrossRef] [PubMed]

92. Liang, Q.; Guo, R.; Tsao, J.-R.; He, Y.; Wang, C.; Jiang, J.; Zhang, D.; Chen, T.; Yue, T.; Hu, K. Salidroside alleviates oxidative stress
in dry eye disease by activating autophagy through AMPK-Sirt1 pathway. Int. Immunopharmacol. 2023, 121, 110397. [CrossRef]
[PubMed]

93. Jeyabalan, N.; Pillai, A.M.; Khamar, P.; Shetty, R.; Mohan, R.R.; Ghosh, A. Autophagy in dry eye disease: Therapeutic implications
of autophagy modulators on the ocular surface. Indian. J. Ophthalmol. 2023, 71, 1285–1291. [CrossRef] [PubMed]

94. Nichani, P.A.H.; Solomon, B.; Trinh, T.; Mimouni, M.; Rootman, D.; Singal, N.; Chan, C.C. Investigating the role of inflammation
in keratoconus: A retrospective analysis of 551 eyes. Eur. J. Ophthalmol. 2023, 33, 35–43. [CrossRef]

95. Santodomingo-Rubido, J.; Carracedo, G.; Suzaki, A.; Villa-Collar, C.; Vincent, S.J.; Wolffsohn, J.S. Keratoconus: An updated
review. Cont. Lens Anterior Eye 2022, 45, 101559. [CrossRef]

96. Lalgudi, V.G.; Shetty, R.; Nischal, K.K.; Ziai, S.; Koaik, M.; Sethu, S. Biochemical and molecular alterations and potential clinical
applications of biomarkers in keratoconus. Saudi J. Ophthalmol. Off. J. Saudi Ophthalmol. Soc. 2022, 36, 7–16. [CrossRef]

97. Chan, J.K.L.; Yuen, D.; Too, P.H.-M.; Sun, Y.; Willard, B.; Man, D.; Tam, C. Keratin 6a reorganization for ubiquitin-proteasomal
processing is a direct antimicrobial response. J. Cell Biol. 2018, 217, 731–744. [CrossRef]

98. Ferrington, D.A.; Roehrich, H.; Chang, A.A.; Huang, C.W.; Maldonado, M.; Bratten, W.; Rageh, A.A.; Heuss, N.D.; Gregerson,
D.S.; Nelson, E.F.; et al. Corneal wound healing is compromised by immunoproteasome deficiency. PLoS ONE 2013, 8, e54347.
[CrossRef]

99. Lomako, J.; Lomako, W.M.; Carothers Carraway, C.A.; Carraway, K.L. Regulation of the membrane mucin Muc4 in corneal
epithelial cells by proteosomal degradation and TGF-beta. J. Cell. Physiol. 2010, 223, 209–214. [CrossRef]

100. Shinde, V.; Hu, N.; Renuse, S.; Mahale, A.; Pandey, A.; Eberhart, C.; Stone, D.; Al-Swailem, S.A.; Maktabi, A.; Chakravarti, S.
Mapping Keratoconus Molecular Substrates by Multiplexed High-Resolution Proteomics of Unpooled Corneas. OMICS 2019, 23,
583–597. [CrossRef]

101. Ouyang, S.; Ma, J.; Sun, Q.; Li, J.; Chen, Y.; Luo, L. Comprehensive Bioinformatics Analysis to Reveal Key RNA Targets and Hub
Competitive Endogenous RNA Network of Keratoconus. Front. Genet. 2022, 13, 896780. [CrossRef]

102. Balasubramanian, S.A.; Pye, D.C.; Willcox, M.D.P. Are proteinases the reason for keratoconus? Curr. Eye Res. 2010, 35, 185–191.
[CrossRef] [PubMed]

103. Bardag-Gorce, F.; Hoffman, C.; Meepe, I.; Ferrini, M.; Hoft, R.H.; Oliva, J.; Niihara, Y. Thrombospondin-1 induction and VEGF
reduction by proteasome inhibition. Heliyon 2023, 9, e13397. [CrossRef]

104. Johnston-Carey, H.K.; Pomatto, L.C.D.; Davies, K.J.A. The Immunoproteasome in oxidative stress, aging, and disease. Crit. Rev.
Biochem. Mol. Biol. 2015, 51, 268–281. [CrossRef] [PubMed]

105. Chaudhuri, M.; Hassan, Y.; Bakka Vemana, P.P.S.; Bellary Pattanashetty, M.S.; Abdin, Z.U.; Siddiqui, H.F. Age-Related Macular
Degeneration: An Exponentially Emerging Imminent Threat of Visual Impairment and Irreversible Blindness. Cureus 2023, 15,
e39624. [CrossRef]

106. Tuo, J.; Bojanowski, C.M.; Chan, C.-C. Genetic factors of age-related macular degeneration. Prog. Retin. Eye Res. 2004, 23, 229–249.
[CrossRef]

107. Ferreira, V.P.; Herbert, A.P.; Cortés, C.; McKee, K.A.; Blaum, B.S.; Esswein, S.T.; Uhrín, D.; Barlow, P.N.; Pangburn, M.K.;
Kavanagh, D. The binding of factor H to a complex of physiological polyanions and C3b on cells is impaired in atypical hemolytic
uremic syndrome. J. Immunol. 2009, 182, 7009–7018. [CrossRef]

108. Gemenetzi, M.; Lotery, A.J. Epigenetics in age-related macular degeneration: New discoveries and future perspectives. Cell. Mol.
Life Sci. 2020, 77, 807–818. [CrossRef] [PubMed]

109. de Koning-Backus, A.P.M.; Kiefte-de Jong, J.C.; van Rooij, J.G.J.; Team, A.-L.; Uitterlinden, A.G.; Voortman, T.G.; Meester-Smoor,
M.A.; Klaver, C.C.W. Lifestyle Intervention Randomized Controlled Trial for Age-Related Macular Degeneration (AMD-Life):
Study Design. Nutrients 2023, 15, 602. [CrossRef]

110. Garcia-Garcia, J.; Usategui-Martin, R.; Sanabria, M.R.; Fernandez-Perez, E.; Telleria, J.J.; Coco-Martin, R.M. Pathophysiology of
Age-Related Macular Degeneration: Implications for Treatment. Ophthalmic Res. 2022, 65, 615–636. [CrossRef]

110



Life 2025, 15, 504

111. Hussong, S.A.; Roehrich, H.; Kapphahn, R.J.; Maldonado, M.; Pardue, M.T.; Ferrington, D.A. A novel role for the immunoprotea-
some in retinal function. Invest. Ophthalmol. Vis. Sci. 2011, 52, 714–723. [CrossRef] [PubMed]

112. Wang, S.; Li, J.; Bai, J.; Li, J.-M.; Che, Y.-L.; Lin, Q.-Y.; Zhang, Y.-L.; Li, H.-H. The immunoproteasome subunit LMP10 mediates
angiotensin II-induced retinopathy in mice. Redox Biol. 2018, 16, 129–138. [CrossRef] [PubMed]

113. Heesterbeek, T.J.; Lorés-Motta, L.; Hoyng, C.B.; Lechanteur, Y.T.E.; den Hollander, A.I. Risk factors for progression of age-related
macular degeneration. Ophthalmic Physiol. Opt. J. Br. Coll. Ophthalmic Opt. 2020, 40, 140–170. [CrossRef]

114. Blasiak, J.; Pawlowska, E.; Szczepanska, J.; Kaarniranta, K. Interplay between Autophagy and the Ubiquitin-Proteasome System
and Its Role in the Pathogenesis of Age-Related Macular Degeneration. Int. J. Mol. Sci. 2019, 20, 210. [CrossRef] [PubMed]

115. Campello, L.; Esteve-Rudd, J.; Cuenca, N.; Martín-Nieto, J. The ubiquitin-proteasome system in retinal health and disease. Mol.
Neurobiol. 2013, 47, 790–810. [CrossRef] [PubMed]

116. Lee, H.; Choi, A.J.; Kang, G.-Y.; Park, H.S.; Kim, H.C.; Lim, H.J.; Chung, H. Increased 26S proteasome non-ATPase regulatory
subunit 1 in the aqueous humor of patients with age-related macular degeneration. BMB Rep. 2014, 47, 292–297. [CrossRef]

117. Fernandes, A.F.; Zhou, J.; Zhang, X.; Bian, Q.; Sparrow, J.; Taylor, A.; Pereira, P.; Shang, F. Oxidative inactivation of the proteasome
in retinal pigment epithelial cells. A potential link between oxidative stress and up-regulation of interleukin-8. J. Biol. Chem. 2008,
283, 20745–20753. [CrossRef]

118. Qin, T.; Gao, S. Inhibition of Proteasome Activity Upregulates IL-6 Expression in RPE Cells through the Activation of P38 MAPKs.
J. Ophthalmol. 2018, 2018, 5392432. [CrossRef]

119. Wei, J.; Chen, X.; Xiong, Y.; Gao, Y. Advances in Ubiquitination and Proteostasis in Retinal Degeneration. Front. Biosci. (Landmark
Ed. 2024, 29, 260. [CrossRef]

120. Firmani, G.; Salducci, M.; Testa, F.; Covelli, G.P.; Sagnelli, P.; Lambiase, A. Ocular Biomarkers in Alzheimer’s Disease: Insights
into Early Detection Through Eye-Based Diagnostics—A Literature Review. Clin. Ter. 2024, 175, 352–361. [CrossRef]

121. Wang, X.; Chen, W.; Zhao, W.; Miao, M. Risk of glaucoma to subsequent dementia or cognitive impairment: A systematic review
and meta-analysis. Aging Clin. Exp. Res. 2024, 36, 172. [CrossRef]

122. Korac, J.; Schaeffer, V.; Kovacevic, I.; Clement, A.M.; Jungblut, B.; Behl, C.; Terzic, J.; Dikic, I. Ubiquitin-independent function of
optineurin in autophagic clearance of protein aggregates. J. Cell Sci. 2013, 126, 580–592. [CrossRef] [PubMed]

123. Ying, H.; Yue, B.Y.J.T. Cellular and molecular biology of optineurin. Int. Rev. Cell Mol. Biol. 2012, 294, 223–258. [CrossRef]
[PubMed]

124. Sayyad, Z.; Kaveti, S.; Bhattacharjee, D.; Vedagiri, D.; Jain, N.; Swarup, G. A glaucoma-associated OPTN polymorphism, M98K
sensitizes retinal cells to endoplasmic reticulum stress and tumour necrosis factor α. FEBS J. 2023, 290, 3110–3127. [CrossRef]
[PubMed]

125. Qiu, Y.; Wang, J.; Li, H.; Yang, B.; Wang, J.; He, Q.; Weng, Q. Emerging views of OPTN (optineurin) function in the autophagic
process associated with disease. Autophagy 2022, 18, 73–85. [CrossRef]

126. Li, F.; Xu, D.; Wang, Y.; Zhou, Z.; Liu, J.; Hu, S.; Gong, Y.; Yuan, J.; Pan, L. Structural insights into the ubiquitin recognition by
OPTN (optineurin) and its regulation by TBK1-mediated phosphorylation. Autophagy 2018, 14, 66–79. [CrossRef]

127. Kageyama, M.; Ota, T.; Sasaoka, M.; Katsuta, O.; Shinomiya, K. Chemical proteasome inhibition as a novel animal model of inner
retinal degeneration in rats. PLoS ONE 2019, 14, e0217945. [CrossRef]

128. Hayat, B.; Padhy, B.; Mohanty, P.P.; Alone, D.P. Altered unfolded protein response and proteasome impairment in pseudoexfolia-
tion pathogenesis. Exp. Eye Res. 2019, 181, 197–207. [CrossRef]

129. Baudouin, C.; Kolko, M.; Melik-Parsadaniantz, S.; Messmer, E.M. Inflammation in Glaucoma: From the back to the front of the
eye, and beyond. Prog. Retin. Eye Res. 2021, 83, 100916. [CrossRef]

130. Gupta, D.; Wen, J.C.; Huebner, J.L.; Stinnett, S.; Kraus, V.B.; Tseng, H.C.; Walsh, M. Cytokine biomarkers in tear film for primary
open-angle glaucoma. Clin. Ophthalmol. 2017, 11, 411–416. [CrossRef]

131. Keller, K.E.; Wirtz, M.K. Working your SOCS off: The role of ASB10 and protein degradation pathways in glaucoma. Exp. Eye Res.
2017, 158, 154–160. [CrossRef] [PubMed]

132. Pasutto, F.; Keller, K.E.; Weisschuh, N.; Sticht, H.; Samples, J.R.; Yang, Y.-F.; Zenkel, M.; Schlötzer-Schrehardt, U.; Mardin, C.Y.;
Frezzotti, P.; et al. Variants in ASB10 are associated with open-angle glaucoma. Hum. Mol. Genet. 2012, 21, 1336–1349. [CrossRef]
[PubMed]

133. Keller, K.E.; Yang, Y.-F.; Sun, Y.Y.; Sykes, R.; Acott, T.S.; Wirtz, M.K. Ankyrin repeat and suppressor of cytokine signaling box
containing protein-10 is associated with ubiquitin-mediated degradation pathways in trabecular meshwork cells. Mol. Vis. 2013,
19, 1639–1655. [PubMed]

134. Orre, M.; Kamphuis, W.; Dooves, S.; Kooijman, L.; Chan, E.T.; Kirk, C.J.; Dimayuga Smith, V.; Koot, S.; Mamber, C.; Jansen, A.H.;
et al. Reactive glia show increased immunoproteasome activity in Alzheimer’s disease. Brain 2013, 136, 1415–1431. [CrossRef]

135. Tezel, G.; Thornton, I.L.; Tong, M.G.; Luo, C.; Yang, X.; Cai, J.; Powell, D.W.; Soltau, J.B.; Liebmann, J.M.; Ritch, R. Immunopro-
teomic analysis of potential serum biomarker candidates in human glaucoma. Investig. Ophthalmol. Vis. Sci. 2012, 53, 8222–8231.
[CrossRef]

111



Life 2025, 15, 504

136. Osei-Amponsa, V.; Walters, K.J. Proteasome substrate receptors and their therapeutic potential. Trends Biochem. Sci. 2022, 47,
950–964. [CrossRef]

137. Njomen, E.; Tepe, J.J. Proteasome Activation as a New Therapeutic Approach to Target Proteotoxic Disorders. J. Med. Chem. 2019,
62, 6469–6481. [CrossRef]

138. Weinberg, J.; Gaur, M.; Swaroop, A.; Taylor, A. Proteostasis in aging-associated ocular disease. Mol. Aspects Med. 2022, 88, 101157.
[CrossRef]

139. Frankland-Searby, S.; Bhaumik, S.R. The 26S proteasome complex: An attractive target for cancer therapy. Biochim. Biophys. Acta
2012, 1825, 64–76. [CrossRef]

140. Seyoum Tola, F. The Role of Ubiquitin-Proteasome System in the Pathogenesis of Severe Acute Respiratory Syndrome Coronavirus-
2 Disease. Int. J. Inflam. 2023, 2023, 6698069. [CrossRef]

141. Liu, Y.; Feng, M.; Cai, J.; Li, S.; Dai, X.; Shan, G.; Wu, S. Repurposing bortezomib for choroidal neovascularization treatment via
antagonizing VEGF-A and PDGF-D mediated signaling. Exp. Eye Res. 2021, 204, 108446. [CrossRef] [PubMed]

142. Chen, F.-T.; Yang, C.-M.; Yang, C.-H. The protective effects of the proteasome inhibitor bortezomib (velcade) on ischemia-
reperfusion injury in the rat retina. PLoS ONE 2013, 8, e64262. [CrossRef]

143. Forghani, P.; Rashid, A.; Sun, F.; Liu, R.; Li, D.; Lee, M.R.; Hwang, H.; Maxwell, J.T.; Mandawat, A.; Wu, R.; et al. Carfilzomib
Treatment Causes Molecular and Functional Alterations of Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. J.
Am. Heart Assoc. 2021, 10, e022247. [CrossRef] [PubMed]

144. Rockwell, C.E.; Qureshi, N. Differential effects of lactacystin on cytokine production in activated Jurkat cells and murine
splenocytes. Cytokine 2010, 51, 12–17. [CrossRef] [PubMed]

145. Hou, A.; Mohamed Ali, S.; Png, E.; Hunziker, W.; Tong, L. Transglutaminase-2 is critical for corneal epithelial barrier function via
positive regulation of Claudin-1. Ocul. Surf. 2023, 28, 155–164. [CrossRef]

