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Abstract: Background: The aim of this study was to analyse the concentration of the nerve growth
factor (NGF-B) in patients with keratoconus (KC) who are undergoing collagen fibre cross-linking
(CXL) surgery in order to better understand the pathogenesis of this disease and observe the molecular
changes occurring after the procedure. Among many cytokines, 3-NGF seems to play an important
role in the healing processes of corneal damage. Therefore, its role in the regenerative process
after CXL treatment may affect the course of treatment and its final results. Tear samples from
52 patients were collected in this prospective study. Additionally, the patients also had a number of
tests performed, including corneal topography using optical coherence tomography. Flat (K 1), steep
(K 2), cylindrical (CYL), and central corneal thickness (CCT) keratometry were assessed. The tear
samples were collected, and other tests were performed before the CXL procedure and afterwards,
during the 12-month follow-up period. The NGF concentration was measured using the Bio-Plex
Magnetic Luminex Assay. Lower levels of NGF-3 were detected in the KC patients than in the
control group (p < 0.001). The day after the procedure, the NGF-f3 level was significantly lower (on
average by 2.3 pg/mL) (p = 0.037) than before the procedure, after which, the level of the reagent
increases, but only in the group with the advanced cone, one month after CXL it was significantly
higher (p = 0.047). Regarding the correlation of NGF with topographic measurements, the following
were found: NGF- correlates significantly (p < 0.05) and positively (r > 0) with K1 before the CXL
procedure; NGF-f correlates significantly (p < 0.05) and positively (r > 0) with K1 one month after
CXL; NGF-§3 correlates significantly (p < 0.05) and positively (r > 0) with CYL nine months after CXL;
and, after twelve months, NGF-f3 correlates significantly (p < 0.05) and positively (r > 0) with K2
and K1. Corneal sensitivity did not statistically and significantly correlate with the level of NGF-
secretion. Our study suggests that NGF may be crucial in the development and progression of KC as
well as in the repair mechanisms after CXL surgery. Further research is needed on the role of NGF
and other inflammatory biomarkers for rapid diagnosis and selection of targeted therapy in patients
with keratoconus.

Keywords: 3-NGF; keratoconus; cross-linking

1. Introduction

Keratoconus (KC) is a common condition that leads to the thinning of the central
and near-central parts of the cornea, causing it to take on a conical shape. This corneal
ectasia results in a high level of astigmatism and, consequently, a significant deterioration
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in vision [1,2]. The pathogenesis of the disease is not yet fully understood, and it may
be affected by genetic, environmental, biochemical, and risk factors such as allergies, eye
rubbing, asthma, and eczema [3,4]. Despite the fact that keratoconus is classified as a non-
inflammatory disease [2,5], many authors suggest otherwise [6-16]. It cannot be definitively
stated that this hypothesis is true, but the imbalance in the secretion of inflammatory factors
(cytokines, chemokines, and growth factors) suggests that it may be significant.

Studies of tears and corneas in patients with keratoconus have revealed altered levels
of inflammatory markers, including the nerve growth factor (NGF). The NGF and its re-
ceptors play a significant role in the corneal and conjunctival wound-healing process and
in the regeneration of corneal nerves by stimulating fibroblasts and keratocytes, the ex-
pressing and secreting of extracellular matrix components, angiogenesis, and myofibroblast
differentiation [17-19].

According to A. Lambiase, the molecular basis of keratoconus is the complete ab-
sence of NGF TrkA receptor (TrkA NGFR) expression and decreased NGF and p75 NTR
expression, which consequently cause the dysregulation of the NGF secretion pathway,
resulting in reduced NGF secretion [20]. Other studies report that NGF influences disease
progression both as an independent factor and in correlation with other factors [21,22].

In our study, we measured the level of nerve growth factor in patients with keratoconus
and examined how the level of NGF-f3 changed after CXL surgery. Currently, there is only
one study describing the level of NGF secretion after a cross-linking procedure [23]. Studies
conducted after similar minimally invasive refractive procedures, including LASIK, confirm
that regenerative mediators, including NGF, may play a crucial role in the eye surface
repair process after injury [24,25]. The nerve growth factor human recombinant produced
in E. coli is a non-covalently disulfide-linked homodimer non-glycosylated polypeptide
chain containing two identical one-hundred-and-twenty-one amino acids with a molecular
weight of two 13.6 kDa polypeptide monomers.

The Food and Drug Administration (FDA) has approved eye drops containing NGF,
which hold promise in the treatment of neurotrophic keratitis and may prove to be an
effective treatment in other ophthalmic conditions requiring corneal regeneration, such as
keratoconus [26,27].

The aim of this study is to assess the profile of NGF-f3 secretion after CXL treatment
and attempt to correlate these fluctuations with topographic and morphological parameters
of the cornea, especially with changes in the sensory innervation of the cornea.

2. Results

A total of 52 individuals with progressive keratoconus and 20 healthy participants in
the control group were included in the study. The observation study was carried out over a
period of 12 months after CXL procedure.

2.1. NGF-B Concentration

The comparison of NGF levels in the study group before the procedure to the control
group indicated a significantly higher NGF-f level in the control group (p < 0.001) than in
the study group, and this was always the case regardless of age, gender, or disease severity
(Table 1).
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Table 1. 3-NGF concentration values in the patients with keratoconus and in the healthy control
subjects before CXL procedure and values in the same people when dividing the KC patients by age
and stage of disease advancement.

