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Purrose. To analyze the tear proteome of keratoconus offspring (O-KC) and assess the
molecular drivers underlying corneal biomechanical weakening at KC-risk stages.

MerHobs. This cross-sectional study included 80 O-KC young participants and 42 controls
without a KC family history. Based on the corneal biomechanical behavior, O-KC eyes
were classified as low, moderate, and high-risk of KC development (O-KC-LR, O-KC-MR,
O-KC-HR). Tear fluid was extracted using Schirmer strips, and the proteomic profile was
mapped using LC-MS/MS. Bioinformatic tools were used to determine the dysregulated
protein’s biological implications. The sensitivity-specificity of each biomarker for differ-
entiating between controls and O-KC groups was determined. Logistic regression analysis
(LRA) identified the optimal subset of predictors for modeling each biomechanical condi-
tion’s probability.

Resurts. Twenty-nine percent of O-KC eyes showed moderate/high alterations in corneal
biomechanical behavior. Fifteen proteins were dysregulated in the tear samples of
O-KC groups compared to controls (P < 0.05). Dysregulated proteins were associated
with oxidative stress, cell adhesion, cytoskeleton organization, and mechanotransduction
paths such as RhoA, mTOR, or E-cadherin/N-cadherin signaling. LRA determined three
protein panels with high sensitivity-specificity for discriminating between the control and
O-KC groups with different biomechanical risks.

Concrusions. This study revealed promising new biomarkers for early detection of KC
risk. Oxidative stress and cellular structural alterations seem to begin long before clin-
ical signs and even before the biomechanical alterations can be detected with current
clinical tools. Understanding how an initial imbalance of oxidative stress affects cellular
mechanobiology is critical to developing new therapeutic strategies for the early treat-
ment of KC.
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Keratoconus (KO) is a chronic and degenerative corneal
ectasia that leads to severe visual impairment because
of irregular astigmatism and high-order aberrations arising
from weakening, thinning, and protrusion of the corneal
tissue.! KC affects all ethnicities and both sexes, begins
in adolescence (or even earlier), and progresses up to 30
to 40 years of age, causing a strong impact throughout
the patient’s life.>2 KC evolves quickly in its early stages
and becomes especially aggressive in its development in
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children, often reaching considerably more severe stages
than when it develops in late adolescence’™> Approx-
imately 28% of children with KC present an already
advanced state of the disease at the time of diagnosis.®
Therefore an early diagnosis and a careful follow-up are
crucial to providing adequate management of the disease,
because, in advanced stages, KC remains one of the most
frequent causes of corneal keratoplasty with limited visual
recovery.’
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Advances in new methods for assessing corneal biome-
chanics have provided new insights into the alterations at
this level in the KC cornea. In this sense, it is considered
that the molecular and morphological changes that occur
in the corneal tissue cells during KC development modify
the focal biomechanical properties of the corneal structure,
promoting tissue protrusion and leading to tomographic and
topographic alterations.®° This mismatch of biomechanical
properties before corneal tissue protrusion has underlined
the importance of studying the biomechanical response in
early clinical screening for KC, evidencing a paradigm shift
for prediction and early diagnosis of corneal ectasias. In this
way, the rising popularity of corneal biomechanics examina-
tion in recent years has allowed the development of indexes
that accurately discriminate the biomechanical alterations
that could lead to the onset of corneal ectasias (as is the
case of the Corvis Biomechanical Index [CBI; Corvis ST]
when no biomicroscopic or tomographic warning signs are
yet evident.® However, the molecular alterations leading to
such biomechanical instability are still unexplored, opening
a promising challenge for understanding early ectasia stages.
Although the etiology of KC is still not entirely clear, previ-
ous studies have concluded that genetic predisposition and
mechanical-environmental factors play an essential role in
its development.'©

The genetic background of KC has long been suggested
based on the higher concordance of the disease in monozy-
gotic over dizygotic twins,!'!? as well as on its association
with other genetic syndromes such as Down syndrome,'14
Ehlers-Danlos syndrome,'®> or Leber’s congenital amauro-
sis.'®17 Besides that, a family history of KC is consistently
identified as the leading risk factor for the disease devel-
opment. In this sense, up to 26% of KC patients reported
having relatives affected by the disease,'® and first-degree
KC relatives have shown a high prevalence of the disease (15
to 67 times higher risk of disease development) compared
to the general population.!® Moreover, disease progression
could be more severe when two or more relatives with KC
coexist within the family.?>*! For these reasons, first-degree
pediatric relatives of KC patients are considered the most
vulnerable population for disease development.

In the search for KC biomarkers, tear fluid has become
an attractive and accessible source that could be useful in
identifying the molecular targets responsible for KC develop-
ment.??-26 Currently the diagnosis of KC is based on clinical
and imaging tools that provide evidence of the signs of mani-
fest disease, but without the ability to predict the predisposi-
tion for KC onset and progression. Based on the vulnerability
of first-degree pediatric KC relatives to develop the disease,
as well as the potential of tear fluid as a biomarker source,
the purpose of this study is to analyze quantitatively and
qualitatively the tear proteome of young KC offspring using
micro-liquid chromatography coupled to tandem mass spec-
trometry, trying to get closer to the molecular drivers under-
lying the alterations in corneal biomechanical properties at
at-risk stages of KC and to provide new insights into the
molecular mechanisms involved in the earlier stages of the
disease.

METHODS
Study Design and Participants

Study Design. The present study was performed
following the principles of the Declaration of Helsinki of the
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World Medical Association. The Ethics Committee for Clini-
cal Research of Galicia (2019/623) authorized the ophthal-
mologic clinical protocol and the extraction of biologi-
cal samples. In terms of study design, this was a cross-
sectional study involving a total of 42 eyes from 42 control
subjects without a family history of KC and 160 eyes from 80
young offspring of KC patients. All participants underwent
an ophthalmological examination with tear fluid extraction.
Each participant was informed and asked to sign a consent
form outlining the study objectives, ophthalmologic proce-
dures, biological sample collection, and potential undesir-
able events associated with biological sample extraction. The
same researchers performed all the tests. The ophthalmo-
logic protocol included anamnesis, biomechanical and tomo-
graphic corneal imaging studies, as well as ocular health
examination. Tear fluid was collected using Schirmer strips.

Full anamnesis collected data about age, sex, ocular
history, medical history (allergies, asthma, rhinitis, atopic
dermatitis, or any condition relevant to the present study),
and family history of corneal ectasia or other ocular condi-
tions. A biomechanical scan was performed to determine
the corneal dynamic behavior in response to an air-puff
pulse. Corvis ST (Oculus, Wetzlar, Germany) was used for
the biomechanical assessment. Detailed information on all
the Corvis ST parameters studied is available in Supple-
mentary Methods 1. Tomographic imaging was carried out
using Pentacam HR (Oculus). The Pentacam HR parameters
evaluated are listed in Supplementary Methods 1. Ocular
health examination was based on an in-depth biomicro-
scopic assessment to identify any signs on the ocular surface
related to KC disease or other ocular conditions.