146. Benischke, A.-S.; Vasanth, S.; Miyai, T.; Katikireddy, K.R.; White, T.; Chen, Y.; Halilovic, A.; Price, M.; Price, F.J.; Liton, P.B.; et al.
Activation of mitophagy leads to decline in Mfn2 and loss of mitochondrial mass in Fuchs endothelial corneal dystrophy. Sci. Rep.
2017, 7, 6656. [CrossRef]

147. Aktas, Z.; Rao, H.; Slauson, S.R.; Gabelt, B.T.; Larsen, I.V.; Sheridan, R.T.C.; Herrnberger, L.; Tamm, E.R.; Kaufman, P.L.; Brandt,
C.R. Proteasome Inhibition Increases the Efficiency of Lentiviral Vector-Mediated Transduction of Trabecular Meshwork. Invest.
Ophthalmol. Vis. Sci. 2018, 59, 298–310. [CrossRef]

148. Sridevi Gurubaran, I.; Hytti, M.; Kaarniranta, K.; Kauppinen, A. Epoxomicin, a Selective Proteasome Inhibitor, Activates AIM2
Inflammasome in Human Retinal Pigment Epithelium Cells. Antioxidants 2022, 11, 1288. [CrossRef]

149. Salazar-Chaparro, A.F.; Halder, S.; Trader, D.J. Synthesis and Application of a Clickable Epoxomicin-Based Probe for Proteasome
Activity Analysis. Curr. Protoc. 2022, 2, e490. [CrossRef]

150. Nakasone, M.A.; Lewis, T.A.; Walker, O.; Thakur, A.; Mansour, W.; Castañeda, C.A.; Goeckeler-Fried, J.L.; Parlati, F.; Chou, T.-F.;
Hayat, O.; et al. Structural Basis for the Inhibitory Effects of Ubistatins in the Ubiquitin-Proteasome Pathway. Structure 2017, 25,
1839–1855.e11. [CrossRef]

151. Klaips, C.L.; Jayaraj, G.G.; Hartl, F.U. Pathways of cellular proteostasis in aging and disease. J. Cell Biol. 2018, 217, 51–63.
[CrossRef] [PubMed]

152. Sabath, N.; Levy-Adam, F.; Younis, A.; Rozales, K.; Meller, A.; Hadar, S.; Soueid-Baumgarten, S.; Shalgi, R. Cellular proteostasis
decline in human senescence. Proc. Natl. Acad. Sci. USA 2020, 117, 31902–31913. [CrossRef] [PubMed]

153. Bales, K.L.; Gross, A.K. Aberrant protein trafficking in retinal degenerations: The initial phase of retinal remodeling. Exp. Eye Res.
2016, 150, 71–80. [CrossRef] [PubMed]

154. Verbrugge, S.E.; Scheper, R.J.; Lems, W.F.; de Gruijl, T.D.; Jansen, G. Proteasome inhibitors as experimental therapeutics of
autoimmune diseases. Arthritis Res. Ther. 2015, 17, 17. [CrossRef]

155. Cao, Y.; Zhu, H.; He, R.; Kong, L.; Shao, J.; Zhuang, R.; Xi, J.; Zhang, J. Proteasome, a Promising Therapeutic Target for Multiple
Diseases Beyond Cancer. Drug Des. Devel. Ther. 2020, 14, 4327–4342. [CrossRef]

156. Davidson, K.; Pickering, A.M. The proteasome: A key modulator of nervous system function, brain aging, and neurodegenerative
disease. Front. cell Dev. Biol. 2023, 11, 1124907. [CrossRef]

157. Klimko, P.G.; Hellberg, M.R. Use of Proteasome Inhibitors to Treat Dry Eye Disorders; National Center for Biotechnology
Information. PubChem Patent Summary for US-7112588-B2; Patent Application No. US7112588B2, 26 September 2006.

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.

112



life

Review

Review of Guideline Recommendations for Optimal
Anti-VEGF Therapy in Age-Related Macular Degeneration

Andreea Dana Moraru 1,2, Ciprian Danielescu 1,2,*,†, Raluca Eugenia Iorga 1,2,*, Radu Lucian Moraru 3,

Mihail Zemba 4,† and Daniel Constantin Branisteanu 1,5

1 Department of Ophthalmology, ‘Grigore T. Popa’ University of Medicine and Pharmacy, 700115 Ias, i, Romania;
oftalmoconsultiasi@yahoo.ro (A.D.M.); daniel.branisteanu@umfiasi.ro (D.C.B.)

2 Department of Ophthalmology, ‘N. Oblu’ Clinical Hospital, 700309 Ias, i, Romania
3 ‘Transmed Expert’ Medical Center, 700011 Ias, i, Romania
4 Department of Ophthalmology, ‘Dr. Carol Davila’ Central Military Emergency University Hospital,

010825 Bucharest, Romania
5 Department of Ophthalmology, Railway Clinical Hospital, 700506 Ias, i, Romania
* Correspondence: ciprianmd@yahoo.com (C.D.); ralucadanulescu@yahoo.com (R.E.I.)
† These authors contributed equally to this work.

Abstract: Neovascular age-related macular degeneration is a progressive, blinding macular disease
that has become a burden both in healthcare systems and the global economy. The vascular endothelial
growth factor (VEGF) is the main agent involved in the pathogenic process of the disease. The main
goal of the age-related macular degeneration treatment is to maintain and improve visual acuity
by injecting intravitreal anti-VEGF agents in either a reactive or proactive manner. Subretinal and
intraretinal fluids are the main biomarkers that should be considered when managing the frequency
of the therapy. This review discusses both functional and morphological treatment criteria according
to current recommendations as opposed to real-life situations encountered during day-to-day clinical
practice and highlights situations in which the benefits of continuing therapy are arguable in terms of
improving patients’ quality of life. Optimizing the treatment regimen represents an important aim of
current clinical ophthalmological practice, as age-related macular degeneration patients usually have
a long follow-up period.

Keywords: age-related macular degeneration; anti-VEGF therapy; treat and extend; intraretinal fluid;
subretinal fluid

1. Introduction

Neovascular age-related macular degeneration (nAMD), or macular neovasculariza-
tion as it is currently known (MNV) is a progressive, chronic, blinding retinal disease
affecting 8.7% of the world population [1]. One meta-analysis taking into account the
European population reported a prevalence of early or late AMD of 0.08% in the group
of 50- to 55- year-old participants, which increased with age to a percent of 20.1% in the
group of participants over 90 years old [2]. It is estimated that 10% of patients diagnosed
with the non-exudative form of age-related macular degeneration eventually develop the
exudative form [3]. Visual impairment caused by MNV has become a burden to both the
global economy and the overly crowded healthcare system.

The main pathological event in MNV is the formation of a choroidal neovascular mem-
brane (CNV) that penetrates the Bruch membrane, leading to exudation in the subretinal
space, retinal edema, hemorrhage, pigment epithelial detachment, and subretinal fibrous
scars. Clinical and experimental data have demonstrated that vascular endothelial growth
factor (VEGF) is the main agent involved in inflammatory and angiogenetic process [4,5].

VEGF is a neurovascular trophic factor important for the function of both endothelial
cells and neurons. VEGF activity is important for sustaining nervous tissue, the cardiovas-
cular system, and the renal system. The eye also intervenes in the development and normal
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function of the retinal vasculature [6]. VEGF plays an important role in the expression of
nitric oxide by endothelial cells; thus, inhibition of VEGF causes dysfunction of the vascular
endothelium and may lead to thromboembolic events, systemic hypertension, and renal
impairment [7].

Understanding of the physiopathological mechanism has facilitated the emergence
of new therapeutic methods. Thus, over the last two decades, several anti-VEGF agents
have been studied and approved as first-line treatments for nAMD. Current therapeutic
protocols are under continuous evaluation in order to improve the results obtained in
real--life treatment of patients with nAMD.

The current review aims to bring into discussion the therapeutic protocols of the
available anti-VEGF agents, the main biomarkers useful in guiding the therapy, the risk
factors associated with the treatment, and some future directions that may influence clinical
practice in the following years.

2. Therapeutic Protocols and Available Drugs

There are currently several drugs that can be used to treat neovascular age-related
macular degeneration.

Bevacizumab was the first drug used, off-label, in nAMD therapy. It was administered
by intravitreal injection and showed major improvements in visual function and retinal
morphology of nAMD patients [8,9].

Ranibizumab is a recombinant humanized immunoglobulin (Ig) G monoclonal anti-
body fragment that binds to VEGF A, thus inhibiting its effects. It is smaller than a full-size
antibody and penetrates the retina with ease, but it is cleared from the vitreous quickly,
with a half-life of only 9 days [10]. Its efficacy in maintaining vision was demonstrated
in two double-blind studies, ANCHOR and MARINA, over the course of two years. The
ANCHOR study also demonstrated that ranibizumab is superior to photodynamic therapy
for the treatment of classic neovascular membranes [11].

Aflibercept is a widely used VEGF Trap-Eye, which is a chimeric protein containing
the second binding domain of the VEGFR-1 receptor and the third domain of the VEGFR-2
receptor. It has high affinity for all isomers of VEGF A, VEGF B, and placental growth
factor. The VIEW 1 and VIEW 2 studies demonstrated its non-inferiority for visual function
maintenance compared to ranibizumab [12,13].

Two other drugs were recently approved for the treatment of macular neovasculariza-
tion: Brolucizumab and faricimab. Brolucizumab is a humanized monoclonal single-chain
variable fragment; thus, it is the smallest functional unit of an antibody that binds and
inhibits VEGF A at a ratio of 2:1 [14]. Two studies, HAWK and HARRIER, demonstrated
its non-inferiority to aflibercept in maintaining visual acuity and its superiority in reducing
intraretinal and subretinal fluid as compared to the same drug [15].

Faricimab is a bispecific antibody that binds to both VEGF A and Angiopoietin 2. Its
efficacy was demonstrated in two comparative studies, TENAYA and LUCERNE, which
showed similar visual function gains between the group treated with aflibercept and those
receiving faricimab. The results were maintained throughout the second year of treatment,
with the possibility of extending the dosing interval for faricimab to 8, 12, or 16 weeks,
depending on the functional and anatomic results [16].

The main goal of MNV treatment is to maintain and improve visual acuity by injecting
anti-VEGF agents such as aflibercept, brolucizumab, ranibizumab, and bevacizumab in the
vitreous cavity. The treatment can be administered in either a reactive or proactive manner
but should be individualized in order to obtain optimal results.

The reactive approach, or pro re nata (PRN), means that injections are administered
only when the disease shows signs of activity, such as intraretinal or subretinal fluid. This
type of approach reduces the number of injections to which the patient has to be submitted
but, requires very rigorous monitoring in order to capture the moment in which a dormant
CNV resumes activity. Although patients do not follow a monthly injection regimen,
they need to follow a monthly examination schedule, which enables the ophthalmologist
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to determine if retreatment criteria are met based on clinical, OCT (optical coherence
tomography), and angiographic assessment. Recent literature data has shown that PRN
usually leads to suboptimal results due to delayed or low-frequency dosing [17,18].

Treat-and-extend (T and E) is a proactive type of therapeutic management for MNV.
In T and E, the patient has to follow a regular schedule of injections, starting with an
implementation phase, in which the injections are administered monthly, and continuing
with a maintenance phase, when the interval between injections is lengthened gradually
until the morpho-functional aspect of the disease becomes stable. The advantage of this type
of therapeutic approach is that it minimizes the risk of undertreatment or overtreatment of
delayed administration and reduces the number of hospital visits compared with a monthly
regimen of injections, which does not consider whether the disease shows signs of activity.

Currently, the treatment recommendations for intravitreal anti-VEGF treatment are to
perform a loading dose, consisting of three-monthly doses, followed by another injection at
eight weeks intervals [17]. If, at this point, the disease becomes stable based on morpho-
functional criteria (visual acuity and OCT aspect), the period of time to the 5th injection
can be extended by 2 to 4 weeks, to a maximum of 12 weeks. Similarly, the interval to the
next injection can be extended to a maximum of 16 weeks if the disease is stable and there
are no signs of disease progression. The interval of time should be maintained if changes in
visual acuity and OCT morphology occur when a longer period of time between injections
is being implemented. However, if visual acuity worsens due to loss of more than 5 ETDRS
letters and OCT shows signs of disease activity consisting of subretinal and intraretinal
fluid and macular hemorrhages, then the interval between injections should be reduced by
2 to 4 weeks until disease inactivity is achieved (Figure 1).

Figure 1. Treat-and-extend algorithm for intravitreal injections in neovascular AMD. Morpho-
functional stability is defined as the loss of no more than five ETDRS letters in visual acuity and no
fluid or no new fluid on OCT.

Newer studies have shown that an increase in the administered anti-VEGF dosage
could lead to relaxation of the therapeutic protocol, with the possibility that after the
loading phase, the interval between two intravitreal injections might be lengthened to
8 to 12 weeks. Over the same period, high-dose aflibercept produced better anatomical
results, with a greater number of eyes free of macular fluid and no compromises regarding
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the safety of administration, as compared to standard-dose aflibercept. Despite the better
morphological results, the difference between the final visual acuity was not statistically
significant between the groups treated with aflibercept 2 mg and 8 mg [19,20].

3. Biomarkers of Treatment Response

Subretinal and intraretinal fluids are the main biomarkers that should be taken into
account when managing the T and E regimen. (Table 1) Visual acuity should also be
considered in the analysis, but it is not a specific biomarker for disease activity like the
morphological changes seen on OCT, as it can be influenced by several other factors, such
as cataract progression.

Table 1. Correlation between OCT biomarkers and their influence on visual prognosis.

Biomarkers OCT Aspect Influence on Visual Prognosis

Intraretinal fluid (IFR)
Increased retinal thickness,
Fluid cysts above the outer plexiform layer

Signs of disease activity
Negative prognostic on VA
May determine cystic degeneration
of the retina

Subretinal fluid (SRF) Fluid between the RPE and the neurosensory retina

Indicates the need to continue
therapy
A small and stable quantity may be
tolerated without increasing but
also without reducing the number
of intravitreal injections

Sub- retinal pigment
epithelium (RPE) fluid

Pigmentary epithelium detachment (PED) Less impact on visual acuity

Foveal receptor integrity
Disruption of the ellipsoid zone and the external limiting
membrane band

Negative impact on visual acuity
(especially on baseline VA)

Hyperreflective dots
Small retinal conglomerates with a reflectivity higher than
the RPE, located in all the layers, mostly around the
cystoid spaces

Negative prognostic value
Correlation with recurrences

Subretinal hyperreflective
material

Large retinal conglomerates located between the RPE and
the neurosensory retina

Negative impact on visual acuity
regardless of its disposition and
associated with a lower increase of
the visual function after treatment

Vitreomacular interface
alterations

Adhesion
Strong adhesions between the posterior hyaloid and the
retina due to the development of the neovascular
membrane

Less responsive to anti-VEGF
therapy

Traction
Important traction of the retina exerted by the posterior
hyaloid may cause alteration of the inner and outer retinal
layers

Less responsive to anti-VEGF
therapy
Benefit from the surgical removal of
the traction

Alterations in choroidal
morphology

Sub-RPE hyperreflective
columns

Sign of broken RPE
Blood, fluid, and neovessels enter the subretinal space Negative prognostic value

Prechoroidal clefts
Spindle-shaped hyporeflective cavities located between
the choroid and the fibrous component of a multilayered
PED

Less impact on visual acuity
Possible protective effect on the
outer retinal layers
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Table 1. Cont.

Biomarkers OCT Aspect Influence on Visual Prognosis

Choroidal caverns Hyporeflective sub-RPE structures No prognostic value on VA

Subfoveal choroidal thickness Assessed by SS-OCT
High variability No prognostic value on VA

Choroidal vascular index The choroidal vascular lumen area reported to the
choroidal stromal area

No prognostic value on VA
Correlates choroidal hypoxia

Outer retinal tubulations

Non-specific lesions in which photoreceptors rearrange in
a circular manner
Hyperreflective borders surrounding a hyporeflective
space located in the outer nuclear layer
Located at the border between an atrophic lesion and
normal retinal tissue, with the RPE absent or altered

Negative prognostic value

Table 1 summarizes the main biomarkers previously discussed, their morphological aspect on OCT, and the
influence each of them has on visual rehabilitation and functional prognosis during therapy. The persistence
of intraretinal fluid (IFR), disruption of foveal receptor integrity, presence of hyperreflective dots, subretinal
hyperreflective material or sub-RPE hyperreflective columns, and appearance of outer retinal tubulations are
highly suggestive of a poor functional prognosis.