Parameter Group N Moderate SD Median Min Max Q1 Q3 p
ALL Studied group 48  8.11 5.86 6.42 31 2887 417 9.4 p <0.001 *
Control group 20 16.73 7.71 14.36 721 3291 1007 22.28
AGE
Studied group 15  8.86 5.9 7.89 394 2887 642 945 p<0.001*
up to 19 years
Control group 20 16.73 7.71 14.36 721 3291 1007 22.28
Studied group 16  8.76 6.61 7.39 373 2887 409 1011 p=0.001*
20-26 years

NGE-3 Control group 20 16.73 7.71 14.36 721 3291 10.07 22.28
Studied group 13 6.03 4.85 4.63 31 2157 394 5.53 p <0.001 *
Control group 20  16.73 7.71 14.36 721 3291 10.07 2228
SEVERITY
Studied group 15 5.94 2.68 4.77 351 1293 394 7.15 p <0.001 *

over 26 years

Mild Controlgroup 20 1673 771 1436 721 3291 1007 2228
) Studied group 25 9.3 7.29 7.23 31 2887 417 993  p<0.001*
Medium = = olgroup 20 1673 771 1436 721 3291 1007 2228
Studied group 6  7.61 201 784 418 1036 73 82  p=0004*
Severe

Control group 20 16.73 7.71 14.36 721 3291 10.07 22.28
* Statistically significant (p < 0.05).

The analysis of NGF level changes over time in the study group after CXL is presented
in Table 2 and in Figure 1. One day after the procedure, the 3-NGF level was significantly
lower (an average of 2.3 pg/mL; p = 0.037) than before the procedure, and then the results
increased and stabilised around 3 months, but these values were not statistically significant.

Table 2. NGF-f3 values during the 12-month observation period after CXL in patients with keratoconus.

Measure Moderate 95% CI

Before treatment (0) 8.2 7 94
Day after the procedure (1 D) 59 (p =0.037%) 4.7 7.1
After seven days (7 D) 7.3 6 8.5
After one month (1 M) 7.2 5.9 8.5
After three months (3 M) 8 6.7 9.3
After six months (6 M) 7.9 6.5 9.2
After nine months (9 M) 6.4 4.8 8.1
After 12 months (12 M) 7.8 6.2 9.3

* Statistically significant (p < 0.05).

When the group was divided by the degree of keratoconus severity, the NGF-f3 level
one month after CXL was significantly higher (p = 0.047) in the severe cases (11.80 pg/mL)
compared to the mild cases (5.64 pg/mL) and the moderate cases (6.58 pg/mL) (Figure 2).
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Figure 1. Analysis of the level of NGF-§ in patients with KC before CXL treatment (0), one day after
CXL (1 D), seven days after CXL (7 D), one month after CXL (1 M), three months after CXL (3 M), six
months after CXL (6 M), nine months after CXL (9 M), and twelve months after CXL (12 M).
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Figure 2. Analysis of NGF-3 values one month after CXL divided into the degree of disease advance-
ment (mild, moderate, and severe).

2.2. Correlations of NGF-p with Corneal Topographic Parameters

NGEF-f correlates significantly (p < 0.05) and positively (r > 0) with Kf before CXL
procedure; 3-NGF correlates significantly (p < 0.05) and positively (r > 0) with Kf one
month after CXL; NGF-f3 correlates significantly (p < 0.05) and positively (r > 0) with CYL
nine months after CXL, and, after twelve months, NGF-f3 correlates significantly (p < 0.05)
and positively (r > 0) with Ks and Kf (Table 3). We conducted a linear regression analysis
to determine if NGF-f3, in combination with any other factor, influences the degree of
keratoconus. It turned out that all the relationships were statistically insignificant (all the
p-values were above 0.05).
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Table 3. Significant correlations between 3-NGF release and topographic data in KC.

Ks Kf CYL PI—Apex PI—Thinnest

Measurement

el ment | T=0.265,p=0075 r=0315p=0033% r=008p=0597 r=-0172,p=0254 r=—0222,p=0.138

Measurement after

seven days r=0297,p=0094 1r=0335p=005 r=-0.01,p=0.956 r=0.006, p =0.972 r=0.06,p =0.742

Measurement after

e r=0148,p=0368 r=032,p=0047* r=-0092p=0579 r=-0067,p=0687 r=—0058p=0.724

Measurement after

P, r=0011,p=095 r=0021,p=0899 r=0044,p=0791 r=0.123,p=0463  r=0.025p=0.883

Measurement after

six months r=0.059,p=0765 1r=0.049,p=0803 r=0072,p=0714 r=-0.138,p=0.483 r=0.035,p =0.86

Measurement after

oasuremer r=0359,p=0.144 r=0066p=079 r=053p=0024* r=0,p=1 r=—0.038,p = 0.882

Measurement after

e 2 r=0493,p=0012* r=0525p=0007% r=0.143,p=0495 r=—0201,p=0335 r=—0.086,p=0.681

r—Spearman’s correlation coefficient. * Statistically significant dependency (p < 0.05).

2.3. Corneal Sensitivity

Table 4 represents changes in the corneal sensitivity levels over time, on a scale
from O to 6, after the procedure. All the results were statistically significant (p < 0.001).
One day after the procedure, a significant decrease (an average of 5.9) was observed
compared to before the procedure, which persisted for approximately one month after the
procedure. After three months, the values increased and returned to the baseline levels
around 9-12 months after the procedure. Corneal sensitivity did not correlate significantly
with the level of NGF-f secretion, and the division into groups based on age and the degree
of keratoconus did not have a statistically significant effect on corneal sensitivity changes.

Table 4. Average values of corneal sensation in patients with KC before the procedure and during the
12-month follow-up after CXL.