Study Subjects. This study involved 122 subjects
divided into two groups: 42 control participants without a
family history of KC (control group) and 80 young offspring
of patients diagnosed with KC (O-KC, study group). All
participants were recruited at the Instituto Galego de Oftal-
moloxia in Santiago de Compostela, Spain. All participants
in this study reported European ancestry. Inclusion crite-
ria for the study group included having a parent diagnosed
with clinical KC, supported by slit-lamp examination and
corneal topography and tomography examinations. Partici-
pants belonging to this group could have corneal features
consistent with normal corneal architecture, a subclinical
state of KC, or clinical manifestation of the disease. Specifi-
cally, the eyes of the O-KC patients were classified according
to the CBI biomechanical index. The CBI index results from
a logistic regression analysis that considered corneal defor-
mation and stiff parameters together with corneal thickness
and pachymetric progression, reaching 100% specificity and
94% sensitivity to identify the KC risk.® The CBI ranges from
0 to 1 and determines the risk of ectasia development as
follows:?

* CBI < 0.25 denotes a low risk of ectasia development.

* CBI 0.25-0.50 denotes a moderate risk of ectasia devel-
opment.

* CBI > 0.50 denotes a high risk of ectasia development.

In this regard, a total of three study subgroups were deter-
mined: (1) eyes of offspring of KC patients with low-risk
ectasia development [CBI<0.25] (O-KC-LR group), (2) eyes
of offspring of KC patients with moderate risk of ectasia
development [CBI 0.25-0.50] (O-KC-MR group), and (3) eyes
of offspring of KC patients with a high risk of ectasia devel-
opment [CBI > 0.50] (O-KC-HR group).
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About the control group, the main inclusion criteria were
not having any family member diagnosed with subclinical or
clinical KC (neither first-degree relatives nor any other rela-
tives), having normal clinical parameters without alterations
in the tomographic evaluation, not presenting irregular astig-
matism that could suggest a subclinical state of the disease,
as well as showing a CBI-index in the biomechanical exam-
ination lower than 0.25 (indicative of a low risk of ectasia
development).

Common inclusion requirements for all groups were
conjunctival hyperemia <2 (Nathan Efron scale?”), Schirmer
test >15 mm in five minutes, and at least five days with-
out contact lenses, artificial tears, or eye drops. Previ-
ous surgical intervention in the anterior segment, active
ocular or systemic inflammation, current treatment with local
or systemic anti-inflammatory drugs, or other corneal or
systemic diseases (renal, hepatic, hematologic diseases, or
solid tumors) were the exclusion criteria for both groups.

Sample Extraction and Processing

Sample Extraction. The tear samples were extracted
by placing a Schirmer strip (Tear Strips; Contacare
Ophthalmics & Diagnostics, Gujarat, India) over the lower
eyelid about 3 mm from the lateral edge. One strip was used
for each eye and was removed when the sample reached
15 mm on the Schirmer scale (9 pL), remaining in contact
with the ocular surface for less than five minutes. Tear
samples were extracted under suitable environmental condi-
tions and without previous administration of drugs, artificial
tears, or vital dyes. Immediately after collection, the strips
were frozen and stored at —80°C until their analysis.

Sample Preparation. Firstly, the Schirmer’s strips
were thawed for 30 minutes at 4°C. For protein extraction,
Schirmer strips were cut and incubated for one hour (h) at
4°C in a 100 pL solution of 100 mM ammonium bicarbonate.
Samples were spun in a centrifuge for 20 minutes at 13,000g,
and the supernatant was placed in a new Eppendorf tube.
Acetone 600 pL was added to the new Eppendorf tube with
the supernatant and incubated at —20°C overnight. Subse-
quently, samples were spun in a centrifuge for 20 minutes
at 13,000g, and the supernatant was removed. To evaporate
the acetone, the pellet was dried at room temperature (RT)
for one hour, and then 100 pL of miliQ water was added.
Finally, an RC-DC kit (Bio-Rad Laboratories, Hercules, CA,
USA) was used to measure the amount of protein.?®

Mass Spectrometry Analysis by TripleTOF 6600
LC-MS/MS System

Tryptic Digestion. As for trypsin digestion, 100 pg
of protein from the tear fluid of 202 samples (42 controls
and 160 O-KC) was loaded on a 10% SDS-PAGE gel. The
run was interrupted when the front penetrated 3 mm into
the resolving gel.?:*° The protein band was visualized, with
Sypro-Ruby fluorescent staining (Lonza, Porrifio, Ponteve-
dra, Spain), excised, and processed for in-gel tryptic diges-
tion as previously described by our group.?>?° For more
details, see Supplementary Methods 2.

Data-Dependent Acquisition (DDA) and Protein
Quantification by SWATH-MS (Sequential Window
Acquisition for All Theoretical Mass Spectra). Both
proteomic analyses, qualitative (DDA) and quantitative
(SWATH-MS), were performed as described previously by
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our group.?>2° Detailed protocols are available in Supple-

mentary Methods 2. Mass spectrometry proteomics data have
been deposited in the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier
PXD049296.

Protein Interaction Networks and Gene Ontology
Analysis

Bioinformatic tools were used to determine the protein-
protein interaction networks and to perform the Gene Ontol-
ogy enrichment analysis (GO). Via the STRING program
(free access at https://string-db.org), we created the protein
interaction maps. FunRich (Function Enrichment Interac-
tion Analysis) and Shiny GO 0.80 (free access at http:
//bioinformatics.sdstate.edu/go/) software were used to
explore the main biological pathways, molecular functions,
and cellular components related to dysregulated proteins.
Venn diagram was created with the Bioinformatics &Evolu-
tionary Genomics tool (free access at http://bioinformatics.
psb.ugent.be/webtools/Venn/). We used UniProt codes for
the search and identification of each protein.

ELISA Validation

Lactoferrin (LF), cofilin-1 (CFL1), and calpain-1 catalytic
subunit (CAPN1) expression were measured in human tears
using commercial kits of Enzyme-Linked Immunosorbent
Assays (ELISA) from FineTests [LF (ELISA kit catalog number
EHO0396); CFL1 (ELISA kit catalog number EH1788); CAPN1
(ELISA kit catalog number EH2761)]. All assays were carried
out following the manufacturer’s protocols and were opti-
mized and used with the following dilution factors: 1:100000
for LF, 1:50 for CFL1, and 1:5 for CAPN1. Tear samples
were assayed in duplicate, and mean expression values were
reported as ng/mL. Curve Expert 1.4 and Microsoft Excel
were used for curve and data analysis, and graphs were
performed using GraphPad Prism 8.0 (San Diego, CA, USA).