Subretinal fluid (SRF) should be treated until the disease becomes stable and the
subretinal space is dry. Sometimes, despite correct and frequent treatment, a small quantity
of SRF persists. Recent studies have shown that a small and stable quantity of SRF can be
safely tolerated by patients without the need to increase the number of injections. The exact
volume of SRF considered tolerable should be determined by the supervising physician.
The stability of SRF levels and absence of new morphological changes are key factors in
the management of these cases. Both the CATT and FLUID studies showed no significant
difference in visual acuity at 1 year follow-up between patients with and without a small
amount of SRF. The FLUID study demonstrated that visual acuity at 1 year was similar in
those who followed a T and E dosing protocol aimed at eradicating all SRF and those who
received fewer injections and tolerated a fluid volume of less than 200 μm [21,22].

A retrospective analysis after 1 year of treatment with aflibercept showed that the gain
in visual acuity was similar in patients with inactive and active disease, defined by the
presence of SRF, intraretinal cysts, and intraretinal fluid and that after the loading dose, the
macular status could predict the results obtained at 1 year interval [23].

The occurrence of pigment epithelial detachment, hemorrhage, and modifications of
the choroidal neovascular membrane, together with the persistence or addition of new SRF,
are signs of retreatment necessity.

Currently, there is no consensus regarding the extent to which residual SRF can
be considered tolerable. Recently, an artificial intelligence-assisted analysis of patients
enrolled in the FLUID study stated that an SRF-tolerant treat-and-extend regimen was
associated with worse functional prognosis. Extended intervals between injections, despite
the presence of residual SRF, were associated with higher volumes of SRF in the central
6 mm area of the macula [24].

Intraretinal fluid (IRF) represents a sign of disease activity, and it is associated with a
lower visual acuity than SRF, both at baseline and after treatment. CATT study showed
that at both 1 and 5 years of treatment, the gain in visual acuity was reduced in patients
with IRF compared with those without IRF [10]. IRF present at baseline correlates with
disease activity and is a sign of poor prognosis even in treatment-naïve patients [25].

IRF can cause morphological alterations in the retina due to the loss of photoreceptors.
The presence of IRF for a long time may determine cystic degeneration of the retina over
areas of atrophy and fibrosis [26]. This is why many eyes do not improve significantly in
visual acuity despite following a strict protocol of treatment.
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Two recent studies used artificial intelligence technology to analyze OCT data and
correlate the quantity and disposition of the SRF and IRF with the functional benefit
obtained after anti-VEGF therapy [27,28].

Schmidt-Erfurth et al. demonstrated in these studies that the presence of IRF is the
most important biomarker for predicting visual acuity regression, while the influence of
SRF is much weaker. The presence of SRF in the juxtafoveal area also depends on volume,
but not in the central foveal region, which is associated with a decrease in visual acuity.
The IRF has a reverse association, as its presence in the central fovea and, to a lesser extent,
in the juxtafoveal area is associated with poorer visual function [27].

IRF should not be confused with outer retinal tubulation. Outer retinal tubulation is
a retinal feature associated with degeneration, in which the photoreceptors are rearranged
in a circular pattern associated with degenerative diseases of the retinal tissue, including
age-related macular degeneration, dystrophies, etc. [29].

This lesion is non-specific and needs to be differentiated from an IRF for proper
management. On optical coherence tomography (OCT) images, outer retinal tubulation
can be distinguished from an intraretinal cyst by its hyperreflective borders surrounding a
hyporeflective space located in the outer nuclear layer [30].

This aspect is due to the loss of the adhesion of the photoreceptors, which fold inward
with the outer limiting membrane. The tubular structure protects the photoreceptors from
injuries as they are located in the lumen. The structure is located at the border between an
atrophic lesion and normal retinal tissue, where the retinal pigment epithelium is absent or
altered [31].

The outer retinal tubulation is non-responsive and does not require anti-VEGF treat-
ment, which is a factor of reserved visual prognosis [32].

Sub–retinal pigmentary epithelium (sub-RPE) fluid, usually described on OCT as
pigmentary epithelium detachment (PED), seems to have a less important impact on the
visual function prognosis. In the VIEW and HARBOR studies, the patients who were
diagnosed with PED had a higher visual acuity at baseline than those without, but the
association was weaker during the follow-up period. At 2 years follow-up, the eyes with
better visual acuity at baseline maintained superior visual function compared to the rest [33].
The presence of foveal PED was associated with better visual acuity at 5 years in the CATT
study, as sub-RPE fluid may have a trophic effect on the retina [34].

However, eyes that presented with complete resolution of PED at 24 months had a
higher risk of developing macular atrophy [35].

The integrity of the foveal receptor layer is another biomarker with important impli-
cations for visual prognosis. The disruption of the ellipsoid zone and the external limiting
membrane band negatively affects the outcome of anti-VEGF therapy [36–38].

However, the correlation between the integrity of these layers and the visual acuity
appears to be stronger at baseline assessment than after VEGF therapy [39].

Hyperreflective dots are retinal lesions scattered throughout all layers, but with a
preferred disposition around the cystoid spaces, with a higher reflectivity than the RPE.
They are thought to be formed by lipid-filled microglia and migrated RPE cells [40].

The presence of hyperreflective dots has negative prognostic value. These lesions are
associated with lower visual acuity at baseline and their persistence inside the retinal layers
is correlated with worse visual function after treatment [41].

Subretinal hyperreflective material, located between the RPE and the neurosensory
retina, is thought to consist of fibrin, blood, fluid, scar, or macular neovascularization
and is associated with a lower visual acuity, regardless of its disposition and with less
improvement in visual function after treatment [42]. Its composition can change over
time. If the subretinal hypereflective material has a neovascular component, which can
be identified by OCT angiography, then the response to anti-VEGF therapy is usually
weak [43]. One study suggested that if reflectivity decreases after treatment, the visual
prognosis could be better [44].
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Recently, a higher incidence of vitreomacular interface alterations, in particular, vit-
reomacular adhesions and vitreomacular traction, has been described [45]. This correlation
seems to be caused by the development of the neovascular membrane with its exudative
and fibrotic phases, making the adhesions between the posterior hyaloid and the retina
stronger [46]. These eyes tend to respond poorly to anti-VEGF therapy and require a greater
number of intravitreal injections [47].

Vitreomacular traction may cause alteration of the inner and outer retinal layers and
lead to chronic inflammation, which may accelerate the progression of MNV [48]. Eyes
with vitreomacular traction might benefit from surgical removal of traction by reducing the
number of intravitreal injections needed to stabilize the neovascular membrane [49].

Some alterations in choroidal morphology may also be biomarkers that influence
the outcomes of intravitreal anti-VEGF therapy. These include sub-RPE hyperreflective
columns, prechoroidal clefts, choroidal caverns, subfoveal choroidal thickness, and the
choroidal vascular index [50].

Sub-RPE hyperreflective columns are a sign of broken RPE, which may open the path
for blood, fluid, and neovessels to enter the subretinal space [51].

Prechoroidal clefts appear in eyes with chronic fibrovascular and multilayered PED as
hyporeflective cavities between the choroid and the fibrous component of the PED. They
usually have a spindle shape and are surrounded by hyperreflective lamella with contractile
properties. The exudation and contraction of the sub-RPE neovascular membrane cause
delamination of the RPE−Bruch’s membrane complex and of the choroid. These eyes
maintain good visual acuity because the lesion is located under the RPE and responds
to anti-VEGF therapy [52]. Another explanation for the preservation of relatively good
visual function is the possible nutritional effect of the sub-RPE complex on the outer retinal
layers, thus protecting the retina from geographic atrophy [53]. Due to its morphology, the
prechoroidal cleft is associated with a lower risk of developing RPE tears.

In AMD, the choroidal caverns may be associated with neovascular membranes or
geographic atrophy. They appear as hyporeflective sub-RPE structures visible on en-face
and cress-sectional OCT. They are thought to be either non-perfused ghost vessels at the site
of a previous neovascular membrane or lipid-rich Friedman globules, and do not require
treatment [54,55].

The influence of subfoveal choroidal thickness and choroidal volume on visual prog-
nosis and treatment outcomes is still under debate. Choroidal thickness can be assessed
by swept-source OCT, and it is influenced by circadian rhythm, injected anti-VEGF drug
volume, and systemic pressure [56].

However, choroidal hypoperfusion is considered a risk factor for the development of
AMD. Several studies have reported a reduction in the choroidal vascular index in relation
to the progression of AMD lesions toward neovascular membranes [57].

The choroidal vascular index is defined as the area of the choroidal vascular lumen
within the area of the choroidal stroma. A reduction in this index correlates with choroidal
hypoxia [58].

4. Signs of Choroidal Neovascular Membrane Reactivation

Despite a good response to therapy and achievement of disease stability, a significant
number of cases reactivate over a variable period of time. After following the T and E
protocol, the risk of reactivation was higher when the interval between injections was
longer. One-fifth of the patients that were treated at 16 weeks intervals suffered from
recurrence of symptoms [59].

New signs of CNV activity include recurrence or increased amount of SRF and/or
IRF, subretinal hemorrhage, new CNV, or pigmentary epithelium detachment that was
not present in previous examinations. These cases need to be treated immediately either
by reducing the interval between injections by 2–4 weeks or by beginning a new loading
phase with 3 monthly injections, depending on the gravity of lesions observed on OCT.
Switching between anti-VEGF agents may also be an option [17].
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5. Non-Responsive Cases

Non-responsiveness to treatment is usually associated with subretinal fibrosis present
in the final stage of the disease or the development of atrophic changes in the retinal
pigmentary epithelium (RPE) and the photoreceptor layer.

The reduced therapeutic effect from the outset may be due to a diagnostic error, most
likely due to confusion between CNV and polypoidal choroidal vasculopathy or retinal
angiomatous proliferation. The involvement of VEGF in the pathogenesis of polypoidal
choroidal vasculopathy is less important than in MNV; thus, the response to anti-VEGF ther-
apy is limited. Encouraging morpho-functional results have been obtained with aflibercept
treatment [60].

Retinal angiomatous proliferation is considered a type 3 neovascularization with a
suboptimal response to anti-VEGF therapy [61].

The pathogenesis of retinal angiomatous proliferation is both ischemic and inflamma-
tory, with multiple growth factors involved in the development of lesions, accounting for
the limited response to intravitreal treatment.

Studies based on genetic testing have concluded that there are some genetic variants
of MNV that are less responsive to anti-VEGF therapy and more prone to frequent recur-
rences [62]. Future treatment guidelines might have to take into account an individualized
treatment regimen based on genetic variants.

There is a subgroup of patients who show either minimal or no response to therapy
from the outset. Morphological assessment of these eyes shows persistence of intraretinal,
subretinal, or sub-RPE fluid and sometimes additional hemorrhages. The unresponsiveness
of these eyes is due to chronic alterations in the retinal tissue, RPE, and fibrosis. This may
also be due to an exudative syndrome other than MNV.

Chronic central serous chorioretinopathy may present with subretinal and sub-RPE
fluid and chronic cystoid degeneration of the retinal tissue that is similar to MNV. Poly-
poidal choroidal vasculopathy (PCV) is part of the neovascular proliferation spectrum,
but it has different characteristics from MNV and is usually less responsive to anti-VEGF
injections. This pathological entity is part of the pachychoroid spectrum of diseases, which
has been shown to respond poorly to intravitreal therapy [63]. Nevertheless, several studies
(EVEREST, LAPTOP, PLANET, EPIC) have shown that both functional and morphologi-
cal results are better when PCV is treated with intravitreal anti-VEGF therapy, either as
monotherapy or in combination with photodynamic therapy [64–67].

Neovascular membranes that develop as a result of an inflammatory disease tend to
be less responsive to anti-VEGF agents because the VEGF pathway is not the only pathway
responsible for the pathogenic process. The use of steroids and immunosuppressive agents
may be beneficial in these cases [68].

The development of drug tolerance is another cause of poor treatment response. The
inflammatory cells that are located in the neovascular membrane respond to anti-VEGF
therapy by upregulating the number of VEGF receptors and the production of VEGF. At
the same time, the immune system’s response to the drug, and the secretion of neutralizing
antibodies, accelerates the clearance of the injected substance from the eye. Both the
ANCHOR and MARINA studies described an increase in immunoreactivity to anti-VEGF
after the first year of monthly administration of the drug [69,70].

In theory, an increase in the dosage or frequency of administration may overcome
poor response to therapy. Several studies, including the HARBOR trial, demonstrated
that a higher dose of anti-VEGF does not lead to a better morpho-functional result in all
patients [71–73].

The HARBOR study compared outcomes following the administration of either a
standard 0.5 mg dose of ranibizumab or a 2 mg dose of the same drug. This study found
no statistically significant differences between the two groups in terms of anatomical and
functional outcomes in treatment-naïve patients. Two other studies, LAST and SAVE,
demonstrated a minor improvement in visual acuity and morphological results at 6 months
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when treatment-resistant patients were switched from a 0.5 mg dose to a 2 mg dose of
ranibizumab [74,75].

Increasing the frequency of administration may also improve morpho-functional
outcomes. This is due to the higher levels of anti-VEGF achieved by increasing the fre-
quency of administration compared to increasing the dose. The maximum reduction in the
neovascular membrane size was achieved 12 to 18 days after treatment [76].

While twice-monthly dosing may improve immediate morphological outcomes, it
may also open the door to more aggressive disease regression with the development of
more SRF and IRF and decreased patient compliance [77].

Tachyphylaxis to anti-VEGF agents was considered a possible cause of the lack or
insufficient response to therapy despite following a strict protocol. Tachyphylaxis is quantified
by assessing the improvement in central retinal thickness and was defined in a recent study
as no reduction or worsening of this parameter after at least two monthly injections [78].

Hara et al. observed that tachyphylaxis to anti-VEGF agents was more likely to
occur in eyes with neovascular lesions under the RPE than in eyes with occult CNV and
polypoidal choroidal vasculopathy but not in eyes with intraretinal edema [78].

One possible approach to tachyphylaxis is to switch anti-VEGF agents to take advan-
tage of the superior binding affinity or pharmacokinetics of another drug [79–81].

Since the introduction of aflibercept, many studies have analyzed outcomes after
replacing ranibizumab or bevacizumab with aflibercept [82,83].

Most of these studies reported an improvement in macular morphology but less
benefit in visual acuity [84,85].

In some cases, anti-VEGF treatment not only does not bring the expected morpho-
functional improvement, but is also accompanied by worsening visual acuity and a higher
quantity of subretinal fluid. This is due to the development of an RPE tear, most likely
a result of CNV membrane contraction after anti-VEGF therapy. The incidence of RPE
tears is approximately one-fifth of cases treated with anti-VEGF agents, which is higher
than the number of tears associated with the natural evolution of a CNV membrane [86].
Several risk factors for the development of an RPE tear have been identified, such as
a large pigmentary epithelium detachment, both in height and basal diameter, recent,
multilobular or fibrovascular pigmentary epithelium detachment, and smaller size of the
CNV membrane by comparison to the detachment size [87]. The imminent development of
an RPE tear may be indicated by the appearance of wrinkling of the RPE surface visible
on OCT examination or radial lines visible on the infrared image. The presence of these
signs may be an indication of treatment postponement. After tear development, fluid
leakage may be greater due to the absence of the RPE, but the CNV progresses toward
fibrosis and, thus, reduction of exudation. Stopping treatment does not appear to offer any
benefit, especially if the disease is showing signs of activity. Patients with small tears may
experience a small increase in visual acuity if treatment is continued, and patients with
large tears may benefit from continued treatment by achieving stabilization and preventing
further visual loss [88]. Therapy should be individualized by careful monitoring of these
cases. The visual prognosis for these eyes is usually poor, especially if the RPE tear involves
the fovea or is associated with subretinal scars or hemorrhage [89].

Another possibility for disease evolution is the sudden onset of massive hemorrhag-
ing under the retina or the RPE. This is most often associated with the rupture of the
fragile neo-vessels. Some risk factors include anticoagulant therapy, blood dyscrasias,
trauma, Valsalva maneuvers, and more than three months interval between anti-VEGF
agent administration [90].

Small hemorrhages may benefit from more frequent anti-VEGF therapy. However,
large hemorrhages can be treated by surgical removal of blood but have poor func-
tional prognosis.