Group Moderate SD
0 6 0

7D 0.06 0.24
1M 1.73 0.99
3M 3.55 1.38
6M 493 1.05
IM 5 1.22
12M 5.54 0.85

2.4. In Vivo Confocal Microscopy (IVCM)

We observed changes occurring in the cornea, particularly in corneal nerves, in the
patients with keratoconus both before and after CXL over a period of 12 months. The
quantity of corneal nerves correlates with corneal sensitivity, which decreases immediately
after surgery but returns to normal after nerve regeneration. In the initial period after the
procedure, we observed a significant decrease in corneal nerve density (Figure 3a) due to
mechanical damage to the corneal epithelium and the use of UV radiation during the CXL
procedure. The first signs of regeneration appeared around 1 month after the procedure
(Figure 3b), and the recovery of nerves to their pre-procedure levels varied from 6 months
to approximately 1 year (Figure 3c).
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Figure 3. (a) Virtually complete loss of nerves of the subepithelial plexus (SEP) immediately after
CXL treatment; (b) initial regeneration of subepithelial plexus nerves approximately one month after
CXL; and (c) complete repopulation of the subepithelial plexus nerves approximately six months
after CXL treatment.

3. Discussion

The cause of keratoconus and factors predicting the progression of the disease have
been a mystery to us to date. Despite numerous reports, there is still no clear answer
about the reasons. In recent years, the number of publications on the etiopathogenesis of
keratoconus has significantly increased, and the primary topic of discussion is whether it
has an inflammatory basis. Analyses of tears and corneal tissue in patients with keratoconus
have shown an increase in several cytokines, including IL-6, IL-8, IL-13, TNF-«, and IFN-f3,
which may support this hypothesis [6,10,28,29].

In our study, we focused on the analysis of nerve growth factor in patients with
keratoconus before CXL and observed changes in the secretion of this factor after the
procedure. This is the largest study to date that assesses NGF levels in patients with
keratoconus’ tears and the second in terms of observing changes in this parameter after
CXL [23].

The nerve growth factor (NGF) was discovered in the 1950s by the Italian neurologist
Dr. Rita Levi-Montalcini, who received the Nobel Prize for her achievements in 1986 [30,31].
The NGF was the first neurotrophic factor to be discovered and is the best characterised.
The NGF is activated by binding to the tropomyosin receptor kinase A (TrkA) and the
low-affinity nerve growth factor receptor (p75NTR) [32]. These receptors are located
in the cornea (in cells such as the epithelium, endothelium, and stroma), limbal stem
cells, conjunctival epithelial cells, retinal pigment epithelium, photoreceptors, and retinal
ganglion cells. The NGF influences the corneal surface’s equilibrium by promoting the
proliferation of limbal stem cells, immunomodulation, and tear production, ultimately
leading to the proper structure of the corneal epithelium [17]. Disturbance in the NGF
secretion pathway can negatively impact the regenerative processes, leading to delayed
corneal wound-healing and subsequent opacity.

A. Lambiase studied the molecular basis of keratoconus, focusing on changes in the
NGEF receptor secretion pathways. This study found a lack of TrkA and a significant
decrease in the p75 and NGF levels in the corneas of patients with keratoconus compared
to healthy subjects. Interestingly, the corneas with keratoconus parameters induced by
refractive surgery and other corneal diseases showed normal levels of TrkA [20]. Using this
hypothesis, it can be deduced that individuals with keratoconus undergo a downregulation
of NGF secretion, which our research results may confirm. In our study, the NGF level was
significantly reduced (8.11) in the patients with keratoconus compared to the control group
(16.73), p < 0.001. Giusi Precipe also investigated the expression of the NGF receptor TrkA
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in immune cells of patients with joint inflammation, which showed a reduced expression
of TrkA. The author suggests that faulty TrkA expression may facilitate pro-inflammatory
mechanisms, contributing to chronic inflammation and tissue damage [33].

On the first day after CXL, the NGF level decreases significantly. We do not know the
cause of this decrease, but it may be due to excessive tearing on the day after the procedure,
diluting the samples significantly and resulting in a decrease in this parameter. Additionally,
damage to the corneal epithelium may cause a drop in NGF secretion immediately after the
procedure, and steroid drops further inhibit the rapid secretion of NGF [34]. Subsequently,
during the corneal epithelial regeneration process (within the first seven days), a slight
increase in NGF was observed, although it was not statistically significant. Long-term
changes in NGF levels after CXL were also not detected. Bence Lajos Kolozsvari’s findings
were similar [23,35].

An interesting observation is that, when we divided our patients into groups with
mild, moderate, and advanced keratoconus, it was found that, in individuals with advanced
keratoconus (Ks > 56D), there was a significant increase in NGF secretion in the first month
after the procedure compared to the groups with moderate and mild keratoconus. This
difference is likely related to greater corneal damage after CXL in patients with advanced
keratoconus. Many publications describe that the degree of advancement affects the frequency
of complications and worse disease progression inhibition results after CXL [36-38].

After other similar minimally invasive procedures in refractive surgery, NGF secretion
increased significantly and was dependent on the degree of corneal damage associated
with the surgery. The postoperative NGF levels in tears were higher in the FS-LASIK group
compared to the smile ReLEx group, and, after PRK, NGF levels were higher than after
LASIK [24,39]. This confirms the significant role of NGF in corneal epithelial regeneration
and its association with the severity of corneal surface damage.

It is strange that there was no significant increase in NGF secretion after CXL in
patients with keratoconus. One possible explanation for this may be a disruption in the
reparative response generated by the injured cornea in patients with keratoconus. Cheung
IM examined the concentration of interleukin-1« (IL-1c), fibroblast growth factor 2 (FGF-2),
nerve growth factor beta (3-NGF), insulin-like growth factor 1 (IGF-1), tumour necrosis
factor alpha (TNF-«), epidermal growth factor (EGF), transforming growth factor 31
(TGF-p1), platelet-derived growth factor (PDGF), and hepatocyte growth factor (HGF) in
response to secondary damage in keratoconic corneas in a control group. It was found that
corneas with keratoconus have a reduced regulation of regeneration, which may make them
unable to produce an adequate response to injury. Over time, this can lead to inadequate
tissue repair after damage [40]. Under normal conditions, the NGF, in conjunction with
receptors on monocytes, reduces the production of inflammatory cytokines (IL-13, TNF-c,
IL-6, and IL-8), while simultaneously inducing the release of anti-inflammatory mediators
(IL-10 and IL-1 receptor antagonists). In patients with keratoconus, this regulation is likely
disrupted by faulty TrkA receptor expression [33].