Construction of the Regression Model

Proteins with the highest discriminatory power for the detec-
tion of corneal biomechanical changes and KC-risk were
analyzed using logistic regression (LRA) to develop the
simplest predictive models for each condition. For model
fitting and coefficient estimation, we applied a backward
method using Akaike’s information criterion as a global
selection criterion. Considering the following logit formula,
those proteins that achieved LRA statistical significance were
selected and gathered to define the different protein panels:

e’r
T 14 evp
*X/,B = /30 + 51.76'1 + /3296'2 ..ot lgn-xn-

T (X1, X2 ...y X))

Statistical Analysis

GraphPad Prism 8.0 and R 4.3.3 software were used
for statistical analysis. Categorical variables were repre-
sented as percentages. Continuous quantitative variables
with a normal distribution were expressed with the mean
(£SD), and variables with a non-normal distribution were
presented as median [interquartile range]. D’Agostino test
was performed to confirm the normality of the quantita-
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tive variables. Bivariate comparisons were performed using
the chi-square test (for categorical variables), and paramet-
ric (Student #) or nonparametric (Mann-Whitney U/ Kruskal-
Wallis) test for continuous variables according to their
normality. P < 0.05 value was considered statistically signifi-
cant in all tests. Fold change (FC) was calculated as the ratio
of the difference between the protein expression (expressed
as normalized area) in each group analyzed. FC indicates
upregulation if FC > 1 or downregulation if FC < 1. Dysreg-
ulated proteins were analyzed by LRA, fitted using a back-
ward elimination method and Akaike’s information crite-
rion as a global selection criterion to identify the optimal
subset of predictors to model the probability of the different
biomechanical conditions. Receiver operating characteristic
(ROCQ) curve analysis was performed using the pROC R pack-
age to determine the potential role of combining dysregu-
lated proteins as biomarkers for discriminating alterations
in corneal biomechanical properties and detecting the risk
associated with having a parent diagnosed with KC. Cutoff
values were selected looking for a good balance between
sensitivity and specificity.

RESULTS
Clinical Features

In this study, we included 42 healthy eyes from 42 control
subjects (61.1% male; mean age, 13.15 + 4.87 years) and 160
eyes from 80 offspring of KC patients (O-KC, 55.4% male;
mean age, 12.31 £ 3.30 years). Focusing on corneal biome-
chanical alterations, O-KC eyes were classified into three
risk groups for ectasia development according to the CBI
index. Based on this, a total of 42 eyes were included in the
control group, 114 eyes in the O-KC-LR group [CBI < 0.25],
28 eyes in the O-KC-MR group [CBI 0.25-0.50], and 18 eyes
in the O-KC-HR group [CBI > 0.50]. Table 1 shows the anal-
ysis of demographic (age, sex) and clinical data associated
with KC (presence of allergic disease, ocular itching, and eye
rubbing) between controls and O-KC groups.

No differences were observed for sex, history of aller-
gic disease, eye itching, or ocular rubbing between groups.
No significant age differences were found between groups
except for the moderate- and high-risk groups, which
showed higher ages than the low-risk group.

About biomechanical metrics, Table 2 shows the compar-
isons of the Corvis ST parameters between the control and
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study groups. No differences were observed between the
control and the O-KC-LR group. As expected, the main statis-
tical differences were observed in the O-KC-MR and O-KC-
HR groups compared to the remaining ones, concerning the
stiffness data (SP-A1), the viscoelastic properties (DARatio
max [1 mm], DARatio max [2 mm], and IR), as well as the
parameters of corneal pachymetry and pachymetric progres-
sion (CCT_C, ARTh and Pachy Slope). In comparison to the
control and O-KC-LR groups, both O-KC-MR and O-KC-HR
showed lower SP-A1l (indicating a decrease in the stiffness
of the corneal tissue), differences in central pachymetry and
pachymetric progression (evidencing lower corneal thick-
ness and alterations in corneal thickness progression), and
an increase in the values of the DARatio max and IR (point-
ing out an increase in the central corneal deformation ampli-
tude).

Regarding corneal tomography, Table 3 presents the
tomographic data and the comparisons between groups. No
differences were observed between the control and the O-
KC-LR group. The O-KC-MR group showed significant differ-
ences in pachymetry and pachymetric progression parame-
ters (CCT_P, MTP, and ARTmax) and KC indexes (BAD-D,
TBI), in comparison to the control group (P = 0.001, P =
0.001, P =0.015, and P = 0.040, P = 0.001; respectively) and
the O-KC-LR group (P = 0.001, P=0.001, P = 0.003,and P =
0.028, P = 0.001; respectively), evidencing a decrease in the
corneal thickness and higher values for the KC tomograph-
ical detection indexes. Predictably, O-KC-HR showed signif-
icant differences in all the parameters studied compared to
the control and O-KC-LR groups. When comparing the O-
KC-MR and O-KC-HR groups, there were no differences in
terms of pachymetry; however, all other parameters evalu-
ated (including corneal curvature, asymmetry, anterior and
posterior corneal elevation, and KC indexes) were signifi-
cantly higher in the O-KC-HR group (P = 0.001).

Assessment of Tear Proteomics Based on
Biomechanical Screening

SWATH-MS results were analyzed to identify the differential
proteins between the control and O-KC groups, as well as
target proteins associated with corneal biomechanical alter-
ations. In this way, we observed the dysregulation of 15
proteins in the tear fluid of O-KC groups, including the under
expression of Lipocalin-1 (LCN-1), Lactoferrin (LF), Argini-
nosuccinate synthase (ASS1), Cofilin-1 (CFL1), Calpain-1

TaBLe 1. Analysis of Demographics and Clinical Variables of Controls and O-KC Groups

Variable Control  O-KCLR P O-KC-MR P O-KC-HR pi pPS Pl Pl

Age (years) 13 + 4.8 10+3 0.106 13+ 25 0.248 16 + 3.7 0.070  0.010  0.002  0.348
Sex (% male) 61.0 54.2 0.656 53.3 0.757 66.7 1.000  1.000 0707  0.678
Allergic disease (%) 14.7 18.2 0.774 30.0 0.159 30.0 0355  0.212 0.417 1.000
Ocular itching (%) 14.5 24.5 0.165 24.0 0.350 18.8 0.703 0.958 0.759 1.000
Eye rubbing (%) 12.9 245 0.107 20.0 0.687 18.8 0.687  0.795 0.759 1.000

Sample size: Control (control group, n = 42 eyes, 42 control subjects), O-KC-LR (eyes of offspring of KC patients with low risk of
ectasia development, 7 = 114 eyes, 59 offspring of KC patients), O-KC-MR (eyes of offspring of KC patients with moderate risk of ectasia
development, n = 28 eyes, 19 offspring of KC patients), O-KC-HR (eyes of offspring of KC patients with a high risk of ectasia development,
n = 18 eyes, 10 offspring of KC patients). P-values in bold show statistically significant comparisons.

* O-KC-LR compared to control.

T O-KC-MR compared to control.

#O-KC-HR compared to control.

§ O-KC-LR compared to O-KC-MR.

I 0-KC-LR compared to O-KC-HR.