The lack of response to anti-VEGF treatment, consisting of persistent exudation after
6 months of monthly treatment, is considered by one expert group to be refractory or
treatment-resistant MNV [91]. The same study group classified cases that presented with
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either recurrence of SRF, IRF, or a new subretinal hemorrhage, despite an initial favorable
response to treatment, such as recurrent MNV. Seventy% of patients fall into this category,
as they present with a recurrence of symptoms between the first and second years of
therapy [92]. Many cases with recurrence of disease tend to have a good response to
retreatment, while others develop refractory MNV.

6. Anti-VEGF Therapy Ocular Side Effects

The main event associated with long-term anti-VEGF therapy is geographic atrophy.
A five-year follow-up of more than 1000 MNV patients treated with intravitreal injections
reported an incidence of 12–17% at one and two years and almost 40% after five years of
therapy in eyes that were not previously diagnosed with geographic atrophy [93].

The same conclusion is supported by the HARBOR, SEVEN-UP, and IVAN studies [94–96].
The follow-up period for the SEVEN-UP study was eight years of ranibizumab treat-

ment and reported a 98% incidence of geographic atrophy detected by fundus
auto-fluorescence.

Some experimental studies conducted on rat and primate eyes have shown that
intravitreal anti-VEGF treatment generates geographic atrophy as a result of the reduced
fenestration of the choriocapillaris during treatment [97].

A few risk factors associated with the development of macular atrophy have been
identified: lower baseline visual acuity, reticular pseudodrusen, depigmentation, a lower
number of anti-VEGF injections, and retinal angiomatous proliferation [98].

In contrast, the presence of SRF alone, without IRF, seems to be a protective factor
against the development of macular atrophy [99,100].

A common event associated with intravitreal anti-VEGF therapy is ocular hyper-
tension. In most cases, the increase in ocular pressure is transient and is related to the
volume of drug injected. Approximately 10% of patients who follow intravitreal anti-VEGF
treatment for a long period develop chronic ocular hypertension. The risk factors include
pre-diagnosed glaucoma, a large number of injections, and a high frequency of intravitreal
administration [101].

The pathogenic mechanism is reported to be a decrease in the aqueous humor outflow
facility due to the inflammatory effects of anti-VEGF agents on the trabecular meshwork
and its direct obstruction by drug particles [102].

The less common adverse effects of intravitreal anti-VEGF therapy include exacer-
bation of macular ischemia, retinal vascular occlusions, anterior optic neuropathy, and
tractional retinal detachment [103].

The OCTOPUS and SWIFT studies analyzed the incidence of ocular inflammatory
events associated with brolucizumab treatment in naive patients and in patients previously
treated with ranibizumab. Brolucizumab therapy was associated with a higher risk of
ocular inflammation than other agents, estimated at 10.5% of the treated patients, of which
3.4% presented with either retinal vasculitis or vascular occlusion, besides vitritis [104].
A few other studies have examined the relationship between brolucizumab therapy and
ocular inflammation, suggesting that, in some patients, the anti-VEGF agent triggers an
autoimmune response. Although the inflammatory response is mild in most eyes, some
have experienced significant vision loss [105–108].

7. When to Stop Treatment

Disease stability is the main criterion for stopping treatment. Recent studies have
concluded that it is safe to discontinue the T and E protocol when morpho-functional
stability is achieved after two or three intravitreal injections administered at 12-to-16-week
intervals [109,110].

The disease should then be monitored three to four times per year, and both visual
function and macular morphology should be assessed using OCT, angiography, or OCT
angiography. Recurrence should be treated with a monthly regimen followed by an
extension of the interval of administration. The success rate of anti-VEGF therapy is greatly
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influenced by the prevention of recurrences, and such a proactive approach to treatment
allows better control of the disease, reduces the likelihood of treatment delays, and helps
anticipate and plan the next steps in treatment [111].

8. Future Directions in Neovascular AMD

Several studies have used artificial intelligence (AI) to analyze the morphological
features of neovascular AMD. Thus, it is possible to predict the evolutionary trend of the
disease, risk of exudation, need for therapy, number of intravitreal injections required to
achieve stability of the neovascular membrane, visual outcomes obtained with therapy,
better choice of treatment, and risk of conversion to geographic atrophy [112–117].

Thus, new biomarkers are likely to emerge, and the future of intravitreal therapy
is likely to be greatly aided by AI, which can only be seen as an improvement in case
management and reduction in the socioeconomic burden of this disease.

9. Conclusions

As the number of patients affected by neovascular age-related macular degeneration
continues to increase, so does the demand for intravitreal anti-VEGF therapy, which, if
properly administered, can put significant strain on the ophthalmic healthcare system. A
large number of patients benefit from this treatment, which improves the stability of visual
acuity. Strict adherence to the chosen protocol of administration ensures a high success
rate in most cases, as long as the selection of cases is based on a thorough follow-up of the
main biomarkers that guide therapy. Discriminating cases that benefit from therapy from
those that should discontinue it could make a great difference in the quality of medical care
offered to patients.

Author Contributions: All authors contributed equally to the design of the study and participated
in the preparation and reviewing of the manuscript. C.D., R.L.M., M.Z. and D.C.B. contributed to
the literature research and analysis and critical interpretation of the data. A.D.M., R.E.I. and D.C.B.
conceived the review and revised the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

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

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

References

1. Wong, W.L.; Su, X.; Li, X.; Cheung, C.M.; 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]

2. Rudnicka, A.R.; Jarrar, Z.; Wormald, R.; Cook, D.G.; Fletcher, A.; Owen, C.G. Age and gender variations in age-related macular
degeneration prevalence in populations of European ancestry: A meta-analysis. Ophthalmology 2012, 119, 571–580. [CrossRef]

3. Hobbs, S.D.; Pierce, K. Wet Age-Related Macular Degeneration (Wet AMD); StatPearls: St Petersburg, Russia, 2022.
4. Spilsbury, K.; Garrett, K.L.; Shen, W.Y.; Constable, I.J.; Rakoczy, P.E. Over-expression of vascular endothelial growth factor (VEGF)

in the retinal pigment epithelium leads to the development of choroidal neovascularization. Am. J. Pathol. 2000, 157, 135–144.
[CrossRef]

5. Wong, T.Y.; Liew, G.; Mitchell, P. Clinical update: New treatments for age-related macular degeneration. Lancet 2007, 370, 204–206.
[CrossRef]

6. Usui, Y.; Westenskow, P.D.; Kurihara, T.; Aguilar, E.; Sakimoto, S.; Paris, L.P.; Wittgrove, C.; Feitelberg, D.; Friedlander, M.S.;
Moreno, S.K.; et al. Neurovascular crosstalk between interneurons and capillaries is required for vision. J. Clin. Investig. 2015, 125,
2335–2346. [CrossRef]

7. Zhao, T.; Wang, X.; Xu, T.; Xu, X.; Liu, Z. Bevacizumab significantly increases the risks of hypertension and proteinuria in cancer
patients: A systematic review and comprehensive meta-analysis. Oncotarget 2017, 8, 51492–51506. [CrossRef]

8. Spaide, R.F.; Laud, K.; Fine, H.F.; Klancnik, J.M., Jr.; Meyerle, C.B.; Yannuzzi, L.A.; Sorenson, J.; Slakter, J.; Fisher, Y.L.; Cooney,
M.J. Intravitreal bevacizumab treatment of choroidal neovascularization secondary to age-related macular degeneration. Retina
2006, 26, 383–390. [CrossRef]

123



Life 2024, 14, 1220

9. Rosenfeld, P.J.; Moshfeghi, A.A.; Puliafito, C.A. Optical coherence tomography findings after an intravitreal injection of be-
vacizumab (avastin) for neovascular age-related macular degeneration. Ophthalmic Surg. Lasers Imaging 2005, 36, 331–335.
[CrossRef]

10. Lucentis—Ranibizumab Injection, Solution. DailyMed. Available online: https://dailymed.nlm.nih.gov/dailymed/lookup.cfm?
setid=de4e66cc-ca05-4dc9-8262-e00e9b41c36d (accessed on 27 June 2024).

11. Brown, D.M.; Michels, M.; Kaiser, P.K.; Heier, J.S.; Sy, J.P.; Ianchulev, T.; ANCHOR Study Group. Ranibizumab versus verteporfin
photodynamic therapy for neovascular age-related macular degeneration: Two-year results of the ANCHOR study. Ophthalmology
2009, 116, 57–65. [CrossRef]

12. Nguyen, Q.D.; Heier, J.; Brown, D.; Ho, A.; Kaiser, P.; Vitti, R. Randomized, double-masked, active-controlled phase 3 trial of the
efficacy and safety of intravitreal VEGF trap-eye in wet AMD: One-year results of the View-1 study. Investig. Ophthalmol. Vis. Sci.
2011, 52, 3073.

13. Schmidt-Erfurth, U.; Chong, V.; Kirchof, B.; Korobelnik, J.F.; Papp, A.; Anderesi, M.; Groetzbach, G.; Sommerauer, B.; Sandbrink,
R.; Ogura, Y. Primary results of an international phase III study using intravitreal VEGF trap-eye compared to ranibizumab in
patients with wet AMD (VIEW 2). Investig. Ophthalmol. Vis. Sci. 2011, 52, 1650.

14. Tadayoni, R.; Sararols, L.; Weissgerber, G.; Verma, R.; Clemens, A.; Holz, F.G. Brolucizumab: A Newly Developed Anti-VEGF
Molecule for the Treatment of Neovascular Age-Related Macular Degeneration. Ophthalmologica 2021, 244, 93–101. [CrossRef]

15. Dugel, P.U.; Koh, A.; Ogura, Y.; Jaffe, G.J.; Schmidt-Erfurth, U.; Brown, D.M.; Gomes, A.V.; Warburton, J.; Weichselberger, A.; Holz,
F.G.; et al. HAWK and HARRIER: Phase 3, Multicenter, Randomized, Double-Masked Trials of Brolucizumab for Neovascular
Age-Related Macular Degeneration. Ophthalmology 2020, 127, 72–84. [CrossRef]

16. Khanani, A.M.; Kotecha, A.; Chang, A.; Chen, S.J.; Chen, Y.; Guymer, R.; Heier, J.S.; Holz, F.G.; Iida, T.; Ives, J.A.; et al. TENAYA
and LUCERNE Investigators. TENAYA and LUCERNE: Two-Year Results from the Phase 3 Neovascular Age-Related Macular
Degeneration Trials of Faricimab with Treat-and-Extend Dosing in Year 2. Ophthalmology 2024, 131, 914–926. [CrossRef]

17. Ross, A.H.; Downey, L.; Devonport, H.; Gale, R.P.; Kotagiri, A.; Mahmood, S.; Mehta, H.; Narendran, N.; Patel, P.J.; Parmar,
N.; et al. Recommendations by a UK expert panel on an aflibercept treat-and-extend pathway for the treatment of neovascular
age-related macular degeneration. Eye 2020, 34, 1825–1834. [CrossRef]

18. Mantel, I. Optimizing the anti-VEGF treatment strategy for neovascular age-related macular degeneration: From clinical trials to
real-life requirements. Transl. Vis. Sci. Technol. 2015, 4, 6. [CrossRef]

19. Bayer. Study to Gather Information on Safety and Use of High Dose Aflibercept Injection into the Eye in Patients with an Age Related Eye
Disorder that Causes Blurred Vision or a Blind Spot Due to Abnormal Blood Vessels that Leak Fluid into the Light Sensitive Lining Inside the
Eye (PULSAR); Bayer: Leverkusen, Germany, 2019; Clinicaltrials.gov Identifier: NCT04423718.

20. Wykoff, C.C.; Brown, D.M.; Reed, K.; Berliner, A.J.; Gerstenblith, A.T.; Breazna, A.; Abraham, P.; Fein, J.G.; Chu, K.W.; Clark, W.L.;
et al. Effect of High-Dose Intravitreal Aflibercept, 8 mg, in Patients With Neovascular Age-Related Macular Degeneration: The
Phase 2 CANDELA Randomized Clinical Trial. JAMA Ophthalmol. 2023, 141, 834–842. [CrossRef]

21. CATT Research Group; Martin, D.F.; Maguire, M.G.; Ying, G.S.; Grunwald, J.E.; Fine, S.L.; Jaffe, G.J. Ranibizumab and beva-
cizumab for neovascular age-related macular degeneration. N. Engl. J. Med. 2011, 364, 1897–1908.

22. Guymer, R.H.; Markey, C.M.; McAllister, I.L.; Gillies, M.C.; Hunyor, A.P.; Arnold, J.J.; FLUID Investigators. Tolerating subretinal
fluid in neovascular age-related macular degeneration treated with ranibizumab using a treat-and-extend regimen: FLUID study
24-month results. Ophthalmology 2019, 126, 723–734. [CrossRef]

23. Almuhtaseb, H.; Kanavati, S.; Rufai, S.; Lotery, A.J. One-year real-world outcomes in patients receiving fixed-dosing aflibercept
for neovascular age-related macular degeneration. Eye 2017, 31, 878–883. [CrossRef]

24. Grechenig, C.; Reiter, G.S.; Riedl, S.; Arnold, J.; Guymer, R.; Gerendas, B.S.; Bogunović, H.; Schmidt-Erfurth, U. Impact of Residual
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Abstract: Background: 22q11.2 deletion syndrome (22q11.2DS) is a genetic disorder caused by
the deletion of the q11.2 band of chromosome 22. It may affect various systems, including the
cardiovascular, immunological, gastrointestinal, endocrine, and neurocognitive systems. Additionally,
several ocular manifestations have been described. Results: We report a case of a 34-year-old female
diagnosed with 22q11.2DS who presented with visual discomfort and foreign body sensation in both
eyes. She had no history of recurrent ocular pain. A comprehensive ophthalmological examination
was performed, including anterior segment optical coherence tomography and in vivo confocal
microscopy. Overall, the exams revealed bilateral corneal map-like lines, dots, and fingerprint
patterns, consistent with a diagnosis of epithelial basement membrane dystrophy (EBMD). In addition
to presenting with this novel corneal manifestation for 22q11.2 DS, we review the ocular clinical
features of 22q11.2DS in the context of our case. Conclusions: The EBMD may represent a new
corneal manifestation associated with 22q11.2 syndrome, although the link between these conditions
is unknown. Further research is warranted to investigate potentially shared genetic or molecular
pathways to the understanding of the phenotypic variety observed among this rare syndrome.

Keywords: confocal microscopy; DiGeorge syndrome; 22q11.2 deletion syndrome; map-dot-fingerprint
dystrophy; ocular rare diseases

1. Introduction

22q11.2 deletion syndrome (22q11.2DS) is the most common microdeletion human
disorder, caused by meiotic chromosome rearrangements. This condition affects approx-
imately 1 in 4000 live births, regardless of sex and ethnic background [1,2]. Although
22q11.2DS is an autosomal dominant condition, more than 90% of patients have unaffected
parents, resulting from sporadic microdeletions in the q11.2 region of chromosome 22 [1,3].
It is well known that the disease is caused by microdeletions ranging from 0.7 to 3 million
base pairs in size, most of the time included between the low copy number repeats (LCRs)
A-D. Within this region, over 90 genes are found, with T-box 1 (TBX1) being the most
studied [4]. TBX1 is involved in a myriad of developmental pathways, is expressed in
all three germ layers, and is responsible for the communications between the three germ
layers and the neural crest [5,6]. Many of the physical abnormalities commonly seen in
individuals with 22q11.2DS result from issues in the development and functioning of
structures originating from the pharyngeal arch system. This includes craniofacial features,
the thymus, parathyroid glands, aortic arch, and cardiac outflow tract. These structures
are formed from a combination of cells from the three primary germ layers of the embryo
(endoderm, mesoderm, and ectoderm) as well as neural crest cells originating from the
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closing neural tube [4]. Currently, despite the relatively common occurrence of ocular
manifestations in 22q11.2DS, there is a significant lack of information about the genetic
determinants of such alterations [7].