Current reports suggest that inflammatory mediators may influence keratoconus pro-
gression. Due to the progressive nature of the disease, early diagnosis and appropriate
treatment are exceptionally important. In our study, we analysed the correlation of NGF-{3
with corneal topographic parameters measured using CASIA (K1, K2, CYL, CCT) before
and after CXL. It was found that the NGF significantly positively correlates with the K1
parameter before the procedure and one month after. Additionally, it positively correlates
with the CYL value after nine months and with K1 and K2 one year after the procedure.
These results indicate that the NGF is strongly associated with corneal topographic param-
eters reflecting the severity of the disease. Similar results were obtained by Bence Lajos
Kolozsvari, where the NGF showed a significant positive correlation in all age groups
with seven out of the eight investigated PENTACAM topographic indicators (K2, Ave K,
KSI, OS], CSI, KPI, and SDP) [21]. Interesting reports by Fodor M suggest that the level of
NGE, in combination with IL-13, can predict corneal keratoconus progression with 100%
specificity and 80% sensitivity [22]. This demonstrates the significant role of the NGF in
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the pathophysiology of keratoconus and emphasises the importance of conducting further
research to determine its potential role in disease progression.

We did not find a significant association between corneal sensitivity and the level of
NGEF secretion in tears, likely due to the disrupted secretion of NGF in the patients with
keratoconus. The change in corneal sensation in our study group correlated with the IVCM
image and reports of corneal nerve return after CXL treatment. Immediately after the
procedure, we observed the absence of nerves, which began to return around 1 month after
the procedure, with a return to normal ranging between 6 and12 months [41,42].

Currently, the future of treating conditions with disrupted corneal innervation and
dry eye has become the use of recombinant human NGF eye drops. They have been suc-
cessfully introduced for the treatment of neurotrophic keratopathy and dry eye syndrome.
Clinical trials have also explored their application in diseases such as glaucoma and re-
tinitis pigmentosa with cystoid macular oedema. Recently, the safety and effectiveness of
rh-NGF have also been demonstrated in children and adolescents [43,44]. The wide range
of potential that these drops offer is a great hope for the treatment of various eye diseases.

Gong Q examined the impact of NGF eye drops on corneal sensitivity, regeneration
of corneal nerves, and dry eye symptoms in patients after LASIK surgery compared
to patients treated with saline (NS) and lubricating eye drops. He noted a significant
improvement in these parameters in the patients treated with rh-NGF [45]. However, no
one has evaluated the beneficial effects of rh-NGF eye drops in patients with KC after
CXL or corneal transplantation. Nevertheless, it can be assumed that they will have
a positive impact on epithelial regeneration and the acceleration of corneal sensation
recovery, ultimately reducing distant complications such as corneal opacities. This would
be particularly important due to the initially lower concentration of endogenous NGF and
reduced repair mechanisms in these patients.

4. Materials and Methods
4.1. Study Population

This study was conducted in accordance with the Helsinki Declaration guidelines
and received approval from the Bioethics Committee of the Silesian Medical University in
Katowice (PCN/0022/KB1/21/21). Each participant provided informed consent for the
examination and study. This study used random sampling among the patients who had
given their informed consent to participate in the study from 2021, reaching 52 subjects
approved by the bioethics committee.

We included 52 individuals in the prospective randomized study, all of whom were el-
igible for CXL treatment due to progressing keratoconus. The study consisted of 13 women
and 39 men, with an average age of 24.35 (ranging from 11 to 47) years, including 10 partic-
ipants below the age of 18. Comprehensive ophthalmic examinations were conducted for
all the patients, and tear samples were collected before and after CXL during a one-year
observation period at regular intervals: 1 day before and after the surgery, at the day 7 visit,
and at 1, 3, 6,9, and 12 months after CXL. The disease progression criteria included changes
in corneal topographic parameters, such as an increase in astigmatism or corneal curvature
(K1, K2), a maximum corneal curvature (Kmax) increase of >1 D within 12 months from the
last follow-up visit, a rise in posterior corneal elevation by >15 pum, and a decrease in visual
acuity by one or more Snellen lines in corrected visual acuity. The control group comprised
20 healthy individuals. The exclusion criteria for both the patients with keratoconus and
the control group were as follows: the presence of systemic diseases, individuals with dry
eye disease (DED), the use of systemic and topical medications, a history of previous eye
injuries and/or surgeries, active eye inflammation, allergies in medical history, contact lens
wear, pregnancy, and breastfeeding. Those strict criteria for the selection of both the control
and study groups were established to create the most homogenous groups possible, aiming
to eliminate potential complications in our research results.
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4.2. Cross-Linking Treatment

The CXL procedure was performed according to the Dresden protocol at the University
Hospital Ophthalmology Department of the Railway Hospital in Katowice. All the patients
eligible for the procedure had a corneal thickness of >400 pm, making Epi-off (3 mW /cm?,
30 min) the preferred treatment. After the procedure, one drop each of levofloxacin
(5 mg/mL) and dexamethasone (1 mg/mL) were administered, and a soft bandage contact
lens (Air Optix Aqua; Ciba Vision, Alcon, Fort Worth, TX, USA, diameter 14.2, curvature 8.6)
was placed, which was typically removed after the corneal epithelium had healed, usually
at the first follow-up visit (7 days post-procedure). All the patients used levofloxacin
with dexamethasone eye drops and preservative-free artificial tears (based on sodium
hyaluronate) five times a day until the first follow-up visit. Subsequently, the antibiotic
drops were gradually reduced and used for two weeks, and the steroid eye drops were
continued for 1.5 months after the procedure.