1 0-KC MR compared to O-KC-HR.
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TaBLE 2. Analysis of Corvis ST Biomechanical Parameters in Control and O-KC Groups

Parameters Control O-KC-LR P O-KCMR P! O-KC-HR . ps pl pr
bIOP (mm Hg) 15.60 + 2.04 16.24 + 1.88 0.096 15.84 + 2.20 0.933 15.15 + 1.90 0.223 0.364 0.053 0.290
A1T (ms) 7.37 £ 029  7.44 £ 025 1.000 7.24 £ 0.24 0.504  7.18 £ 0.22 0.189 0.005 0.003 1.000
A1V (m/s) 0.14 £ 0.01 0.14 £ 0.01 1.000 0.15 + 0.02 1.000 0.16 + 0.02 0.652 0.711 0.049 1.000
A2T (ms) 22.15 £ 040 22.01 £ 0.32 0.813 22.20 + 0.47 1.000 22.14 £ 0.30 1.000 0.205 1.000 1.000
A2V (m/s) —0.27 £ 0.03 —0.25 £ 0.06 0.992 —0.27 + 0.03 1.000 —0.28 + 0.03 1.000 1.000 0.470 1.000
HCT (ms) 17.29 £+ 0.67 17.29 + 0.52 1.000 17.44 £ 0.52 1.000 17.25 + 0.54 1.000 1.000 1.000 1.000
DAmax (mm) 1.12 £ 0.10 1.06 £ 0.09 0.048 1.12 + 0.10 1.000 1.15 + 0.09 1.000 0.041 0.006 1.000
HCDA (mm) 0.91 & 0.10 0.86 £ 0.09 0.169  0.91 £ 0.09 1.000 0.97 £ 0.10 0.334 0.064 0.001 0.643
A1DLL (mm) 2.38 £ 0.11 2.36 + 0.16 1.000 2.32 + 0.12 0.251 2.32 £ 1.14 1.000 0.504 1.000 1.000
A2DLL (mm) 3.33 + 0.65 3.21 £ 0.67 1.000 3.01 £ 0.86 1.000 2.85 + 0.83 0.350 1.000 0.659 1.000
HCDLL (mm) 6.68 £+ 0.50 6.43 £ 0.40 0.054 6.57 £ 0.27 1.000 6.61 £ 0.43 1.000 1.000 1.000 1.000
PD (mm) 5.06 £ 0.27 4.92 £ 0.27 0.155 5.09 £ 0.19 1.000 5.11 £ 0.26 1.000 0.035 0.059 1.000
DARatio max (1 mm) 1.52 £ 0.05 1.52 + 0.05 0.685 1.55 £ 0.04 0.039 1.58 £ 0.05 0.000 0.004 0.000 0.073
DARatio max (2 mm) 4.04 + 0.36 4.06 + 0.32 0.885 4.36 + 0.30 0.013 4.76 =+ 0.52 0.000 0.002 0.000 0.004
IR [mm~1] 7.87 £ 1.06 7.79 £ 0.87 0.657 843 + 0.82 0.294 9.37 + 1.27 0.000 0.022 0.000 0.018
MaxInverseRadius (mm~!) 0.165 + 0.02 0.162 + 0.06 0.783 0.173 + 0.01 0.515 0.188 &+ 0.02 0.133 0.285 0.052 0.348
CCT_C (um) 550 + 27 549 + 33 1.000 519 + 24 0.001 509 + 30 0.001 0.001 0.001 1.000
ARTh 691 + 194 685 + 161 0.860 529 £ 137 0.002 418 + 108 0.000 0.000 0.000 0.276
Pachy Slope (um) 34 + 10 34+ 8  0.963 38 +£7 0791 44 + 12 0.000 0.355 0.000 0.152
SP-A1 99 + 14 100 + 12 0.578 87 £ 13 0.007 81 + 13 0.000 0.000 0.000 1.000
CBI 0.12 + 0.09 0.17 £ 0.14 1.000 0.50 + 0.10 0.001 0.75 + 0.22 0.001 0.001 0.001 0.001
SSI 0.91 £+ 0.14 0.99 + 0.15 0.205 0.96 + 0.14 1.000 0.83 + 0.15 0.671 1.000 0.000 0.062

Sample size: Control, control group (7 = 42 eyes), O-KC-LR, eyes of offspring of KC patients with low risk of ectasia development (nz =
114 eyes); O-KC-MR, eyes of offspring of KC patients with moderate risk of ectasia development (7 = 28 eyes); O-KC-HR, eyes of offspring
of KC patients with a high risk of ectasia development (n = 18 eyes).

Parameters: bIOP, biomechanical corrected intraocular pressure; A1T/A2T, first/second applanation time; A1V/A2V, first/second applana-
tion velocity; HCT, time to the highest concavity; DAmax, deformation amplitude; HCDA, deflection amplitude at highest corneal concavity;
A1DLL/A2DLL, first/second applanation deflection length; HCDLL, highest concavity deflection length; PD, peak distance at the highest
concavity; DAratio max 1 mm, maximum deformation amplitude ratio at 1 mm; DAratio max 2 mm, deformation amplitude ratio max 2 mm;
IR, integrated radius; Max Inverse Radius, maximum inverse radius; CCT_C, central corneal thickness by Corvis; ARTh, Ambroésio Relational
Thickness horizontal; Pachy Slope, changes of corneal thickness from the corneal center to the periphery; SP-A1, CBI, and SSI (stress-strain

index). P-values in bold show statistically significant comparisons.
" O-KC-LR compared to control.
T O-KC-MR compared to control.
#O-KC-HR compared to control.
§ O-KC-LR compared to O-KC-MR.
I 0-KC-LR compared to O-KC-HR.
¥ O-KC MR compared to O-KC-HR.

catalytic subunit (CAPN1), Superoxide Dismutase (SOD1),
Ezrin (EZR), Peroxiredoxin-1 (PRDX1), Hemopexin (HPX),
a-actinin 4 (ACTN4), and Actin cytoplasmic 2 (ACTG); and
the overexpression of Keratin type II cytoskeletal 5 (KRT5),
Apolipoprotein A-I (APOA1), Protein S100 A11 (S100A11),
and Apolipoprotein A-II (APOA2). Supplementary Results
1 includes the statistical data of the comparative analysis
among groups of the 15 dysregulated proteins. Figure 1
shows, as volcano plots and heatmaps, the 15 dysregulated
proteins in the O-KC tear samples. The FC values indicate
the ratio of under- or overexpression of each protein.

Most of these proteins showed differential expression
in all groups of O-KC compared to the control, even in
those cases without detectable alterations in corneal biome-
chanical properties (O-KC-LR). In general, as biomechani-
cal indexes revealed an increased risk of developing corneal
ectasia, the expression of these proteins maintained a trend
toward their under- and overexpression. Figure 2 repre-
sents the median [interquartile range] of the MLR-normalized
SWATH-MS area of each dysregulated protein.

LCN-1, LF, and SOD1 were the most underexpressed
proteins in O-KC samples, showing their lower expres-
sion in the O-KC-MR and O-KC-HR groups. ASS1 was
underexpressed in the O-KC-LR and O-KC-MR groups
compared to controls; however, no significant differ-
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ences in its expression were observed among the O-KC
groups. Subsequently, CFL1, CAPN1, EZN, PRDX1, and HPX
had lower expression in all O-KC groups compared to
controls, and ACTN4 and ACTG, two proteins belonging
to the actin family, showed their minimum expression in
O-KC-MR.