Clinically, it manifests with extremely varied symptoms, grouped into different phe-
notypes defined as DiGeorge syndrome, velocardiofacial (Shprintzen) syndrome, and
conotruncal anomaly face (Takao) syndrome [8,9]. These disorders present a variable
expressivity and heterogeneous presentation. The most common manifestations are con-
genital cardiovascular disease (74%), predominantly conotruncal heart malformations;
facial dysmorphia and palatal dysfunction (69%); immune deficiency, especially thymic hy-
poplasia (77%); and endocrinopathies (50%), including thyroid dysfunction, hypoparathy-
roidism with resultant hypocalcemia, and growth hormone deficiency [2,10,11]. Moreover,
affected individuals typically exhibit neurodevelopmental and behavioral disorders such
as cognitive delay, learning difficulties (70–90%), attention-deficit hyperactivity disorder
(ADHD), and schizophrenia [12–15]. The diagnostic suspicion is based on clinical eval-
uation. In particular, the finding of specific cardiac anomalies, such as Fallot tetralogy;
truncus arteriosus; ventricular abnormalities; right aortic arch or interrupted aortic arch,
detected by echographic examinations in association with facial; palatal; and vertebral
bone dysmorphisms, is very suggestive. The definitive diagnosis is established by genomic
analysis to confirm the chromosomal deletion performing fluorescence in situ hybridization
(FISH) or Multiplex Ligation-dependent Probe Amplification (MLPA) [16].

2. Case Description

A 34-year-old female diagnosed with 22q11.2DS was referred to our department for
an ophthalmologic evaluation in May 2023. She complained of blurred vision and foreign
body sensation at the presentation in both eyes. The patient denied any history of eye pain
and ocular trauma. The family history was negative for genetic or ophthalmic diseases.
The patient was diagnosed with 22q11.2DS following the recognition of ventricular septal
defect, for which she underwent surgical repair shortly after birth. The diagnosis was
confirmed by FISH. Her medical therapy consisted of bisoprolol for cardiac support. The
patient applied no topical eye treatments.

The best corrected visual acuity was 20/40 in the right eye (RE) and 20/20 in the left
eye (LE), with a refraction of sph-4 cyl-1 ax 50◦ and sph-3.5 cyl-1 ax 150◦, respectively. Slit
lamp biomicroscopy showed the presence of bilateral inferior paracentral corneal lesions,
suggestive of map-dot-fingerprint dystrophy (Figure 1). There was no corneal fluorescein
staining. Posterior embryotoxon was also observed in both eyes. Additional exams were
conducted to better characterize the corneal lesions, including Placido disk-based corneal
topography, corneal pachymetry, specular microscopy, anterior segment optical coherence
tomography, and in vivo confocal microscopy. Corneal topography was performed using
the Sirius Scheimpflug–Placido disk topographer (Sirius, CSO, Firenze, Italy). The analysis
of topographic maps showed no pathological alterations compatible with corneal ectasia.
Specifically, the Kmax and Kmean values were 49.01 D (RE) and 48.73 D (LE), and 46.66 D
(RE) and 46.74 D (LE), respectively. Additionally, no displacement of the thinnest point
(490 μm RE and 498 μm LE) was observed, nor was there any correspondence with areas of
posterior elevation. The anterior tangential map reveals irregularities in corneal curvature,
likely attributable to changes in the epithelial basement membrane complex, leading to
tear film instability. Overall, the exam showed no significant alterations, highlighting
mild astigmatism in both eyes (Kast RE: −1.52 D; LE: −1.69 D). Central corneal thickness
was 494 μm in the right eye and 499 μm in the left eye. The inferior peripheral corneal
thickness at 8 mm on the pachymetry map was at the upper limits of normal in the right
eye (710 μm RE; 658 μm LE). This finding may partially be attributable to the presence of a
thickened basement membrane with an irregular overlying epithelial layer. In addition,
specular microscopy (Perseus, CSO, Firenze, Italy) was performed, showing no alterations
in the endothelial mosaic and no pathological changes in the endothelial cell density (RE:
2436 cells/mm2; LE: 2679 cells/mm2). Anterior segment optical coherence tomography
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(RTVue, Optovue Inc., Fremont, CA, USA) revealed small epithelial and subepithelial
hyperreflective areas, with a thickening of the epithelial basement membrane and absence
of stromal opacities (Figure 1). Both results support the suspicion of EBMD.

 

Figure 1. Patient’s slit-lamp and anterior segment optical coherence tomography images. (A) Slit-
lamp photograph of the right eye showing elongated irregular opacities of the corneal epithelium.
(B,C) Anterior segment optical coherence tomography scans of both eyes. The corneal stroma and the
underlying layers have a normal aspect. (B) Presence of an abnormal spot of the epithelial basement
membrane (blue arrow) and an irregular hyperreflective region of the corneal epithelium (orange
arrow) in RE. (C) Evidence of diffuse thickening of the epithelial basement membrane, resulting in
a large highly reflective area (blue arrow) involving the overlying epithelium in LE. (D) Slit-lamp
photograph of the left eye demonstrating geographic map-like lines surrounding epithelial dots. RE:
right eye; LE: left eye.

Moreover, the patient underwent in vivo confocal microscopy (Heidelberg Engineer-
ing, Heidelberg, Germany) (Figure 2). Corneal map lines appeared as hyperreflective
extracellular material located in the basal epithelium and Bowman’s membrane layer. The
deposits were variously arranged in linear, rounded, geographic, and multilaminar pat-
terns. Conversely, the fingerprints microscopically correspond to multiple hypo-reflective
lines in the epithelium and Bowman’s membrane. In the same layers and the anterior
stroma, microdots were detected as highly reflective spots. There were no abnormalities in
the posterior stroma and the underlying layers.

Finally, a dilated funduscopic examination showed significant bilateral retinal vascular
tortuosity and a tilted optic disk (Figure 3). The rest of the fundus oculi was within normal
limits.
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Figure 2. In vivo confocal microscopy images of EBMD-affected corneal layers. (A) Irregularly shaped
extracellular hyperreflective deposits in the basal epithelium (depth 44 μm). (B) Hyporeflective lines
(blue arrows) interspersed between highly reflective curvilinear changes in the basal epithelium
(depth 46 μm). (C) Linear and ring-shaped highly reflective material in the epithelial basement
membrane (depth 55 μm). (D) Sheetlike deposits in epithelial basement membrane (depth 63
μm). (E) Highly reflective microdots (blue arrows) spread in the anterior stroma (depth 82 μm).
(F) Descemet membrane folds (orange arrow) and hyporeflective striae (blue arrow) in the posterior
stroma (depth 465 μm). These findings may represent pressure-induced artifacts and should be
distinguished from pathological changes.

 

Figure 3. Near-infrared OCT of the posterior pole highlighting marked vascular tortuosity and tilted
optic disk.
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3. Focus on EBMD

EBMD is the most frequent anterior corneal dystrophy, occurring in about 2–43% of
individuals [17]. It is often referred to as map-dot-fingerprint dystrophy, as it typically
presents with various combinations of geographic map-like lines, epithelial dots, and
subepithelial fingerprints on slit-lamp examination. The map-like lines are represented by
irregular, slightly grayish areas flanked by clearer zones, typically arranged around the
epithelial dots or Cogan’s microcysts. Occasionally, fingerprint patterns are also observed in
the same patient [18–20]. The basis of these alterations lies in an abnormal thickening of the
Bowman’s membrane, which protrudes towards the corneal epithelium, determining the
onset of opacities of variable shape and altering the normal desquamation of the epithelial
cells, which remain trapped in the corneal layers, forming microcysts [18,21].

EBMD pathophysiology is still unclear. Since its prevalence increases with age, the
latest IC3D classification of corneal dystrophies reported that the disease typically results
from age-dependent corneal degeneration [22]. Nevertheless, in a minority of cases, a
genetic role has been assessed, and some authors suggest a hereditary nature of the condi-
tion [23,24]. Recently, TGFBI (transforming growth factor b-induced) pathogenic variants
have been identified as the cause of several corneal dystrophies, including EBMD. Accord-
ing to Boutboul et al. work, 10% of EBMD patients had TGFBI variants [23]. These data
were subsequently validated by Evans et al., in which the incidence was 9%, although the
mutations were different from those previously known [25]. The multiple TGFBI variants
causative of EBMD highlight a genetic heterogeneity of the dystrophy and suggest the need
for future research in this field. While the deletion of the 22q11.2 region is probably not
causative for EBMD, our patient showed the presence of this genetic entity in both eyes, a
first in the literature. The patient’s young age strongly indicates genetic etiology, since the
epithelial basal membrane linked to degenerative causes is associated with old age. EBMD
is associated with the mutation of TGFBI in chromosome 5, but not all the affected patients
show the mutation. We can hypothesize that other genetic alterations can be causative for
this clinical condition. 22q11.2DS is known to compromise many loci involved in systemic
and ocular developmental pathways, and we can hypothesize that some of them can be
responsible for EBDM. However, other causative genes for this corneal manifestation need
to be identified.

The disease is usually asymptomatic; however, central lesions may lead to corneal
astigmatism, resulting in blurred vision and photophobia [26]. Moreover, as the clinical
case reported in the present study, up to 30% of patients experience recurrent episodes
of ocular pain, foreign body sensation, and tearing, following spontaneous erosions of
the corneal epithelium [27,28]. The symptoms are usually exacerbated on awakening due
to nocturnal corneal dehydration. For this reason, hypertonic nighttime lubricants, tear
substitutes, and/or therapeutic contact lenses may help prevent epithelial damage and
reduce daytime symptoms. In addition, Labetoulle et al. proposed the use of topical
heparan sulfate mimetic polymer to reduce ocular discomfort in patients with EBMD
resistant to conventional symptomatic treatments, with a high success rate [29]. In cases of
severe recurrent corneal erosions, epithelial debridement, anterior stromal puncture, and
phototherapeutic keratectomy (PTK) is indicated [30–34].

The diagnosis is achieved by a careful slit-lamp examination. Recently, anterior
segment optical coherence tomography and in vivo confocal microscopy have shown
great usefulness in elucidating the morphologic alterations of EBMD and facilitated its
diagnosis, especially in doubtful cases on slit lamp examination [35–37]. In particular,
confocal microscopy allows for in vivo visualization of EBMD signs at the cellular level,
enabling their differentiation from other similar basement membrane disorders. Except
for the microcysts, all the distinguishing EBMD features have been documented in our
patient extending the set of corneal manifestations already described in association with
this syndrome [36,38,39]. As the genetic mechanisms underlying the dystrophy are still
largely unexplained, further research is warranted to investigate a potential molecular basis
between the two conditions.
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4. Review of the Main Ocular Manifestations in 22q11.2 DS

Different studies and case reports highlighted the association between the 22q11.2DS
and ocular pathologies over time even though the knowledge and frequency of eye involve-
ment are still not well established.

4.1. Adnexa, External Eye Structures and Globe Involvement

A wide range of manifestations involving the ocular adnexa are reported in the recent
literature on patients affected by 22q11.2DS.

Chandramohan et al. described a case of unilateral inferior orbital mass, responsible
for motility abnormalities and eyelid alterations. Magnetic resonance imaging (MRI) was
used to better characterize the lesion, which was defined as a congenital colobomatous
intraorbital cyst involving the optic nerve and displacing the eyeball. The cystic lesion
determined microphthalmia, restricted eye movement, and mechanical ectropion [40].

A single case report described a complete and bilateral lack of the inferior lacrimal
ducts in association with the absence of the membranous nasolacrimal ducts in a 5-year-old
child presenting 22q11.2DS. The patient underwent a bilateral endoscopic dacryocystorhi-
nostomy. The authors concluded that due to the potential occurrence of the dysgenesis of
the nasolacrimal duct in patients with systemic syndromes, symptoms such as mucous
discharge or epiphora should be investigated thoroughly [41].

Moreover, cases of eyelid hooding and congenital ptosis have been identified. In 2005
a large study involving 240 patients affected by congenital heart diseases was conducted.
The study aimed to collect ocular characteristics in association with cardiac anomalies.
Among the cohort, 24 patients with 22q11.2DS were enrolled. The authors detected one
case of Duane retraction syndrome and three cases of palpebral ptosis [42]. In another
study conducted by Forbes et al. on 90 patients, eyelid hooding and ptosis were the
most common findings involving the ocular adnexa. The authors suggested that eyelid
hooding contributes to the facial feature of 22q11.2DS despite being present in 20% of the
enrolled patients. Another relevant feature reported was a relatively high frequency of
strabismus and motility disorders (18% compared to 4% of the general population). The
most commonly reported feature was exotropia [43].

Eyelid hooding, narrow palpebral fissures, and floppy eyelids are also described by
Gokturk et al. and Mansour AM et al. [42,44,45].

Microphthalmia is frequently described in the literature in association with this genetic
condition, with bilateral or unilateral presentation. The reported cases include associa-
tion with bilateral sclerocornea (one patient-one eye) [46], intraorbital cyst with a large
chorioretinal coloboma, and complete chorioretinal coloboma, with visible retrolental per-
sistent fetal vasculature (one patient-bilateral presentation) [40] and contralateral mild
sclerocornea, corneal staphyloma, and congenital aphakia (one patient, one eye) [47].
These findings suggest that the genes responsible for anterior segment dysgenesis such
as CRYBB1, CRYBB2, and CRYBB3, which are located in 22q11.2, may also influence the
development of the whole globe [48].

4.2. Corneal Involvement

Corneal involvement in 22q11.2 DS is quite characteristic and presents multiple ex-
pressions. Keratoconus is a corneal ectasia characterized by a progressive thinning and
steepening of the corneal stroma, which is commonly localized in the inferotemporal sector,
but it can compromise the central region as well [49]. Different authors who described
ophthalmological manifestation in 22q11.2 DS identified some cases of keratoconus [50–52].

Sclerocornea is a rare congenital condition presenting with different degrees of corneal
opacification proceeding from the limbus to the central cornea. The cause of sclerocornea is
attributable to a defective migration of neural crest cells determining a failure in the limbus
development [53]. Sclerocornea has been described in patients affected by 22q11.2DS
mostly in combination with other dysgenic features involving the anterior segment such as
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descemetocele, microphthalmia, corneal staphyloma, congenital aphakia, and iridocorneal
adhesions [46,47].

Descemetocele is the protrusion of the Descemet membrane through a deep corneal
stromal defect [54] and has been described as a single case series by Binenbaum and
colleagues in five eyes of 5 patients with 22q11.2DS [46].

Corneal staphyloma is an extremely rare congenital condition encountered among the
causes of congenital corneal opacification. This condition manifests with severe anterior
corneal protrusion and opacification, often requiring penetrating keratoplasty [55]. Tarlan
et al. reported a unilateral case of corneal staphyloma in a 2-year-old child affected by
22q11.2 DS. Fluorescence in situ hybridization analysis showed a heterozygous 250 kb
region deletion in the 22q11.2DS critical region 2 [47]. Corneal manifestations are reported
in Table 1.

Table 1. Corneal manifestations and relative frequency. The sclerocornea frequency appears higher
than expected as Binenbaum et al. only recruited patients affected by sclerocornea [46].

Manifestation Number of Patients Author

Keratoconus

1 (case report) Saffra et al., 2015 [50]

1 out of 10 Bassett et al., 1998 [51]

1 out of 128 Midbari et al., 2016 [52]

Sclerocornea
7 (100%) Binenbaum et al., 2008 [46]

1 (case report) Tarlan et al., 2014 [47]

Corneal staphyloma 1 (case report) Tarlan et al., 2014 [47]

Descemetocele 3 (42.8%) Binenbaum et al., 2008 [46]

4.3. Anterior Segment Involvement

The most commonly described dysgenetic feature in 22q11.2DS patients is poste-
rior embryotoxon. It manifests with an anterior displacement of the Schwalbe’s line and
the terminal portion of the Descemet membrane. Glaucoma represents one of the main
complications affecting 50% of patients with embryotoxon due to concomitant iridogo-
niodysgenesis [56,57]. Many clinicians described the presence of posterior embryotoxon in
consistent percentages of patients affected by 22q11.2DS. Among them, Mansour et al. iden-
tified posterior embryotoxon in 23% of their sample (five patients out of twenty-two) [45].
Casteels and coworkers evaluated 36 children affected by 22q11.2DS, and they identified
posterior embryotoxon in 32 eyes [58]. Forbes et al. evaluated 90 patients with confirmed
22q11.2DS and described posterior embryotoxon in 44 cases (49% of the sample) [43].
Gokturk et al. identified posterior embryotoxon in 50% of their sample (eight patients),
becoming one of the most diffuse alterations among their group of patients [44].

Aniridia is a congenital dysembryogenic disorder causing various grades of iris hy-
poplasia. It is usually related to autosomal dominant mutations involving the PAX6 gene.
This pathology can be associated with other ocular findings such as corneal opacification,
glaucoma, or cataract [59]. In association with 22q11.2DS, researchers have described
isolated cases of aniridia or iris hypoplasia. Moreover, bilateral iridocorneal adhesions
or other severe anterior segment dysgenic anomalies such as crystalline lens congenital
absence or lens subluxation have been reported [40,44,46,47].