4.3. Measurements

All the patients underwent a comprehensive ophthalmic examination, including best-
corrected visual acuity, slit-lamp examination, intraocular pressure measurement, and
corneal topography using anterior segment optical coherence spectral tomography (SS
OCT; CASIA2 OCT; Tomey, Nagoya, Japan). Flat (K 1), steep (K 2), cylindrical (CYL),
and central corneal thickness (CCT) keratometry were evaluated; corneal sensitivity was
measured using a Cochet-Bonnet esthesiometer (Luneau Ophthalmologie, Paris, France),
and corneal nerves were assessed using in vivo confocal microscopy (HRT 3, Heidelberg
Engineering GmbH, Ger-many). The severity of keratoconus was assessed as follows: mild
when the steepest keratometric reading (Ks) was <48 dioptres (D); moderate when Ks
ranged from 48 to 54 D; and severe when Ks was >54 D.

4.4. Tear Collection and Analysis

Lacrimal fluid was non-invasively collected from both the study and control group
participants using a microcapillary from the lower conjunctival sac after gently everting
the lower eyelid. Local anaesthesia was not used for this procedure. The collected tears
were transferred into Eppendorf-type tubes and immediately stored in a freezer at —80 °C
until tear analysis. The collected samples had a volume of approximately 10 uL. The tear
analysis using the Bio-Plex technique was performed at the Microbiology and Immunology
Department in Zabrze. The thawed tears were centrifuged at 4 °C with an acceleration of
14,000 g for 5 min. After centrifugation, the supernatants were transferred to 96F-Well
Microplates and diluted with a buffer to a volume of 50 pL. Standards for the measured
analytes were also placed in the wells of the plate. Then, a suspension of magnetic beads
coated with specific antibodies for the analytes to be measured was added. The subsequent
steps were conducted according to the manufacturer’s instructions. Finally, the obtained
beads, coated with complexes and marked with phycoerythrin, were analysed using the
Bio-Plex 3D Suspension Array System and xPONENT 4.0 aqusition software (Bio-Rad
Laboratories Inc., Hercules, CA, USA). The concentrations of the measured cytokines were
determined based on standard curves using the manufacturer’s software [46,47].

4.5. Statistical Methods

The comparison of the quantitative variables between the study and control groups
before the procedure was conducted using the Mann-Whitney test. The Kruskal-Wallis test
was used to correlate the NGF and the degree of KC severity. To analyse the relationship
between (3-NGF levels and keratometric readings and the correlation of corneal sensation
with NGF levels, the Spearman correlation coefficient was used. The changes in the param-
eter values over time were analysed using linear mixed-effects models. The simultaneous
influence of two potential predictors on the quantitative variable was analysed using linear
regression. The results were presented in the form of regression parameters along with 95%
confidence intervals. A significance level of 0.05 was adopted in the analysis. Therefore, all
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p-values below 0.05 were interpreted as indicating significant relationships. The analysis
was performed using the R software, version 4.3.1.

5. Conclusions

The lack of a clear answer regarding the role of inflammation in keratoconus necessi-
tates further research. This is particularly significant due to the early and insidious onset of
the disease, which can lead to substantial visual impairment and affect the quality of life of
patients [48]. Tear film analysis is a non-invasive procedure, and, in the future, tear pro-
teomics may prove invaluable in diagnosing keratoconus, monitoring disease progression,
and developing targeted therapies. To the best of our knowledge, this is the largest study
of its kind aimed at evaluating the NGF in the tear film of individuals with keratoconus.
Our results emphasise the strong and, perhaps, even pivotal role of the NGF-§3 in the
pathogenesis of this disease, as a result of its disturbed secretion.

Author Contributions: Conceptualization, M.K. and D.D.; methodology, M.K., Z.P.C. and ].B,;
software, E.W.-C.; validation, M.K. and D.D.; formal analysis, M.K.; investigation, M.K., O.L.-W. and
E.W.-C.; resources, E.W.; data curation, D.D. and E.W.; writing—original draft preparation, M.K. and
O.L.-W.,; writing—review and editing, D.D. and E.W.-C.; visualization, M.K. and O.L.-W.; supervision,
D.D. and E.W,; project administration, D.D.; funding acquisition, D.D. and E.W. All authors have
read and agreed to the published version of the manuscript.

Funding: The BioPlex analysis used equipment available within the Research and Implementation
Center Silesia LabMed UDA-RPSL. 01. 01. 00-24-05AH/17-00.

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Bioethical Committee of the Medical University of
Silesia, Katowice, Poland (PCN/0022/KB1/21/21).

Informed Consent Statement: Informed consent was obtained from all the subjects involved in this
study. The patient consent form was accepted by the bioethical committee of the Medical University
of Silesia and included the Study Information and Informed Consent Forms.

Data Availability Statement: The data used to support the findings of this study are included in the
article. The data will not be shared due to third-party rights and commercial confidentiality.