Regarding overexpressed proteins, statistical analysis
revealed that KRT5 substantially increased its expression in
the O-KC-HR group, remaining similar to control levels in the
low-risk and moderate-risk groups. APOA1 was up-regulated
in all O-KC groups, but the increase was statistically signif-
icant only for O-KC-LR and O-KC-MR groups compared to
controls. Finally, SI00A11 and APOA2 were the two proteins
with the highest expression in the O-KC groups compared
to controls, and this significant overexpression was stable in
all the groups independently of the differences in the biome-
chanical response. Correlation analysis was performed to
assess the influence of age on the dysregulated proteins. As
a result, no relationship was observed between any dysreg-
ulated protein and the age factor (P > 0.05 in all study
correlations, Supplementary Results 1). As for functional
implications of dysregulated proteins, Figure 3 shows the
main biological processes, molecular functions, and cellular
components related to the down- and up-regulated proteins
in O-KC groups.



Tear Proteomics From Keratoconus’ Offspring IOVS | May 2025 | Vol. 66 | No.5 | Article 41 | 6

TaBLE 3. Analysis of Pentacam HR Tomographic Parameters in Control and O-KC Groups

Parameters Control O-KC-LR P O-KC-MR P O-KC-HR P P Pl pY

PDC (D) 4278 + 1.27 4328 + 1.22 0.187 43.01 + 128 0.645 4597 + 552 0.001 0537 0.001 0.001
K1 (D) 4223 £ 1.27 4270 + 124 0.089 4234 + 1.25 0768 44.13 + 2.75 0.001 0252 0.001 0.001
K2 (D) 4334 + 124 4357 + 152 0444 4339 + 132 0909 46.00 + 3.46 0.001 0591 0.001 0.001
Kmax (D) 43.80 £ 1.36 4412 + 1.26 0.522 4399 + 1.50 0.802 4879 + 6.76 0.001 0.790 0.001 0.001
I-S asymmetry (D) —0.25 + 0.60 —0.05 + 0.57 0274  0.07 + 0.87 0.193  1.42 + 2.69 0.001 0562 0.001 0.001
ARTmax (um) 459 + 69 455 £ 91 0916 401 + 68  0.015 287 £ 79  0.001 0.003 0.001 0.001
CCT_P (um) 546 + 26 549 + 33  0.637 519 £25 0.001 510 = 30  0.001 0.001 0.001 0.301
MTP (um) 542 + 24 546 £ 32 0550 516 £ 24  0.001 504 &= 30  0.001 0.001 0.001 0.191
AE (um) 3.00 (2.00) 3.00(2.00)  0.685  3.00(3.000 0791  4.50(7.00) 0.001 0965 0.001 0.001
PE (um) 6.00 (6.25) 6.50 (8.00)  0.461 7.00 (11.00) 0.659 11.00 (29.75) 0.001 0.898 0.001 0.001
BAD-D 0.75 (0.56) 0.75(0.84)  0.800  1.31(0.90) 0.040 1.94(1.96) 0.001 0.028 0.001 0.001
TBI 0.00 (0.12) 0.08 (0.18)  0.169 020 (0.47) 0.001  0.65(0.85) 0.001 0.001 0.001 0.001

Sample size: Control, control group (n = 42 eyes); O-KC-LR, eyes of offspring of KC patients with low risk of ectasia development (7 =
114 eyes); O-KC-MR, eyes of offspring of KC patients with moderate risk of ectasia development (z = 28 eyes); O-KC-HR, eyes of offspring
of KC patients with a high risk of ectasia development (z = 18 eyes).

Parameters: PDC, corneal central power; K1, keratometry in the flattest meridian; K2, keratometry in the steeper meridian; Kmax, maxi-
mum dioptric power; I-S asymmetry, inferior-superior dioptric asymmetry; ARTmax, maximum Ambrésio Relational Thickness; CCT_P, central
corneal thickness by Pentacam; MTP, minimum thickness point; AE/PE, anterior and posterior surfaces elevation; BAD-D, total deviation
value; TBI, Tomographic and Biomechanical Index. P-values in bold show statistically significant comparisons.

" O-KC-LR compared to control.

T O-KC-MR compared to control.

#O-KC-HR compared to control.

§ O-KC-LR compared to O-KC-MR.

I o-xc-Lr compared to O-KC-HR.
1'0-KC MR compared to O-KC-HR.
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Ficure 1. (a) Volcano plots represent quantitative proteomics data. Proteins are ranked in a volcano plot according to their statistical P value
(y-axis) as —log10 and their relative abundance ratio (log2 FC) between the different O-KC groups and control samples (x-axis). Off-centered
spots are those that differ the most between the groups. The cutoffs for significant changes are FC of 1.3 and P < 0.05. Blue spots show the
downregulated proteins and red spots the upregulated proteins in the specific O-KC group regarding the control. (b) Heatmaps represent
the fold change of the dysregulated proteins in the study groups compared to the control.
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Ficure 2. Representation of the median [interquartile range] MLR-normalized SWATH-MS area of the 15 dysregulated proteins in the tear
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development, # = 18 eyes). *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001, ns: nonsignificant.
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Ficure 3. Main biological processes, molecular functions, and cellular components related to the down-regulated (Ay, Az, A3) and up-
regulated (By, B3, B3) proteins in the O-KC groups. GO enrichment of dysregulated proteins was made using the FunRich functional tool.
Charts represent the main biological processes and molecular functions in which differentially expressed proteins were involved (P < 0.05).
The percentage of the Ay, Az and By, By refers to the number of dysregulated proteins involved in this process compared with the total
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proteins in the database.

Down-regulation of several proteins essential for oxida-
tive protection (LCN-1, LF, SOD1), as well as for cell morphol-
ogy and migration, cell/cell adhesion, F-actin crosslinking,
and actin cytoskeletal organization (CFL1, CAPN1, EZN,
ACTN4, and ACTG), underlined the possible impact on paths
such as ROS degradation, CDC42 signaling events, focal
adhesion kinase signaling events, E-cadherin and N-cadherin
signaling paths, and RhoA or mTOR pathways (Fig. 3A;). In
this way, a high percentage of these proteins were related
to structural activities at the cytoskeleton level (Fig. 3A,);
and the cellular component analysis showed their member-
ship to focal adhesions, cell/substrate junctions, anchoring
junctions, and the actin cytoskeleton (Fig. 3A3).

Regarding overexpressed proteins (Figs. 3B, B, and B3),
up-regulation of APOA1 and APOA2 emphasized the enrich-
ment of lipidic processes such as lipoprotein metabolism
or lipid digestion, mobilization, and transport. In the same
way, the main anatomical entities of the up-regulated
proteins were related to lipidic and lipoprotein particles
and complexes. Additionally, the overexpression of S100A11
was associated with the enhancement of structural processes
such as integrin-linked kinase signaling.