Peters anomaly is a congenital malformation of the eye’s anterior segment, result-
ing from inherited or sporadic mutations in key developmental genes such as PAX6 [60].
Reis et al. described an 8-year-old female with 22q11.2DS who developed glaucoma at
birth, alongside the Peters anomaly. Genetic testing revealed a heterozygous variant in the
CYP1B1 gene, a common mutation associated with congenital and juvenile glaucoma [61].
Other reports also link Peters anomaly with 22q11.2DS. Erdogan et al. documented a
4-month-old with facial dysmorphism and right eye leukocoria. Slit lamp examination
confirmed Peters anomaly and subsequent fluorescent in situ hybridization identified
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22q11.2DS [62]. In a study by Casteels et al., one out of thirty-six young patients with
22q11.2DS had Peters anomaly [58]. Another case involved a 3-year-old with unilateral
corneal opacity, where Peters anomaly was accompanied by peripheral corneal scleraliza-
tion. The development of Peters anomaly in these patients is likely due to defective neural
crest cell maturation [63]. Other particular features involving the iris within the framework
of this pathology are iris coloboma, prominent iris processes, prominent iris crypts, iris
remnants, and iris nodules [43–45,58]. Isolated congenital cataracts or lens opacities have
also been described in a few papers [45,64]. Table 2 describes the alterations of the anterior
segment most frequently associated with 22q11.2DS.

Table 2. Anterior segment manifestations and relative frequency. * The number expresses eyes, not
patients.

Manifestation Number of Patients Author

Posterior embryotoxon

44 (49%) Forbes et al., 2007 [43]

8 (50%) Gokturk et al., 2016 [44]

5 (23%) Mansour et al., 1987 [45]

32 (44%) * Casteels et al., 2008 [58]

Peters anomaly
1 (out of 36) Casteels et al., 2008 [58]

3 (case reports) Reis et al., 2015 [61]; Erdogan et al., 2008 [62];
Casteels et al., 2005 [63]

Aniridia 1 (case report) Chandramohan et al., 2021 [40]

Lens subluxation 1 (case report) Chandramohan et al., 2021 [40]

Congenital aphakia 1 (case report) Tarlan et al., 2014 [47]

Cataract

1 out of 22 Mansour et al., 1987 [45]

1 (case report) Allegrini et al., 2017 [64]

1 out of 36 Casteels et al., 2008 [58]

Iridocorneal adhesions 1 out of 7 Binenbaum et al., 2008 [46]

Severe anterior segment dysgenesis
1 out of 7 Binenbaum et al., 2008 [46]

2 (case reports) Erdogan et al., 2008 [62]; Tarlan et al., 2014 [47]

4.4. Posterior Segment Involvement

One of the most frequently reported features involving the posterior segment in this ge-
netic condition is vascular retinal tortuosity also observed in our clinical case. Mansour et al.
identified eight cases of retinal tortuosity in a cohort of twenty-two DiGeorge patients, and
years later, eleven cases in a sample of twenty-four patients [42,45]. Casteels and coworkers
evaluated 36 children affected by 22q11.2DS, and the posterior segment evaluation demon-
strated retinal vessel tortuosity in 56 eyes (28 patients) [58]. Saffra et al. presented the case
of a 23-year-old male patient affected by 22q11.2DS, and keratoconus, and additionally, the
posterior segment examination revealed the presence of a tortuous retinal vascular tree [50].
A large group of 128 patients with 22q11.2DS were enrolled in 2016 by Kufert et al. The
patients underwent a full-body clinical evaluation and a psychiatric assessment. The study
had the purpose of collecting information about the variety of medical conditions and
disorders affecting these patients. The clinicians identified ophthalmological involvement
in 30.5% of the sample. They described tortuous retinal vessels in 3.9% of the sample (five
patients) [52]. Forbes et al. in their study involving 90 patients with confirmed 22q11.2DS
identified tortuous retinal vasculature in 31 subjects (34% of the sample) [43]. Several other
works described this vascular anomaly in patients with this genetic condition [44,65,66].
Different optic disk anomalies have been recognized in this genetic condition, particularly
optic disk atrophy, optic nerve drusen, and small or tilted optic disk as noted in the patients
described above [42–45,60,66].
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Chorioretinal coloboma is an ocular malformation occurring during embryogenesis,
due to a failure in the closure of the embryonic fissure. This anomaly can develop as
a sporadic manifestation with an autosomal dominant inheritance, or it can be familiar
with autosomal recessive inheritance more commonly. Chorioretinal colobomas are also
described in the context of systemic genetic diseases [67,68].

Many researchers described chorioretinal colobomas in patients with 22q11.2DS syn-
drome. Chandramohan et al., during the examination of a 4-month patient, identified an
extensive chorioretinal coloboma compromising the posterior pole structures in the RE.
The left eye (LE) was affected by a complete coloboma involving the retina and choroid.
Moreover, the persistence of fetal retrolental vasculature was observed in the LE [40]. Mid-
bari Kufert et al., in a large cohort of one hundred twenty-eight patients, described one
case of chorioretinal coloboma [52]. The literature has also described the case report of a
child affected by 22q11.2DS, presenting familial exudative vitreoretinopathy (FEVR), in
the absence of the pathognomonic mutations LRP5 and FZD4 [69]. Many other sporadic
alterations of the posterior segment in patients with 22q11.2DS are reported in the literature
and summarized in Table 3.

Table 3. Posterior segment manifestations and relative frequency.

Manifestation Number of Patients Author

Retinal vascular tortuosity

11 (61%) Mansour et al., 2005 [42]

31 (34%) Forbes et al., 2007 [43]

9 (56.2%) Gokturk et al., 2016 [44]

8 (36.3%) Mansour et al., 1987 [45]

4 (case reports) Saffra et al., 2015 [50]; Kozak et al., 2022 [69];
Allegrini et al., 2017 [64]; De Niro et al., 2013 [65]

5 (3.9%) Midbari et al., 2016 [52]

28 (77.7%) Casteels et al., 2008 [58]

8 (80%) Crewther et al., 1998 [66]

Disk drusen
1 out of 24 Mansour et al., 2005 [42]

1 (case report) Allegrini et al., 2017 [64]

Chorioretinal colobomas
1 (case report) Chandramohan et al., 2021 [40]

1 out of 128 Midbari et al., 2016 [52]

Retrolental persistent fetal vasculature 1 (case report) Chandramohan et al., 2021 [40]

Familial exudative vitreoretinopathy 1 (case report) Gilmour et al., 2009 [69]

Diffuse retinal, vitreous, and papillar
hemorrhages with vascular dysplasia 1 (case report) Kozak et al., 2022 [70]

Retinopathy of prematurity 1 (case report) Paulus et al., 2013 [71]

Optic disk hypoplasia

6 (33%) Mansour et al., 2005 [42]

1 out of 16 Gokturk et al., 2016 [44]

4 (18%) Mansour et al., 1987 [45]

3 (30%) Crewther et al., 1998 [66]

Tilted optic nerve 1 out of 90 Forbes et al., 2007 [43]

Optic disk swelling 1 (case report) Girgis et al., 2004 [72]

5. Conclusions

In conclusion, we report the first case of coincident EBMD and 22q11.2DS in a young
adult patient. Several papers reported extensive case series of systemic manifestations
including ocular features in childhood. However, there is poor evidence of potential new
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manifestations that may develop in the adult population. It seemed interesting to report
this association, which has never been described before in the literature, even though it is
not possible to determine if there is a connection between the two conditions. Given that
EBMD typically develops between the third and sixth decades of life, it would be suggested
that patients with 22q11.2DS undergo regular ocular examinations until adulthood to
promptly identify and manage corneal and ocular changes.
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Abstract: Vernal keratoconjunctivitis (VKC) is a complex and multifactorial disease process that
employs Th2 cell-mediated immunologic processes, which involves the overexpression of interleukin
4 (IL-4), IL-5, IL-9, IL-13, and IL-31, and the activation of mast cells that release IL-5 and CCL-
11, recruiting eosinophils to the site of inflammation. The disease primarily affects young males
and is more common in regions with warm climates. VKC is characterized by persistent and
recurrent conjunctival inflammation that can adversely affect the patient’s quality of life, and, when
inadequately treated, may lead to a host of ocular complications, such as corneal shield ulcers
and scarring. The major distinct forms of VKC include limbal or palpebral, which may occur in
combination. The clinicopathological features of VKC include the presence of pseudogerontoxon,
limbal gelatinous hyperplasia, and perilimbal hyperpigmentation. Topical immunomodulators are
effective anti-steroidal options for controlling severe and chronic cases of VKC. This review will
provide a brief overview of topical immunomodulators, including cyclosporin and tacrolimus, and
will highlight the clinical manifestations, pathological mechanisms, and fibroproliferative changes in
the conjunctiva that can result from recurrent disease.

Keywords: Th2 cells; IL-4; IL-5; IL-13; vernal keratoconjunctivitis; immunomodulators; cyclosporine
A (CsA); tacrolimus

1. Introduction

Vernal keratoconjunctivitis (VKC) is a chronic, and potentially severe, allergic in-
flammatory disease that affects the ocular surface [1–3]. Although the name “vernal”
implies a seasonal pattern, with repeated bouts of inflammation occurring during warm
seasons, VKC becomes perennial in approximately 25% of patients who experience symp-
toms throughout the year [1]. VKC is classified into three distinct categories based on the
ocular area that is predominantly affected: namely, either limbal, palpebral, or a mixed
form of VKC [1,4,5]. The palpebral form of VKC is characterized by the presence of giant
papillae on the upper tarsal lid, while the limbal form is characterized by the presence of
gelatinous limbal infiltrates, and Trantas dots [6]. Transient yellow-white deposits with
an opaque appearance may be present in limbal VKC and are termed Horner–Trantas
dots [1,7]. Histological examination reveals epithelial cell debris with dense infiltration of
eosinophils [1,8,9]. In the mixed form, both the upper tarsal lid and limbus are involved.
The etiology of this condition is considered to be a combination of type I and type IV hyper-
sensitivity reactions that are characterized by an overexpression of mast cells, eosinophils,
Th2 cells, cytokines, and chemokines, which play a significant inflammatory role [1,4,5].
This inflammatory cascade contributes to the characteristic symptoms and ocular surface
changes seen in VKC, which include intense pruritis, redness, photophobia, ropy mucus
discharge, and foreign-body sensations [1]. Pathognomonic signs of VKC include the
presence of yellow-white limbal deposits, known as Horner–Trantas dots, cobblestone giant
papillae of the upper tarsal lids, and shield ulcers [1,6]. Additional ocular signs observed
in patients with VKC include perilimbal conjunctival pigmentation, punctate epithelial
keratitis, and pseudogerontoxon [1,6].
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Management of VKC involves a combination of topical therapy including mast cell
stabilizers, antihistamines, NSAIDs, corticosteroids, or immunomodulators [4,5,9]. Im-
munomodulators have been used in clinical practice since 1959 [10]. The utilization of
these agents is prevalent in ophthalmic care for addressing a spectrum of ocular conditions
including dry eye disease [11,12], allergic conjunctivitis [13], non-infectious uveitis [14,15],
and other recalcitrant ocular surface diseases [16]. Immunomodulator therapy offers new
therapeutic options in the management of chronic inflammatory conditions as they are
steroid-sparing agents. Topical immunomodulators are well tolerated, have a better safety
profile, and play a crucial role in the management of moderate to severe allergic eye disease.

This paper will review the disease process of VKC, including the clinicopathologi-
cal features of VKC, and discuss the anti-inflammatory and immunomodulatory agents
that can be used to treat moderate, severe, or recurrent forms of the disease. While VKC
is typically not sight-threatening, its impact on the patient’s quality of life can be sub-
stantial. Understanding its clinical features, underlying mechanisms, and appropriate
treatment strategies is crucial in order to provide symptomatic relief and prevent serious
ocular sequelae.

2. Epidemiology of VKC

VKC is characterized by persistent allergic inflammation that affects the conjunctiva
and culminates in acute symptoms, including intense pruritis and ropy mucus discharge.
Patients may also complain of ocular irritation, photophobia, foreign-body sensations,
and excessive tearing. The epidemiology of VKC reveals certain patterns regarding its
demographic distribution and its prevalence. VKC has an extreme geographical distribu-
tion but is more prevalent in regions with warm and dry climates, such as Central and
South America, West Africa, the Indian and Mediterranean subcontinent, the Middle East,
and parts of Asia [1–3]. This particular ocular disorder primarily affects pre-pubescent
individuals, wherein the majority of cases have been reported to occur in the first decade of
life [1,2]. While most cases of VKC resolve after puberty, some cases may persist into adult-
hood [17]. Interestingly, the great majority of patients that develop VKC are male, with the
male-to-female ratio reported to be from 2:1 to 4:1 [1,2]. This male preponderance dissipates
after puberty, where both genders are affected almost equally [1]. VKC is commonly a
bilateral condition (98%) and can occur alone or be associated with atopic diseases such
as asthma, allergic rhinitis, and eczema [1,3]. Sex-related hormonal influences have been
postulated in the pathogenesis of VKC due to the observation of a predilection for males,
with spontaneous recovery after puberty [18,19]. Estrogen and progesterone receptors are
found to be overexpressed in the epithelium of the tarsal and bulbar conjunctiva in VKC
patients and are reported to modulate the activity of eosinophils, specifically resulting in
degranulation of eosinophils [18,20]. The role of the endocrine system may explain the
recurrent nature of this disease in the adult population. Recurrent VKC in adulthood is
different from adult VKC-like disease, which is described as a new onset after puberty with
signs and symptoms similar to those in the pediatric form of the disease, but with a lower
male-to-female ratio, lower incidence, and less corneal involvement [18,19]. VKC in adults
is not common and is reported to account for 12% of VKC cases [21]. Adult patients with re-
current VKC tend to have more severe inflammatory reactions compared to childhood VKC
patients, which has been confirmed by the increased level of acute inflammatory markers
present in this adult form [22,23]. As such, these patients are at a higher risk of developing
severe chronic complications of VKC, including scarring, corneal ectasia, and limbal stem
cell deficiency; therefore, this dictates the increased need for topical corticosteroids and
immunosuppressive therapy to adequately manage the inflammation [22,23].

3. Immunopathophysiology of VKC

The immunopathogenesis of VKC involves a complex interplay of the immune system
that leads to the activation of an exaggerated immune response to specific allergens. Expo-
sure of susceptible individuals to dust, pollen, and other wind-borne allergens is thought to
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contribute to conjunctival hyper-reactivity and lead to an inflammatory cascade [5]. VKC
is classically considered a type IV hypersensitivity reaction, in which Th2 lymphocytes
produce pro-inflammatory mediators including IL-3, IL-4, IL-5, IL-9, IL-13, and IL-31. These
Th2 cell-derived cytokines are responsible for the clinicopathological expression in the
conjunctivae and corneas of patients with vernal keratoconjunctivitis. Additionally, IL-9 is
produced by Th9 cells and mast cells [24]. As such, Th2 and Th9 cells have a role to play in
the immunopathophysiology of VKC.

There is an overexpression of IgE that primes the conjunctival mast cells as well
as the activation and recruitment of eosinophils [1,5,9,25]. Histopathological analysis
reveals conjunctival infiltration with immune cells, including eosinophils, lymphocytes,
and basophils, which produce inflammatory mediators that promote tissue damage and
post-inflammatory tissue remodeling [5,25]. Epithelial cells, mast cells, and fibroblasts are
present in the conjunctiva, and these cells play a role in the immunopathophysiology of
vernal keratoconjunctivitis. Epithelial cells express receptors for IL-9 [26,27], IL-33 [28], and
histamine [29,30], and as such, epithelial cells can participate in mediating the immune and
pathological changes that occur in the conjunctivae and corneas of individuals with vernal
keratoconjunctivitis [4].

In a murine model of allergic experimental conjunctivitis, it was shown that IL-9
bound to IL-9R expressed on conjunctival and corneal epithelial cells induced a breach
of the barrier function of the epithelium of the ocular surface [31]. This can manifest as
punctate epithelial erosions due to the breakdown of the tight and adherent junctions that
link the individual epithelial cells of the ocular surface. Furthermore, the breach of the
epithelium can facilitate the access of allergens to antigen-presenting cells resident in the
subepithelial layer of the conjunctiva to promote type 2 allergic immune responses in the
conjunctiva. Additionally, allergens can induce the crosslinking of IgE-attached receptors
on sensitized conjunctival mast cells, leading to activation and degranulation of the mast
cells and resulting in a type 2-mediated immune response during allergic inflammation of
the conjunctiva [29,32–34].