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

References

1.  Santodomingo-Rubido, J.; Carracedo, G.; Suzaki, A.; Villa-Collar, C.; Vincent, S.J.; Wolffsohn, ].S. Keratoconus: An updated
re-view. Contact Lens Anterior Eye 2022, 45, 101559. [CrossRef] [PubMed]

2. Rabinowitz, Y.S. Keratoconus. Surv. Ophthalmol. 1998, 42, 297-319. [CrossRef] [PubMed]

3.  Hashemi, H.; Heydarian, S.; Hooshmand, E.; Saatchi, M.; Yekta, A.; Aghamirsalim, M.; Valadkhan, M.; Mortazavi, M.; Hashemi,
A.; Khabazkhoob, M. The Prevalence and Risk Factors for Keratoconus. A Systematic Review and Meta-Analysis. Cornea 2020, 39,
263-270. [CrossRef] [PubMed]

4. Ahuja, P; Dadachanji, Z.; Shetty, R.; Nagarajan, S.A.; Khamar, P; Sethu, S.; D’Souza, S. Relevance of IgE, allergy and eye rubbing
in the pathogenesis and management of Keratoconus. Indian J. Ophthalmol. 2020, 68, 2067-2074. [CrossRef] [PubMed]

5. Krachmer, ].H.; Feder, R.S.; Belin, M.W. Keratoconus and related noninflammatory corneal thinning disorders. Surv. Ophthalmol.
1984, 28, 293-322. [CrossRef] [PubMed]

6. Loh, LP.; Sherwin, T. Is Keratoconus an Inflammatory Disease? The Implication of Inflammatory Pathways. Ocul. Immunol.
Inflamm. 2022, 30, 246-255. [CrossRef]

7. Lema, I; Sobrino, T.; Durdn, J.A.; Brea, D.; Diez-Feijoo, E. Subclinical keratoconus and inflammatory molecules from tears. Br. J.
Ophthalmol. 2009, 93, 820-824. [CrossRef]

8. Jun, AS,; Cope, L; Speck, C.; Feng, X.; Lee, S.; Meng, H.; Hamad, A.; Chakravarti, S. Subnormal cytokine profile in the tear fluid
of keratoconus patients. PLoS ONE 2011, 27, e16437. [CrossRef]

9. Balasubramanian, S.A.; Mohan, S.; Pye, D.C.; Willcox, M.D. Proteases, proteolysis and inflammatory molecules in the tears of
people with keratoconus. Acta Ophthalmol. 2012, 90, 303-309. [CrossRef]

10. Sorkhabi, R.; Ghorbanihaghjo, A.; Taheri, N.; Ahoor, M.H. Tear film inflammatory mediators in patients with keratoconus. Int.
Ophthalmol. 2015, 35, 467—-472. [CrossRef]

11. Marques, ].C; Ladislau de Carvalho, K.I.; Xavier, R.; Nosé, W.; Rizzo, L.V. Inflammatory profile of keratoconic corneal epithelium.

BMC Ophthalmol. 2023, 23, 326. [CrossRef] [PubMed]


https://doi.org/10.1016/j.clae.2021.101559
https://www.ncbi.nlm.nih.gov/pubmed/34991971
https://doi.org/10.1016/S0039-6257(97)00119-7
https://www.ncbi.nlm.nih.gov/pubmed/9493273
https://doi.org/10.1097/ICO.0000000000002150
https://www.ncbi.nlm.nih.gov/pubmed/31498247
https://doi.org/10.4103/ijo.IJO_1191_19
https://www.ncbi.nlm.nih.gov/pubmed/32971611
https://doi.org/10.1016/0039-6257(84)90094-8
https://www.ncbi.nlm.nih.gov/pubmed/6230745
https://doi.org/10.1080/09273948.2020.1780271
https://doi.org/10.1136/bjo.2008.144253
https://doi.org/10.1371/journal.pone.0016437
https://doi.org/10.1111/j.1755-3768.2011.02369.x
https://doi.org/10.1007/s10792-014-9971-3
https://doi.org/10.1186/s12886-023-03013-0
https://www.ncbi.nlm.nih.gov/pubmed/37460969

Int. J. Mol. Sci. 2024, 25, 366 11 of 12

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

Zhang, H.; Cao, X,; Liu, Y.; Wang, P; Li, X. Tear Levels of Inflammatory Cytokines in Keratoconus: A Meta-Analysis of
Case-Control and Cross-Sectional Studies. BioMed Res. Int. 2021, 30, 6628923. [CrossRef] [PubMed]

Ionescu, I.C.; Corbu, C.G; Tanase, C.; Ionita, G.; Nicula, C.; Coviltir, V.; Potop, V.; Constantin, M.; Codrici, E.; Mihai, S.; et al.
Overexpression of Tear Inflammatory Cytokines as Addi-tional Finding in Keratoconus Patients and Their First Degree Family
Members. Mediat. Inflamm. 2018, 2, 2018. [CrossRef]

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. |. Ophthalmol. 2023, 33, 35-43. [CrossRef] [PubMed]

Ionescu, C.; Corbu, C.G.; Tanase, C.; Jonescu-Cuypers, C.; Nicula, C.; Dascalescu, D.; Cristea, M.; Voinea, L.M. Inflammatory
Bi-omarkers Profile as Microenvironmental Expression in Keratoconus. Dis. Markers 2016, 2016, 1243819. [CrossRef] [PubMed]
Galvis, V.; Sherwin, T.; Tello, A.; Merayo, J.; Barrera, R.; Acera, A. Keratoconus: An inflammatory disorder? Eye 2015, 29, 843-859.
[CrossRef] [PubMed]

Liu, Z.; Wu, H.; Huang, S. Role of NGF and its receptors in wound healing (Review). Exp. Ther. Med. 2021, 21, 599. [CrossRef]
Liu, Z,; Cao, Y.; Liu, G.; Yin, S.; Ma, J.; Liu, J; Zhang, M.; Wang, Y. p75 neurotrophin receptor regulates NGF-induced myofibroblast
differentiation and collagen synthesis through MRTF-A. Exp. Cell Res. 2019, 383, 111504. [CrossRef]

Ljubimov, A.V,; Saghizadeh, M. Progress in corneal wound healing. Prog. Retin. Eye Res. 2015, 49, 17-45. [CrossRef]