Data-Dependent Workflow Analysis of the
Complete Tear Proteome of Control and O-KC
Groups

Following a DDA mode, we analyzed the tear proteome
of the control and O-KC groups to have a global view of
each group’s complete tear proteomic profile. This approach
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enabled the identification of proteins specifically expressed
in each group.

With an FDR of less than 10%, 574 proteins were identi-
fied in controls, 628 in O-KC-LR, 523 in O-KC-MR, and 396
in O-KC-HR. Figure 4 includes a Venn diagram (a) repre-
senting the distribution of unique and overlapping proteins
identified in the qualitative analysis of the tear samples of
control and O-KC eyes. As a result, out of the total number of
proteins identified, 41 were exclusively found in the control
group, 49 were only identified in the O-KC-LR group, 20
were uniquely expressed in the O-KC-MR group, and 12
were only in the O-KC-HR group. To determine the potential
relevance of these proteins in KC risk and their impact on
corneal biomechanical alteration, the biological processes
and molecular functions of the proteins linked to each O-KC
group were analyzed by the FunRich software (Fig. 4b).

GO analysis targeted at the proteins exclusively identified
in each O-KC group revealed the enrichment of pathways
with analogous or complementary purposes in all groups.
Most of them were related to cell adhesion events through
several molecules such as Nectin, E-cadherin, or S-integrin.
Similarly, other paths associated with cytoskeletal remodel-
ing, different phases of the cell cycle, and cell aging (cell
growth, differentiation, division, migration, or cell death)
were also enriched, such as RhoA and mTOR pathways or
the CDC42 signaling events, supporting the findings previ-
ously observed in the dysregulated proteins of the SWATH-
MS analysis.

Moreover, most of the proteins involved in immunity
cascades, such as the MyD88 cascade, were only found in



Tear Proteomics From Keratoconus’ Offspring

IOVS | May 2025 | Vol. 66 | No.5 | Article41 | 9

-

b) Only in O-KC-LR [49 proteins]
Biological process [ Syndecan-1 signaling Molecular functions 7.9% [ Cytoskeleton component
38.9% Nectin adhesion path e Catalitic activity
B 0 =
38.9% e mTOR path 5.3% 7.9% B
Integrin cell surface interactions 2.6% Extracellular matrix constituent
38.9 5.6% ek 2.6% 5.3% i
K 5.6% Events mediated by focal adhesion 5.3% 2 _Calclum binding
5.6% - kinase .
r ek [ Heat shock activit
38.9% 38.9% RhoA signaling path 26% \ 4
5.6% ) 5.3% 2.6% 2.6% | Peroxidase activity
- ROS degradation . o
A - o Oxidoreductase activity
\ - ARAREECIES R R L Protease inhibitor activity j
Only in O-KC-MR [20 proteins]
.................................... >
a) . . : )
0-KC-LR 0-KC-MR Biological process Molecular functions
g Cytoskelets t
49 20 28.6% [Innate Inmunity 35.7% [ ytoskeleton componen
Control 0-KC-HR 14.3%
s 14.3% 5.9% 11.8% Hyd -
28 14.3% RhoA signali th o, ydrolase activity
40 5 9 el 5.9% 5:9% 11.8% Transporter activity
14.3% mTOR path 0
g 117 18 {4.5% 5, | MyD88 cascade 11.8% Motor activity
12 14.3% 286%  14-3% | cocaz sinaling 5.9Y, | Ligase activity
Nectin adhesion path SNl ey
8 306 12 14.3% P S5 Serine/threonine kinase
E-cadherin signaling activity
0 29 K Integrin cell-surface interaction /
9
Only in O-KC-HR [12 proteins]
Biological process Molecular functions
33.3% [ RNA metaboli RNA binding
¥ mi metabolism
2 mRNA binding
16.7% 16.7% 10%
10% GTPase activity
16.7% 16.7% Inmune system 10% 10% | Structural activity
e 16.7% ROS degradation 10% Scaffold activity
) WARRS || VeeinericEmEey © oy Structural consituent of
o mTOR path e 05 cytoskeleton
Integrin cell surface interaction Superoxide dismutase activity

B-integrin interactions

J

processes compared with the total proteins in the database.

2x105+

25+

= . = 201

E 1.5%10% =

o =

= o

—t 3

= £ 154

4 -

_,E_, 1x105 £

£ % 104

] o

5 seror E

2 " s
0- o

Controls 0-KC-LR O-KC-MR O-KC-HR

O-KC-HR eyes, quantified by ELISA. *P < 0.05, **P < 0.01, **P < 0

the O-KC-MR and O-KC-HR groups. Regarding the molec-
ular functions, structural activity proteins represented the
highest percentage in all O-KC groups.

ELISA Validation

Three proteins were selected for further validation by
ELISA based on the results obtained in the LC-MS/MS
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Ficure 4. (a) Venn diagram represents the distribution of the unique and overlapping proteins identified in the qualitative analysis of the
tear samples of control and O-KC eyes. (b) Analysis of the biological processes and molecular functions associated with the proteins uniquely
identified in the O-KC-LR, O-KC-MR, and O-KC-HR groups. The percentages of the charts refer to the number of proteins involved in these

Tear Calpain-1 catalitic subunit [ng/mL]

Controls O-KC-LR O-KC-MR O-KC-HR

Ficure 5. Representation of LF, CFL1, and CAPN1 expression (mean + SD, ng/mL) in the tear samples of control, O-KC-LR, O-KC-MR, and
.001, ns: nonsignificant.

analysis, as well as the potential molecular involvement
of these proteins. ELISA assays confirmed the previously
observed findings, revealing LF underexpression in all
O-KC groups, lower CFL1 expression in the O-KC-LR
and O-KC-HR groups, and reduced CAPN1 levels in all
groups of offspring of KC patients. Figure 5 depicts the
ELISA quantification of the three proteins for each study
group.
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Protein panel 1

a) Control vs O-KC-LR
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Dysregulated proteins with best AUC values

LCN-1, LF, SOD1, CFL1, CAPN1,
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[ Logistic regression analysis |

Protein panel 2

b) Control vs O-KC-MR
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Ficure 6. Flowchart representing the LRA and ROC analysis of the three protein panels. (@) ROC curve of the regression model including
LCN-1, LF, SOD1, CAPN1, EZN, and APOA2 proteins for the O-KC-LR condition. (b) ROC curve of the regression model including the protein
panel of LCN-1, SOD1, and EZN for the O-KC-MR condition. (¢) ROC curve of the regression model including LF, LCN-1, PRDX1, SOD1, and

EZN for the O-KC-HR condition.