A dysfunctional epithelial barrier of the cornea can provide a portal for immune
mediators in the tear film to gain access to the corneal stroma. Cytokines such as IL-4 and
TNF-alpha can activate the corneal fibroblasts to produce matrix metalloproteinase (MMP)
that breaks down the corneal stroma. Additionally, MMP released from degranulated
eosinophils and activated ocular surface epithelial cells can degrade the collagen matrix of
the corneal stroma, leading to the development of a sterile corneal ulcer [4,9]. Conjunctival
epithelial cells can act as a mediator of type 2 immune responses during allergen-induced
conjunctival inflammation since activated epithelial cells of the conjunctiva can produce cy-
tokines such as IL-25, TSLP, and IL-33 [35]. IL-33 produced by epithelial cells and fibroblasts
of the ocular surface cells promotes the chronic inflammatory process that is characteristic
of vernal keratoconjunctivitis, because it can activate mast cells and eosinophils during type
2 immune responses in allergic diseases [36–39]. Furthermore, IL-33 has been demonstrated
to induce barrier dysfunction of ocular surface epithelium [31]. TSLP is a cytokine derived
from conjunctival epithelial cells. It activates dendritic cells to promote the generation of
Th2 cells that mediate type 2 allergic immune responses [40], as well as activating mast
cells to secrete IL-4, IL-5, TNF-alpha, and IL-13 [41]. As such, conjunctival epithelial cells,
along with IL-25, TSLP, and IL-33, have a role to play in the immunopathophysiology of
chronic allergic disorders of the ocular surface, such as vernal keratoconjunctivitis.

Connective tissue mast cells contain tryptase and chymase, and they are usually
located in the subepithelial layer of the conjunctiva and skin [42]. Histamine, proteases,
and heparin are preformed mediators released by mast cells [43]. Histamine interacts with
its receptors to induce various clinical expressions observed in individuals with VKC. Mast
cell-derived tryptase can activate C3 and C5 to generate C3a and C5a, respectively [44].
C3a and C5a generated by the mast cell-derived tryptase can also mediate the recruitment
of eosinophils to the site of allergic inflammation [45]. Fukuoka et al. [46] demonstrated
that the complement components C3 and C5 are produced by human connective mast cells
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located in the skin. TNF-alpha and IL-4, or TNF-alpha and IL-13, can induce fibroblasts to
secrete C3 [47]. The results of these studies have shown that connective tissue mast cells
and fibroblasts can secrete C3. Protease secreted by domestic dust allergens can generate
C3a from C3, and the generated C3a can interact with C3aR on mast cells to induce the
activation and degranulation of mast cells with the consequential release of histamine, lipid
mediators, chemokines, and cytokines [48–50]. This demonstrates that C3a generated via
immune and non-immune mechanisms during the activation of the complement system
can play a role in the immunopathophysiology of vernal keratoconjunctivitis [51].

Leukotriene B4 (LTB4), leukotriene C4 (LTC4), platelet-activating factor (PAF), prostaglandin
D2 (PGD2), and prostaglandin E2 (PGE2) are lipid mediators released by mast cells [43].
Lipid mediators such as leukotrienes (LTB4 and LTC4) and prostaglandins (PGD2 and
PGE2) induce changes in the diameter (vasodilation) and permeability (increased va-
sopermeability) of conjunctival blood vessels during allergic inflammation of the con-
junctiva [52–54]. Lipid mediators play a role in promoting the influx of immune cells
such as eosinophils to the conjunctiva during allergic inflammation [54]. PAF [55,56],
PGD2 [57], and LTB4 [58,59] mediate the recruitment of eosinophils to the conjunctiva. The
pro-inflammatory mediators released by eosinophils cause inflammation, damage, and
remodeling of the ocular surface in VKC [7,53,60].

Cytokines (IL-4, IL-5, IL-9, IL-13, IL-25, IL-31, and IL-33) and chemokines (CCL5,
CCL11, CCL17) are released by degranulated mast cells [4,43]. Conjunctival fibroblasts
express receptors for IL-4 and IL-13. The binding of IL-4 or IL-13 to their receptors ex-
pressed on fibroblasts in the conjunctiva results in the proliferation and excess production
of extracellular matrix by these activated conjunctival fibroblasts [61]. The overgrowth of
fibroblasts in the conjunctiva during allergic inflammation results in the development of
papillae [4,61]. Because IL-4- or IL-13-activated conjunctival fibroblasts do not undergo
apoptosis by virtue of their activation of the phosphatidylinositol-3-kinase (PI3K)/AKT
signaling pathway, these cytokines contribute to the development of papillae in vernal
keratoconjunctivitis [61]. Similar to IL-4 and IL-13 [62,63], IL-9 can promote the production
of IgE-secreting plasma cells [64,65]. IL-9 induces the upregulation of the IL-5R alpha chain
on eosinophils [66]. IL-5 induces the proliferation, maturation, differentiation, and chemo-
taxis of eosinophils to the site of allergen-induced inflammation in the conjunctiva [4,29,67].
IL-25 can exacerbate the inflammatory process because of its ability to recruit eosinophils to
the site of allergic inflammation [68]. CCL5 and CCL11 recruit eosinophils [69] and recruit
Th2 cells [70] to the conjunctiva during the allergic inflammatory process to mediate the
immunopathology of VKC [4]. As such, lipid mediators, cytokines, and chemokines play a
role in the immunopathophysiology of VKC.

4. Differential Diagnosis

The clinical features of VKC overlap with a similar condition known as atopic kerato-
conjunctivitis (AKC), where both represent a severe ocular allergic reaction. AKC affects all
ages but has a peak incidence in the fourth and fifth decades of life and is characterized by
chronic inflammation that involves the conjunctiva and cornea, where patients typically
have concurrent systemic atopic diseases [71]; in fact, more than 95% of AKC patients have
eczema, and 87% have a history of asthma [72]. AKC differs from VKC in that there is
significant eyelid/dermal involvement that presents as thickened and fissured eyelids with
an eczematous, erythematous appearance [71,73]. Corneal complications are common in
AKC, ranging from punctate keratitis to the development of persistent epithelial defects
and plaque formation [73].

5. Ocular Involvement: Signs and Symptoms

Patients with VKC present with complaints of intense ocular pruritis, which could
be attributed to the interaction between histamine and histamine receptor 1 expressed on
the conjunctival sensory nerve fibers [74,75]. The interaction between IL-31, a cytokine
released by traumatized ocular surface epithelial cells, degranulated mast cells, eosinophils,
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and Th2 cells and their receptors expressed on sensory nerve fibers in the conjunctiva are
also responsible for this intense itch sensation [76,77]. Additionally, the chronic itch sensa-
tion experienced by individuals with VKC could also be attributed to IL-4 and IL-13 [78].
Frequent eye rubbing secondary to chronic itching is a risk factor for the development
of corneal ectasia, which is a well-reported complication of chronic VKC [9,77,79]. The
incidence of ectasia development has been reported to be as high as 26.8%, with higher
rates of incidence being associated with chronic disease and those of male gender [80].
Patients with the limbal form of the disease are reported to have an increased incidence
of keratoconus compared to the other forms of the disease [81]. The bulbar conjunctival
hyperemia and perilimbal chemosis observed during clinical evaluation of the ocular sur-
face are clinical signs attributed to the action of mediators derived from mast cells and
Th2 cells. Mast cell-derived histamine interacts with histamine receptor 1 (H1R) expressed
on blood vessels in the conjunctiva to induce vasodilation and capillary leakage, which
manifests as conjunctival hyperemia and chemosis, respectively [82,83]. Similar to the
effect of histamine on conjunctival blood vessels, leukotrienes mediate the dilation and
permeability of conjunctival blood vessels, which presents as conjunctival hyperemia and
chemosis in individuals with VKC, respectively [4]. Furthermore, the conjunctival chemo-
sis and hyperemia in individuals with VKC could be attributed to the action of PGE2 on
vascular smooth muscle cells, which leads to increased vascular leakage and vasodila-
tion [29,84,85]. PGD2 induces the dilation and increased permeability of blood vessels in
the conjunctiva [84,86] and intensifies the ocular itch sensation [29,87]. Additionally, the
binding of IL-4 to its receptors expressed on conjunctival vascular endothelial cells can
induce the upregulation of vascular cell adhesion molecule 1 (VCAM-1), which culminates
in vasodilation and vasopermeability, observed as conjunctival hyperemia and conjunctiva
chemosis, respectively [88,89]. The complaint of mucus discharge could be attributed to
the action of IL-13 and histamine. IL-13 is a pleiotropic cytokine secreted by Th2 cells
and degranulated mast cells. It can induce the hyperplasia of goblet cells located in the
conjunctival epithelium, as well as induce the hypersecretion of mucin from these activated
conjunctival goblet cells [4,74,90]. Furthermore, IL-9 also induces the hyperplasia of gob-
let cells [91]. Additionally, mucoid discharge has been shown to occur when histamine
binds to histamine receptors expressed on goblet cells [74,92]. Thus, Th2- and Th9-derived
cytokines are contributors to the complaint of mucoid discharge.

Ocular involvement in VKC primarily includes changes in the conjunctiva and lim-
bus. The hallmark sign of VKC is papillary hyperplasia of varying degrees and severity,
which can affect the upper tarsal conjunctiva and the limbal bulbar conjunctiva [8,93].
Conjunctival fibroblasts express receptors for histamine, IL-4, and IL-13. These mediators
act on their cognate receptors expressed on conjunctival fibroblasts to induce hyperprolif-
eration of conjunctival fibroblasts, as well as to promote excess production of extracellular
matrix proteins from these fibroblasts [3,4,94]. Additionally, IL-9 secreted by Th2 cells,
Th9 cells, eosinophils, and mast cells can synergize with IL-4 in promoting the remodeling
of the conjunctival tissue [95,96]. Therefore, activated conjunctival fibroblasts in VKC
patients promote fibroproliferative changes and tissue remodeling in the conjunctiva,
which is observed as papillae on the palpebral conjunctiva [4,8,93]. Histological exami-
nation of papillae in VKC reveals hyperplastic epithelium with a fibrovascular core and
the presence of a massive influx of inflammatory cells in the subepithelial layer of the
conjunctival tissue [5,8,93]. These inflammatory cells present in a characteristic distribu-
tion where lymphocytes localize to the center of the papillae and eosinophils localize to
the periphery of the papillae [93]. This massive cell infiltration and hypervascularization,
along with hyperproliferation of the conjunctival fibroblasts, results in the appearance
of the giant papillae that are seen in VKC. The papillae can vary in size from 0.1 to 5.0
mm, where those larger than 1.0 mm are classified as giant papillae, and, when confluent,
give the classic “cobblestone” appearance [5]. This papillary hypertrophy typically mani-
fests in the superior palpebral conjunctiva in VKC, and inferior palpebral conjunctiva in
AKC [71,73]. Limbal VKC is characterized by the presence of confluent, gelatinous papil-
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lae located mainly on the limbal region of the bulbar conjunctiva (Figure 1). Increased
pigmentation of the perilimbal intrapalpebral conjunctiva can occur in non-Caucasian
patients with VKC (Figure 2) [5,97–99]. The color of the pigment can vary from light
golden-brown to dark brownish-black and can be seen in active or quiescent disease
forms [98,99]. There is an abundance of melanocytes and mast cells within the limbal
region of the bulbar conjunctiva [99]. It is postulated that immune molecules such as
histamine and stem cell factors can activate histamine receptor 2 and CD117 expressed on
melanocytes located within the limbal region of the bulbar conjunctiva, respectively. This
interaction induces the melanocytes to produce excess melanin, which causes pigmentary
changes within the intrapalpebral bulbar conjunctiva [99]. The presence of perilimbal
hyperpigmentation can help confirm the diagnosis of VKC, especially when signs and
symptoms are subtle, since it appears to be a consistent finding in certain populations
with VKC [99,100].

 

Figure 1. Slit-lamp examination of a right eye that reveals limbal VKC with the presence of perilimbal
chemosis and gelatinous limbal papillae (black arrow). Note the hyper-reflectivity in the area of the
gelatinous limbal papillae. This patient had previously been treated with 1.0% prednisolone acetate.
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Figure 2. Slit-lamp examination of a left eye that reveals corneal involvement in the form of pseu-
dogerontoxon (black arrow) and perilimbal bulbar conjunctival hyperpigmentation (white arrow).

While the conjunctiva is the primary site of ocular involvement in VKC, the corneal
tissue may become compromised in response to the chronic and exaggerated immune
response, leading to permanent vision loss in some cases. Corneal involvement occurs in
around 50% of patients and is common in the tarsal, mixed, and perennial forms of the
disease [9,101]. Corneal changes include punctate epithelial keratitis, macroerosions, neo-
vascularization, microbial keratitis, shield ulcers, scarring, and plaque formation [1,101,102].
IL-5 derived from degranulating mast cells and Th2 cells recruits and activates eosinophil,
a granulocyte that participates in the inflammation-associated damage and remodeling of
the ocular surface observed in chronic forms of ocular allergy such as vernal keratocon-
junctivitis [103–105]. The pathogenesis of corneal involvement is secondary to the toxic
effects from mediators released during the degranulation of eosinophils in the conjunctiva,
including the eosinophilic cationic protein (ECP), major basic protein (MBP), and matrix
metalloproteinase-9 (MMP-9) [3,9]. These mediators induce degradation of the extracellu-
lar matrix proteins present in the corneal epithelial basement membrane. This results in
the persistent epithelial keratopathy that is seen in VKC [102,106]. Additionally, IL-9 can
interact with epithelial cells of the ocular surface to cause a breach of the barrier function
of the epithelium, which culminates in the development of punctate epithelial erosions
due to the compromised ocular surface epithelium [31]. Persistent corneal epithelial com-
promise extending into the Bowman’s layer, along with degradation of the collagen type 1
present in the corneal stroma, can lead to an oval-shaped defect with elevated margins and
can present as a shield ulcer, a vision-threatening complication of VKC [9,107]. Patients
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may also present with pseudogerontoxon, which appears as a gelatinous grey-white seg-
ment in the peripheral corneal stroma and is the result of lipid deposition from chronic
increased limbal vasopermeability (Figure 2) [1,101]. It is of note that vascular endothelial
cells express receptors for IL-4 and histamine. As such, the persistent IL-4 activation of
these endothelial cells on limbal blood vessels results in the upregulation of VCAM-1 on
these vascular endothelial cells, which culminates in a breach of the endothelial barrier
function [88,89].

6. Management of VKC

The main goals of VKC treatment include controlling acute symptoms and prevent-
ing recurrent disease. Currently, there are no well-established treatment guidelines for
VKC, and options are individualized based on disease stage, severity, and duration [108].
Because the immunopathogenesis of VKC is multifactorial, the use of a combination of
agents with more direct effects on the inflammatory processes is ideal to control acute
symptoms and prevent recurrent disease [4]. Non-pharmacological disease management
includes the identification and avoidance of specific allergens, and pharmacological therapy
includes antihistamines, mast cell stabilizers, and non-steroidal anti-inflammatory drugs
(NSAIDs) [4,108,109]. Mild disease is typically managed with topical mast cell stabilizers,
antihistamines, or dual-acting agents [5,110,111]. Mast cell stabilizers work by inhibiting
mast cell degranulation, which thereby prohibits the release of pro-inflammatory media-
tors [4,6]. Mast cell stabilizers have also been shown to act on additional cells involved
in ocular allergy, including neutrophils, macrophages, eosinophils, and monocytes [112].
Antihistamines block histamine from interacting with their receptors on immune and
non-immune cells [4,6]. Most antihistamines target the H1 receptor to provide acute
symptomatic relief, whereas mast cell stabilizers exhibit a slow onset of action and aid in
chronic management [110]. Dual-acting agents, which contain both mast cell stabilizers
and antihistamines, offer the advantage of providing rapid symptomatic relief, coupled
with long-term mast cell stabilization [4,6,110]. These agents are well tolerated, and dual-
therapy agents are generally preferred over monotherapy with mast cell stabilizers or
antihistamines alone [112]. Topical non-steroidal anti-inflammatory drugs (NSAIDs) work
by inhibiting cyclooxygenase (COX)-1 and COX-2 enzymes, which thereby prohibits the
release of prostaglandin E2 and I2 [4,110]. Prostaglandins are reported to have pruritogenic
properties; therefore, the inhibition of these prostaglandins allows for the mitigation of ocu-
lar itching [1,113]. While NSAIDs provide symptomatic relief, they do not have any effect
on the papillary hyperplasia or limbal changes seen in VKC [113,114]. Additionally, due to
the side effects of corneal toxicity from these agents, prolonged use is ill-advised, especially
if patients present with corneal involvement. While these agents provide symptomatic
relief, they do not fully target the complex immune processes involved in VKC.