Lambiase, A.; Merlo, D.; Mollinari, C.; Bonini, P; Rinaldi, A.M.; D’Amato, M.; Micera, A.; Coassin, M.; Rama, P.; Bonini, S.; et al.
Molecular basis for keratoconus: Lack of TrkA expression and its transcriptional repression by Sp3. Proc. Natl. Acad. Sci. USA
2005, 102, 16795-16800. [CrossRef]

Kolozsvéri, B.L.; Petrovski, G.; Gogolak, P.; Rajnavolgyi, E.; Téth, F; Berta, A.; Fodor, M. Association between mediators in the
tear fluid and the severity of keratoconus. Ophthalmic Res. 2014, 51, 46-51. [CrossRef]

Fodor, M; Vitalyos, G.; Losonczy, G.; Hassan, Z.; Pasztor, D.; Gogolak, P.; Kolozsvari, B.L. Tear Mediators NGF along with IL-13
Predict Keratoconus Progression. Ocul. Immunol. Inflamm. 2021, 29, 1090-1101. [CrossRef]

Kolozsvari, B.L.; Berta, A.; Petrovski, G.; Mihaltz, K.; Gogolak, P; Rajnavélgyi, E.; Hassan, Z.; Széles, P.; Fodor, M. Alterations of
tear mediators in patients with keratoconus after corneal crosslinking associate with corneal changes. PLoS ONE 2013, 8, e76333.
[CrossRef]

Gao, S.; Li, S,; Liu, L.; Wang, Y.; Ding, H.; Li, L.; Zhong, X. Early changes in ocular surface and tear inflammatory mediators
after small-incision lenticule extraction and femtosecond laser-assisted laser in situ keratomileusis. PLoS ONE 2014, 9, e107370.
[CrossRef]

Zhang, C.; Ding, H.; He, M,; Liu, L.; Liu, L.; Li, G.; Niu, B.; Zhong, X. Comparison of Early Changes in Ocular Surface and
Inflammatory Mediators between Femtosecond Lenticule Extraction and Small-Incision Lenticule Extraction. PLoS ONE 2016,
11, e0149503. [CrossRef]

Zwingelberg, S.B.; Bachmann, B.O.; Cursiefen, C. Real Life Data on Efficacy and Safety of Topical NGF Eye Drops (Cenegermin).
Klinische Monatsblitter fiir Augenheilkunde 2020, 237, 1455-1461. [CrossRef]

Roszkowska, A.M.; Inferrera, L.; Aragona, E.; Gargano, R.; Postorino, E.I.; Aragona, P. Clinical and instrumental assessment of
the corneal healing in moderate and severe neurotrophic keratopathy treated with rh-NGF (Cenegermin). Eur. ]. Ophthalmol.
2022, 32, 3402-3410. [CrossRef]

Moura, G.S.; Santos, A.; Cenedeze, M.A.; Hiyane, M.1.; Camara, N.O.S.; Barbosa de Sousa, L.; Augusto de Oliveira, L. Increased
lacrimal inflammatory mediators in patients with keratoconus. Mol. Vis. 2021, 27, 656—665.

Acar Eser, N.; Dikmetas, O.; Kocabeyoglu, S.; Tan, C.; Irkec, M. Evaluation of Keratoconus Disease with Tear Cytokine and
Chemokine Levels Before and After Corneal Cross-Linking Treatment. Ocul. Immunol. Inflamm. 2023, 6, 1-7. [CrossRef]
Levi-Montalcini, R. The nerve growth factor thirty-five years later. Vitr. Cell. Dev. Biol. 1987, 23, 227-238. [CrossRef]

Aloe, L.; Chaldakov, G.N. Homage to Rita Levi-Montalcini, the queen of modern neuroscience. Cell Biol. Int. 2013, 37, 761-765.
[CrossRef] [PubMed]

Minnone, G.; De Benedetti, F.; Bracci-Laudiero, L. NGF and Its Receptors in the Regulation of Inflammatory Response. Int. J. Mol.
Sci. 2017, 18, 1028. [CrossRef] [PubMed]

Prencipe, G.; Minnone, G.; Strippoli, R.; De Pasquale, L.; Petrini, S.; Caiello, I.; Manni, L.; De Benedetti, F.; Bracci-Laudiero, L.
Nerve growth factor downregulates inflammatory response in human monocytes through TrkA. J. Immunol. 2014, 192, 3345-3354.
[CrossRef] [PubMed]

Olsen, E.G.; Davanger, M. The effect of steroids on the healing of the corneal endothelium. An in vivo and in vitro study in
rabbits. Acta Ophthalmol. 1984, 62, 893-899. [CrossRef] [PubMed]

Yang, Q.; Wang, S.; He, Y.; Zhang, Y. The research progress on the molecular mechanism of corneal cross-linking in keratoconus
treatment. Contact Lens Anterior Eye 2023, 46, 101795. [CrossRef] [PubMed]

Parker, ].S.; van Dijk, K.; Melles, G.R. Treatment options for advanced keratoconus: A review. Surv. Ophthalmol. 2015, 60, 459-480.
[CrossRef] [PubMed]

Arora, R;; Jain, P,; Goyal, J.L.; Gupta, D. Comparative Analysis of Refractive and Topographic Changes in Early and Advanced
Keratoconic Eyes Undergoing Corneal Collagen Crosslinking. Cornea 2013, 32, 1359-1364. [CrossRef]