Diagnostic Potential of the Dysregulated Proteins
by ROC Analysis and LRA Modeling

ROC of each dysregulated protein in tear samples of O-KC
was conducted to predict their ability to discriminate alter-
ations in the corneal biomechanical properties, as well as
the risk associated with having a parent with KC. According
to the ROC analysis results, LCN-1, LF, SOD1, CFL1, CAPN1,
EZN, PRDX1, and APOA2 were the most useful markers
to distinguish between controls and O-KC groups. Among
them, the highest sensitivity and specificity were found for
LCN-1, LF, SOD1, CFL1, CAPN1, and APOA2. The ROC anal-
ysis of each protein is given in Supplementary Results 2.
LRA was performed to determine the best panels of proteins
that significantly influenced each biomechanical condition,
defining three models that discriminated with high accuracy
the study groups from the control. Figure 6 shows a flow
chart describing and summarizing the proteins included in
the estimation model for each O-KC group, as well as the
AUC, CI, sensitivity, specificity, and cutoff values of each
prediction model. Supplementary Results 2 includes details
regarding the regression formulas and the breakdown of the
ROC analysis for each protein panel.

DISCUSSION

Although family history is considered a significant risk factor
for KC' studies exploring the molecular basis underly-

Downloaded from iovs.arvojournals.org on 05/30/2025

ing KC relatives’ susceptibility remain limited and focus
primarily on clinical features. Previous studies consistently
show that KC relatives often present steeper and thinner
corneas, sometimes resembling subclinical KC stages.??-34
In the same way, biomechanical weakness resulting from
decreased corneal stiffness and strength has also been
described in KC relatives.> From a molecular perspec-
tive, first-degree relatives of KC patients showed increased
expression of inflammatory and innate immune molecules
in tears and corneal/conjunctival epithelial cells.3%37 In the
same way, KC familial genetic studies reported variants in
some genes, proposing a likely oligogenic causality in which
multiple pathogenic variants reside in an individual within
a high-susceptibility genome.*®

The growing interest in studying corneal biomechani-
cal properties to identify early tissue instability in corneal
ectasias has received significant attention in clinical research
settings;*“* however, no studies to date have explored the
protein drivers of these mechanical alterations. In this sense,
this study aimed to determine the proteomic alterations in
tear fluid associated with both corneal biomechanical prop-
erties and the risk of KC development (related to the pres-
ence of a parent diagnosed with the disease).

Accordingly, the first step of this study involved assess-
ing the corneal biomechanics of the O-KC eyes. In this way,
the biomechanical exploration of the KC offspring group
showed that 18% of the eyes had moderate alterations in
the corneal dynamics, indicating a moderate risk of ecta-
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sia development (O-KC-MR group), and 11% had high alter-
ations in the biomechanical exam, pointing out a high-risk
of ectasia development (O-KC-HR). These results align with
previous studies, which suggested that first-degree relatives
of KC patients could exhibit lower hysteresis and corneal
resistance compared to the broader population.?>4! Addi-
tionally, the morphology of the corneal tissue was studied
using tomographic imaging, and the most remarkable aspect
of the tomographic evaluation was the role of pachymetry
metrics. Specifically, central and minimum corneal thick-
ness and pachymetric progression indexes (ARTmax/ARTh)
differentiated the moderate and high-risk groups from the
remaining ones. Pachymetric defects are well documented
in corneal ectasias, with progressive thinning of the ecta-
sic area with severity.! Previous studies have reported
that KC corneas exhibit significantly weaker biomechani-
cal properties than healthy corneas of equivalent thinning
(corneal thinnest point <500 um).“> Regarding the spatial
corneal thickness, abnormal pachymetric distribution has
been reported in KC patients’ contralateral eyes, biome-
chanically and tomographically healthy.**-%> These findings
are consistent with our results, suggesting that slight vari-
ations in corneal thickness and pachymetric progression
could stimulate/exacerbate alterations in corneal mechani-
cal behavior.

Although the molecular basis of KC are not fully under-
stood, previous studies reveal a key imbalance in its
pathophysiology, including increased levels of metallopro-
teases and the reduced expression of their inhibitors,?24047
increased oxidative stress markers and decreased antioxi-
dant capacity of the corneal cells,’®->2 as well as dysregula-
tion of proinflammatory/anti-inflammatory interleukins, and
immunity molecules, suggesting its potential role in the early
cell death and degeneration in the corneal tissue.>>~>¢

In a global overview, our study revealed the dysregula-
tion of 15 proteins in the tear samples of KC offspring, some
of them previously associated with the KC pathophysiology
events, such as oxidative stress, inflammation, cell adhesion,
cell/cell interaction, cell division and migration, and apop-
tosis. In the same way, results provided by the qualitative
approach showed that the proteins exclusively identified in
each O-KC group were also associated with the enrichment
of oxidative, apoptosis, and structural processes.

First, the link with oxidative stress conditions was
evidenced by the downregulation of several proteins such
as lipocalin-1 (LCN-1), lactoferrin (LF), superoxide dismutase
(SOD1), and peroxiredoxin-1 (PRDX1), which have essential
roles in the protection against free radicals. LCN-1 was the
most downregulated protein in the O-KC samples. Given the
multifunctionality of this protein and its ability to clean up
toxic ligands, LCN-1 is considered an essential member of
cellular defense in epithelial tissues that combat oxidative
stress.”’ In particular, previous studies have demonstrated
the efficacy of LCN-1 as a physiological scavenger of harm-
ful lipophilic molecules resulting from lipid peroxidation
processes. Dysregulation of LCN-1 was previously observed
in tear samples of KC patients, relating its overexpression
to the need for oxidative protection during KC disease.”®>’
In this regard, the differences in study populations likely
explain the variability in findings. This study is focused on
the offspring of KC patients, with or without biomechani-
cal alterations, so, our results suggest that LCN-1 deficiency
may be linked to earlier disease stages or an increased KC
susceptibility, contributing to ineffective protection against
harmful species.
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LF was the second most under-expressed protein in the
study groups. Consistent with our findings, lower expression
of LF in KC tear samples has been previously reported,?60:61
seeming to be related to the disease progression.®’ Because
of its capability to regulate free iron levels in body fluids
(by binding Fe** ions in the extracellular space) and
to modulate and reduce the inflammatory and immunity
responses,®’~% LF underexpression could be associated with
the oxidative-inflammatory microenvironment of KC patho-
physiology. Our results showed that LF expression decreased
as biomechanical properties indicated further weakening of
the corneal tissue. In addition, LF had the highest sensitivity
and specificity to discriminate between the controls and the
O-KC biomechanically and tomographically healthy (O-KC-
LR), and also the best AUC values for detecting the eyes with
a high risk of ectasia development (O-KC-HR), suggesting
its high potential to be a sensitive and specific biomarker
for the detection of KC at-risk stages. Finally, SOD1 and
PRDX1 levels also decreased in the O-KC groups compared
to the control, with the lowest expression in groups with
significant biomechanical impairment. Superoxide dismu-
tases (SODs) are the primary defense systems for neutraliz-
ing free radicals and protecting against oxidative damage in
cells.®* Tear and serum samples of KC patients have shown
a sharp decrease in the expression of SOD1, 5%95-%7 and,
due to the protective effect of this family of proteins in cells
and tissues, the widespread argument suggests that down-
regulation of SOD1 could lead to an antioxidant defense
failure in a tissue constantly exposed to high levels of UV
radiation and highly vulnerable to oxidative damage. In the
same way, peroxiredoxins (PRDXs) also represent an essen-
tial family of antioxidant enzymes with dominant functions
in regulating and removing peroxide levels within cells.®®
Like SODs, PRDXs under-expression has been associated
with the perturbation of tissue oxidative homeostasis and
the activation of apoptotic pathways.”” Genetic variations
in FOXO (Forkhead box, class O) have been widely asso-
ciated with KC disease,’*”! as well as with corneal biome-
chanical behavior.”? Specifically, the foxO family of transcrip-
tion factors takes on a critical role in redox regulation and
oxidative defense by promoting the transcription of genes
encoding antioxidant proteins such as SODs and PRDXs.”?
Therefore the involvement and relevance of oxidative stress
seem unquestionable, not only in the clinical evolution of
KC but also associated with the risk of its development and
the biomechanical imbalance.