Moderate to severe forms of the disease require effective therapy to target the specific
immune responses involved in VKC. Anti-inflammatory agents that are more effective
include corticosteroids; however, these agents are associated with potentially serious
adverse effects, including cataract formation, increased intraocular pressure, delayed
wound healing, and increased susceptibility to infection [29]. In severe VKC, topical
steroids are administered for a greater duration due to the intensity of the inflammation
in these patients [22]. While long-term and indiscriminate use of topical corticosteroids is
ill-advised, a “pulse” regimen of four drops per day for 5 days is preferred to manage acute
episodes of VKC, and limiting longer treatment regimens to between one and three weeks
with a slow taper is preferred for chronic episodes of VKC [109]. Low-potency steroids
are initially used and include agents such as loteprednol and fluorometholone. In cases
where low-potency steroids fail, higher-potency steroids can be administered, including
agents such as prednisolone, dexamethasone, and diflurprednate. While corticosteroids are
efficacious in controlling signs and symptoms of VKC, steroid-resistant forms of VKC exist
and may necessitate alternative therapeutic management [115,116]. Additionally, VKC is
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associated with frequent recurrences of inflammation and often requires steroid-sparing
agents to manage the condition [115,116].

Topical immunomodulators play a crucial role in the management of VKC as they
are effective and have a better safety profile in the treatment of severe and recalcitrant
disease [4]. These immunomodulators, such as calcineurin inhibitors, work by modulating
the immune response and have achieved breakthrough results in the treatment of severe
disease. Immunomodulators exert their therapeutic effects by binding to immunophilins
(cyclophilin and FK506-binding protein) to form an immunomodulator–immunophilin
complex that binds to calcineurin [117,118]. The binding of this complex to calcineurin
interferes with the signaling pathway that is responsible for the proliferation of T cells.
Cyclosporin binds to cyclophilin to form the cyclosporin–cyclophilin complex, which binds
to calcineurin, thereby preventing calcineurin from the dephosphorylating nuclear factor of
activated T cells (NFAT). This action blocks the migration of the cytoplasmic NFAT into the
nucleus [118–120]. It is important to note that calcineurin is required for the activation of
NFAT, and this is followed by the migration of the activated NFAT into the nucleus, where it
binds to the regulatory region of T cell-derived cytokines to mediate transcription of genes
that encode for IL-2 and other T cell-derived cytokines [118,119]. While corticosteroids
are often used for short-term relief of acute episodes, calcineurin inhibitors are employed
for long-term immunosuppression of chronic episodes. Specifically, calcineurin inhibitors,
such as cyclosporine and tacrolimus, modulate the immune response by inhibiting the IL-2-
mediated clonal expansion of Th2 cells, thereby inhibiting the release of Th2 cell-derived
cytokines [4,109] such as IL-3 and IL-9, which have been shown to promote the growth
and development of mast cells in ocular allergies [121]. Topical cyclosporine A (CsA) is
effective in controlling inflammation of the ocular surface as it has been found to reduce
the number of neutrophils, eosinophils, and lymphocytes infiltrating the conjunctiva, and
is efficacious even at low concentrations such as 0.05% [4,111,122]. CsA has been shown to
inhibit mast cell-mediated cytokine production by inhibiting Th2 lymphocyte proliferation,
IL-2 production, and TNF-alpha production, thereby leading to an inhibitory effect on
the development of ocular allergies [122]. Additional effects of CsA include inhibiting
IL-5 production, which thereby prevents the recruitment of eosinophils, and ultimately
inhibits the release of eosinophil-derived mediators such as eosinophil major basic protein
to the site of ocular allergies [1,4,111]. CsA has been shown to significantly reduce tear
levels of IL-4, IL-5, IL-17, TNF-alpha, IFN-gamma, and eotaxin, which have been shown to
be increased in the tear films of patients with VKC [122,123]. Different concentrations of
CsA range from 0.05% to 2.0% and are available in select countries [112]. Commercially
available forms include 0.05%, which is authorized for dry eye disease, and 0.1%, which is
authorized for severe VKC. Both the low- and high-dose ends of the spectrum, 0.1% and
2.0%, respectively, have been shown to have comparable efficacy and safety profiles in
treating severe VKC, where both dosages were found to enable a substantial reduction in
the use of topical corticosteroids [124]. In a study evaluating the efficacy of 0.1% CsA in a
cationic emulsion versus a hospital preparation of 2.0% CsA via dilution of an intravenous
preparation, both dosages were found to induce comparable improvements in clinical signs
and patient symptoms [124]. Interestingly, the 0.1% CsA group was able to control their
symptoms with a lower number of daily instillations (two drops per day on inclusion, then
one drop per day) compared to the 2.0% CsA group (three drops per day on inclusion,
then two drops per day). This is likely due to the fact that CsA is a lipophilic substance,
making it insoluble in water [125]. Because the 0.1% CsA formulation was delivered in
a lipid-based system, there was increased retention on the ocular surface, allowing for a
lower dose to provide similar therapeutic effects [124]. In a study [123] evaluating the
efficacy of 0.05% CsA in VKC, patients were treated with a loading dose of four times a
day for two weeks, followed by gradual tapering to three times a day for a week, then
twice a day for the next week, once a day for a week, and finally a maintenance dose of
one drop per day until the final follow up. The results of this study revealed a beneficial
effect of 0.05% CsA in reducing signs and symptoms as early as two weeks, which was
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maintained after three months [123]. CsA has been shown to be efficacious in treating signs
and symptoms of VKC: specifically, 91% of patients treated with 2% CsA four times daily
showed decreased symptoms, and 66% showed improvement in clinical signs of VKC [126].
It has also been observed through the VEKTIS trial that one month of treatment with 0.1%
CsA four times daily improved symptoms and quality of life, and was well tolerated in
children and adults with severe VKC [127,128]. This finding was additionally supported by
the NOVATIVE trial, which evaluated the efficacy of both 0.05% and 0.1% CsA [129]. This
trial found that improvement was most notable with the 0.1% CsA, where patients had
improved signs and symptoms as early as 1 week, which continued throughout the first
month of treatment [130]. A pooled analysis of the data from both studies demonstrated
that both high and low dosages of CsA were safely tolerated, where the most frequent
adverse events were mild to moderate pain at the instillation site (high dose, 9.4%; low
dose, 7.5%), and pruritus (high dose, 5.2%; low dose, 7.5%) [129]. Recommendations from
the Expert Working Group in Asia (MOVIA) suggest considering the initiation of topical
0.1% CsA for patients with moderate to severe or persistent VKC [112]. This finding is
also supported by the European Expert Consensus (Eur-VKC Group), who recommend
topical CsA in order to provide a corticosteroid-sparing effect [114]. The MOVIA group
recommend initiating CsA as a first line of treatment for patients presenting with moderate
to severe VKC, and only prescribing corticosteroids as a short-pulse treatment if there
is an inadequate response to the CsA, or if there are corneal complications. In contrast,
the EUR-VKC Group recommend starting with short-pulse corticosteroids before CsA
in the treatment sequence. While there is no consensus on the specific concentration or
dosage of CsA, both groups suggest the use of CsA for long-term control [112,114]. This
long-term control was demonstrated in a case report of a 12-year-old male with a recurrent
vernal shield ulcer after discontinuing CsA [131]. Once 0.1% CsA was reinitiated, there
was complete resolution of his shield ulcer with no reported recurrence. This benefit was
additionally observed in a case report of multiple patients, where initiation of topical CsA
was found to cause marked improvements in corneal shield ulcers [132]. All patients in this
case were treated with 0.1% CsA, dosed eight times per day, and were concurrently treated
with a corticosteroid. Gradual tapering of the treatment was initiated once improvement
was noted, and topical CsA was maintained at twice or four times daily to prevent recurrent
disease. CsA has been shown to be safe and effective and is used in varying concentrations,
on-label and off-label, for the treatment of VKC [109,127,129].

Tacrolimus is another calcineurin inhibitor that works to modulate the inflammatory
response by binding to FK506-binding protein (FKBP) to form a tacrolimus–FKBP complex
that binds to calcineurin. This interferes with the ability of calcineurin to dephosphorylate
NFAT [120]. Thus, tacrolimus suppresses the production of cytokines such as IL-2, IL-4,
and IL-5 [133] and also suppresses histamine release by mast cells [134]. This agent has
a long history of being used as an immunosuppressant after organ transplantation [109]
and is significantly more potent than cyclosporine [134,135]. This increased potency of
tacrolimus is beneficial in treating cases refractory to cyclosporine [136]. Tacrolimus drops
and ointments come in varying concentrations, ranging from 0.005% to 0.1% [13,109,137],
with 0.1% being the most common [133]. Tacrolimus 0.1% eye drops are not FDA-approved
and are currently used off-label for the treatment of VKC. In a study evaluating the safety
and efficacy of 0.1% tacrolimus in pediatric patients who responded poorly to CsA, signifi-
cant improvements were noted in clinical signs including marked improvements in giant
papillae in all forms of the disease [138]. This finding was additionally supported by a
study evaluating the effect of 0.03% tacrolimus in patients who were unsuccessfully treated
with CsA and corticosteroids [139]. In this study, the patients experienced significant
reductions in their signs and symptoms after 4 weeks of treatment with the following
dosing schedule: topical tacrolimus ointment 0.03% twice daily for 8 weeks, and then once
daily for 2 months, followed by three times daily for 8 weeks. Resolution of giant papillae
and corneal lesions was noted within 8 weeks of treatment. In a study evaluating the
efficacy of 0.03% versus 0.1% tacrolimus in recalcitrant VKC, both strengths were effective
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in treating VKC, where 88% of patients receiving 0.03% and 94% of patients receiving
0.1% experienced significant improvements in their clinical signs and symptoms [137].
Resolution of the papillary component of VKC depends on the strength of treatment,
where a higher strength (0.1%) provides increased efficacy in controlling papillary hy-
perplasia [137]. This effect was also observed in another study evaluating the efficacy
of 0.03% tacrolimus in VKC [134], which reported a significant reduction in papillae in
the tacrolimus-treated group compared to the control group (fluorometholone 0.1%). In
another study evaluating the efficacy of 0.1% tacrolimus, patients previously treated with 2
months of 0.1% cyclosporine only experienced significant resolution of their papillae with
administration of 0.1% tacrolimus for 1 month [140]. Patients treated with tacrolimus can
exhibit improvements in their clinical signs and symptoms as early as three days [141],
where the most common adverse events reported are transient burning [137,140,142,143]
and ocular stinging [134,137]. Both cyclosporin and tacrolimus reduce the transcription of
cytokine genes required for encoding T cell-derived cytokines [119,120] and are effective
immunomodulators for controlling the inflammatory reaction seen in VKC. In a study
evaluating the efficacy of 0.03% tacrolimus versus 2% CsA, tacrolimus was reported to
be more effective in treating signs and symptoms of VKC compared to 2% CsA [144].
Interestingly, another study comparing 0.1% tacrolimus with 2% CsA revealed that both
were equally effective in the treatment of VKC [145]. Currently, there are no established
protocols for VKC treatment using immunomodulators. A treatment protocol that has
been proposed includes initiating 0.03% tacrolimus as a first line of therapy for severe
VKC, increasing the dose to 0.1% if no improvement is noted, or for cases that do not
show improvement with corticosteroid therapy [146]. Patients who received tacrolimus as
first-line treatment were shown to have shorter treatment periods and follow-up durations
compared to patients who received tacrolimus as second-line treatment. Monitoring these
patients closely every 2–4 weeks initially is advised, as tacrolimus can take up to one
month to take effect. Gradual tapering of the treatment is initiated once improvement in
clinical signs and symptoms is noted [146]. In a study evaluating the efficacy and safety
of prolonged treatment of severe VKC with topical 0.1% tacrolimus, it was demonstrated
that 2 years of treatment was effective in improving clinical scores and remission rates,
with limited adverse effects compared to a group treated for 6 months [133]. In fact, no
adverse events occurred from the 12th to the 24th month of treatment use. Another study
evaluating the safety of 0.1% tacrolimus in the treatment of refractory AKC for 48 months
demonstrated similar findings, with complete clinical resolution and remission of disease
in the absence of other medications, and with mild adverse effects that were limited to a
mild burning sensation [147]. These findings suggest that patients with severe forms of
VKC likely require therapy for longer periods of time in order to prevent recurrences, and
they highlight the safety of long-term application.

Both CsA and tacrolimus have been used off-label for the treatment of severe or
steroid-intolerant disease. The use of a combination of immunomodulators was first
evaluated in the treatment of patients with steroid-dependent AKC [148]. The results
from this study demonstrated a reduction in the number of recurrences, while limiting
the use of corticosteroids. In a study evaluating the role of combined immunomodulator
therapy in severe steroid-intolerant VKC, the use of CsA and tacrolimus had a synergistic
effect and provided rapid resolution of signs and symptoms once the tacrolimus was
introduced into the treatment regimen [115]. The patients in this study were initially
treated with 0.1% CsA four times daily, which showed significant improvement within
2 weeks of therapy; however, the response was considered suboptimal, which prompted
the inclusion of a 0.03% tacrolimus ointment twice daily to the treatment regimen. The
addition of tacrolimus resulted in significant improvement and resolution of clinical signs
and symptoms including itching, photophobia, discharge, tarsal papillae, and punctate
keratopathy. The improved response is likely due to the higher potency of tacrolimus.
It is also worth noting that while both drugs inhibit the calcineurin receptor, they do
so by binding to different sites (CsA binds to cyclophilin A, and tacrolimus binds to
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FKBP12). Combined immunomodulator therapy allows for the rapid control of symptoms
and should be considered in cases of severe inflammation [115,148]. While there have
been no head-to-head randomized controlled studies of 0.1% tacrolimus and cyclosporine,
varying concentrations of both agents, used both on-label and off-label, are safe and
effective in the treatment of VKC. However, although these topical immunomodulators
are effective in treating and controlling VKC, it is suggested to reserve cyclosporine and
tacrolimus for severe or refractory forms of VKC, or for cases where corticosteroids are
contraindicated [111,137,149]. Patients that do not respond to corticosteroids (Figure 1) can
access therapeutic benefits with the use of immunomodulators (Figure 3).

 

Figure 3. Slit-lamp examination of a right eye that reveals resolution of the limbal papillae with no
active signs of vernal keratoconjunctivitis after initiation of 0.1% CsA for 6 weeks.

7. Future Directions

In recent years, therapy employing biologics and monoclonal antibodies has been
developed to treat allergic diseases [150]. Such therapies are currently not approved for
allergic eye disease; however, it has been reported that the off-label use of these agents pro-
vides promising results in the treatment of ocular allergic disease. Specifically, omalizumab,
a humanized monoclonal anti-IgE antibody, appears to offer therapeutic relief in patients
with severe VKC by targeting the IgE-mediated pathophysiology of the condition [108,151].
Larger controlled clinical trials are needed to establish the role of biologics and monoclonal
antibodies, and to determine the appropriate dosage and administration of these agents
in the treatment of VKC. Additional efforts in research are needed to identify the specific
pathogenesis of VKC to allow the formulation of new molecules that target the diverse
pathogenic mechanisms of this condition. Additionally, practitioners would benefit from
established diagnostic criteria and treatment guidelines, especially for moderate, severe,
and refractory cases of VKC.

8. Conclusions

VKC is a sight-threatening chronic inflammatory condition that primarily affects
pre-pubescent males in warm climates. The conjunctiva and cornea are the major ocular
sites affected, where prolonged and chronic inflammation can result in impaired visual
function and quality of life. This review highlighted the importance of understanding
the fibroproliferative changes that occur in VKC and selecting appropriate therapy to
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control the inflammatory cascade. The VKC treatment armamentarium includes both on-
and off-label therapeutic options, including the use of immunomodulators in severe and
refractory cases of VKC. Correct management is imperative to prevent adverse effects and
ocular complications associated with this challenging condition of the ocular surface.
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