Koller, T.; Mrochen, M.; Seiler, T. Complication and failure rates after corneal crosslinking. J. Cataract Refract. Surg. 2009, 35,
1358-1362. [CrossRef]


https://doi.org/10.1155/2021/6628923
https://www.ncbi.nlm.nih.gov/pubmed/34631885
https://doi.org/10.1155/2018/4285268
https://doi.org/10.1177/11206721221125013
https://www.ncbi.nlm.nih.gov/pubmed/36154720
https://doi.org/10.1155/2016/1243819
https://www.ncbi.nlm.nih.gov/pubmed/27563164
https://doi.org/10.1038/eye.2015.63
https://www.ncbi.nlm.nih.gov/pubmed/25931166
https://doi.org/10.3892/etm.2021.10031
https://doi.org/10.1016/j.yexcr.2019.111504
https://doi.org/10.1016/j.preteyeres.2015.07.002
https://doi.org/10.1073/pnas.0508516102
https://doi.org/10.1159/000351626
https://doi.org/10.1080/09273948.2020.1716024
https://doi.org/10.1371/journal.pone.0076333
https://doi.org/10.1371/journal.pone.0107370
https://doi.org/10.1371/journal.pone.0149503
https://doi.org/10.1055/a-1274-3675
https://doi.org/10.1177/11206721221097584
https://doi.org/10.1080/09273948.2023.2165950
https://doi.org/10.1007/BF02623703
https://doi.org/10.1002/cbin.10098
https://www.ncbi.nlm.nih.gov/pubmed/23520136
https://doi.org/10.3390/ijms18051028
https://www.ncbi.nlm.nih.gov/pubmed/28492466
https://doi.org/10.4049/jimmunol.1300825
https://www.ncbi.nlm.nih.gov/pubmed/24585880
https://doi.org/10.1111/j.1755-3768.1984.tb08440.x
https://www.ncbi.nlm.nih.gov/pubmed/6524314
https://doi.org/10.1016/j.clae.2022.101795
https://www.ncbi.nlm.nih.gov/pubmed/36549953
https://doi.org/10.1016/j.survophthal.2015.02.004
https://www.ncbi.nlm.nih.gov/pubmed/26077628
https://doi.org/10.1097/ICO.0b013e3182a02ddb
https://doi.org/10.1016/j.jcrs.2009.03.035

Int. J. Mol. Sci. 2024, 25, 366 12 of 12

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Lee, HK,; Lee, K.S.; Kim, H.C.; Lee, S.H.; Kim, E.K. Nerve growth factor concentration and implications in photorefractive
keratectomy vs laser in situ keratomileusis. Am. J. Ophthalmol. 2005, 139, 965-971. [CrossRef]

Cheung, LM.; McGhee, C.N.; Sherwin, T. Deficient repair regulatory response to injury in keratoconic stromal cells. Clin. Exp.
Optom. 2014, 97, 234-239. [CrossRef]

Teo, A.W]J.; Mansoor, H.; Sim, N.; Lin, M.T.; Liu, Y.C. In Vivo Confocal Microscopy Evaluation in Patients with Keratoconus. J.
Clin. Med. 2022, 11, 393. [CrossRef]

Mazzotta, C.; Hafezi, F.; Kymionis, G.; Caragiuli, S.; Jacob, S.; Traversi, C.; Barabino, S.; Randleman, J.B. In Vivo Confocal
Microscopy after Corneal Collagen Crosslinking. Ocul. Surf. 2015, 13, 298-314. [CrossRef]

Yavuz Saricay, L.; Gonzalez Monroy, J.E.; Fulton, A.B. Can Nerve Growth Factor (NGF) Be a Treatment Option for Pediatric Eye
Diseases? Semin. Ophthalmol. 2023, 38, 427-432. [CrossRef]

Elhusseiny, A.M.; Traish, A.S.; Saeed, H.N.; Mantagos, 1.S. Topical cenegermin 0.002% for pediatric neurotrophic keratopathy. Eur.
J. Ophthalmol. 2022, 32, 3420-3424. [CrossRef]

Gong, Q.; Zhang, S.; Jiang, L.; Lin, M.; Xu, Z.; Yu, Y,; Wang, Q.; Lu, F.; Hu, L. The effect of nerve growth factor on corneal nerve
regeneration and dry eye after LASIK. Exp. Eye Res. 2021, 203, 108428. [CrossRef]

Dawidowicz, M.; Kula, A.; Mielcarska, S.; Kiczmer, P.; Skiba, H.; Krygier, M.; Chrabarniska, M.; Piecuch, J.; Szrot, M.; Robotycka, J.;
et al. B7H4 Expression Is More Frequent in MSS Status Colorectal Cancer and Is Negatively Associated with Tumour Infiltrating
Lymphocytes. Cells 2023, 12, 861. [CrossRef]

Bronikowska, J.; Ktések, M.; Janeczko, T.; Kostrzewa-Sustow, E.; Czuba, Z.P. The modulating effect of methoxy-derivatives
of 2’-hydroxychalcones on the release of IL-8, MIF, VCAM-1 and ICAM-1 by colon cancer cells. Biomed. Pharmacother. 2022,
145,112428. [CrossRef]

Gothwal, V.K; Gujar, R.; Sharma, S.; Begum, N.; Pesudovs, K. Factors affecting quality of life in keratoconus. Ophthalmic Physiol.
Opt. 2022, 42, 986-997. [CrossRef]

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


https://doi.org/10.1016/j.ajo.2004.12.051
https://doi.org/10.1111/cxo.12118
https://doi.org/10.3390/jcm11020393
https://doi.org/10.1016/j.jtos.2015.04.007
https://doi.org/10.1080/08820538.2023.2168485
https://doi.org/10.1177/11206721221094783
https://doi.org/10.1016/j.exer.2020.108428
https://doi.org/10.3390/cells12060861
https://doi.org/10.1016/j.biopha.2021.112428
https://doi.org/10.1111/opo.13010

	Introduction 
	Results 
	NGF- Concentration 
	Correlations of NGF- with Corneal Topographic Parameters 
	Corneal Sensitivity 
	In Vivo Confocal Microscopy (IVCM) 

	Discussion 
	Materials and Methods 
	Study Population 
	Cross-Linking Treatment 
	Measurements 
	Tear Collection and Analysis 
	Statistical Methods 

	Conclusions 
	References