In terms of mechanobiology and structural integrity, KC-
related epithelial degeneration is characterized by alter-
ations in superficial epithelial cell differentiation, abnormal-
ities in basal epithelial density, and loss of its smoothness
and regularity.”$”> Similarly, abnormalities in stromal archi-
tecture are well documented, characterized by reduced kera-
tocyte density and collagen fibers, resulting in a severe thin-
ning of this layer.!”7® The epithelium-stromal interaction is
critical, and epithelial damage has been shown to induce
cell death in surrounding stromal keratocytes,”” suggesting
that continued damage between the corneal epithelium and
stroma constitutes an ongoing circle in the progressive thin-
ning of corneal tissue during KC disease.”® Corneal thick-
ness is one of the most heritable human traits, with a strong
genetic component and several associated genomic loci that
account for its variability.”® The functional implications of
those genes are mainly related to collagen cross-linking,
keratocyte growth and migration, epithelial proliferation and
differentiation, and extracellular matrix organization.” In
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this regard, we observed the dysregulation of five proteins
in the O-KC samples (CFL1, CAPN1, EZN, ACNT4, and
ACTG) involved in cell morphology and migration, cell/cell
adhesion, cell/substrate binding, F-actin crosslinking, and
cytoskeleton remodeling,®-# which may contribute to the
onset of mechanical decline. CFL1, CAPN1, and EZN are
required for the regulation of cell morphology, cell/substrate
adhesion, cell/matrix networking, actin depolymerization,
and cytoskeleton dynamics via integrin cell surface interac-
tions, B-catenin signaling, RhoA or mTOR signaling path-
ways.®$% RhoA signaling is a highly conserved pathway
involved in mechanotransduction in the corneal tissue; like-
wise, integrins and B-catenin play a vital role in focal adhe-
sions and cytoskeletal adherences, so any impact affecting
these pathways or components could weaken the cell/cell
communication system.®® CFL1 and CAPN1 dysregulation
were previously observed in the stromal fibroblasts and
epithelial cells of KC corneas, and changes in the expres-
sion of these proteins have been recognized as possible
underlying factors of stromal thinning and structural fail-
ure.”®% In addition, we observed the downregulation of
ACTN4, an F-actin cross-linking protein involved in the
tight junctions of epithelial cells,®® and ACTG, a member
of the actin filaments. Despite no significant differences
among O-KC groups in ACTN4 and ACRG expression, both
proteins showed a decreased trend as the corneal biome-
chanical behavior weakened. Previous studies also reported
alterations in the actin processes in KC, demonstrating the
reduced expression of the f-actin encoding gene in human
corneas with KC and suggesting that stromal keratocyte
depletion may contribute to reduced B-actin expression,
leading to cytoskeletal disruption and eventually stromal
thinning and weakening.%:%°

In connection with the pathological events affecting
extracellular matrix during KC disease, we observed that
SSA1 expression was significantly reduced in the O-KC-LR
and O-KC-MR groups compared to the controls. KC fibrob-
lasts have shown a deficiency in arginine and spermidine
concentrations,”’*?> and even the benefits of supplemen-
tation with arginine have been postulated as a potential
therapy for KC through its capacity to promote collagen
type I production and increase extracellular matrix deposi-
tion.”! As responsible for arginine biosynthesis in most body
tissues, down-regulation of ASS1 could be associated with
the arginine deficiency in KC disease.

Finally, regarding the overexpression of APOA2 in the O-
KC groups, previous studies reported alterations in APOA1
and APOA2 levels in the tear samples and aqueous humor
of KC patients?>? Because of its involvement in lipid
metabolism, the dysregulation of these proteins could be
related to lipid peroxidation and imbalance, however, further
studies are needed to understand the role of these proteins
in biomechanical dysfunction and corneal ectasia.

Considering that the dysregulation of most structural
proteins was observed even before detecting clinical alter-
ations in the corneal biomechanical behavior of O-KC
participants, our results seem consistent with a structural
disturbance that even precedes the corneal weakening that
can be detected with the current clinical biomechanical
tools.

Beyond the specific biological impact on KC pathophys-
iology of the dysregulated proteins, LRA modeling deter-
mined the best biomarker combinations to discriminate
between the control and the three O-KC groups, creat-
ing three specific protein panels with high sensitivity and
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specificity. In this sense, protein panels for KC risk assess-
ment could enable the development of cost-effective early
diagnosis and screening methods, avoiding extensive and
expensive analyses (such as the global mass spectrometry
proteomic analysis), and promoting the crossing from bench
to clinic.

This is an innovative study marking the first attempt to
identify the proteomic alterations linked to the risk of devel-
oping KC and those underlying the biomechanical decline
associated with this disease; however, we have identified
some limitations. The first one acknowledges that the subcat-
egorization of the O-KC led to an uneven distribution of
participants across the study groups. To address this limi-
tation, future studies should include larger cohorts in the
groups with smaller sample sizes (e.g., O-KC-HR group).
Second, this study did not include a follow-up of the O-KC
participants, so it seems desirable to design future prospec-
tive cohort studies to assess the evolution of these markers
in those subjects who may develop clinical disease, a task
we are currently working on. Furthermore, the variability of
the tear proteome in different environmental and genetic
backgrounds suggests the need to validate our results in
diverse populations and larger cohorts. As well, integrat-
ing genetic studies will strengthen and complement our
findings. Although this study offers novel clinical evidence
of potential tear proteomic biomarkers linked to corneal
biomechanical impairment and early KC, comprehensive in
vitro studies are crucial to validate their significance in the
pathological corneal biomechanical weakness.

In summary, the proteomic approach of this study empha-
sizes the relevance of some target proteins previously recog-
nized to have a significant role in clinical KC, indicating
their involvement in the disease’s early and at-risk stages.
In this sense, the high sensitivity and specificity of LCN1,
LE, SOD1, EZN, and CAPN1 for detecting biomechanical
alterations of corneal tissue make them promising biomark-
ers in the early detection of KC. Oxidative stress and cell
structural alterations appear to begin long before the onset
of clinical signs and even before alterations in the corneal
biomechanics can be detected with the current tools. A thor-
ough insight into the interplay between oxidative and struc-
tural events influencing cellular mechanobiology is required
to develop effective therapeutic strategies for early KC
management.
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