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Abstract: Primary open-angle glaucoma (POAG) is a frequent blindness-causing neurodegenerative
disorder characterized by optic nerve and retinal ganglion cell damage most commonly due to a
chronic increase in intraocular pressure. The preservation of visual function in patients critically
depends on the timeliness of detection and treatment of the disease, which is challenging due
to its asymptomatic course at early stages and lack of objective diagnostic approaches. Recent
studies revealed that the pathophysiology of glaucoma includes complex metabolomic and proteomic
alterations in the eye liquids, including tear fluid (TF). Although TF can be collected by a non-
invasive procedure and may serve as a source of the appropriate biomarkers, its multi-omics analysis
is technically sophisticated and unsuitable for clinical practice. In this study, we tested a novel
concept of glaucoma diagnostics based on the rapid high-performance analysis of the TF proteome
by differential scanning fluorimetry (nanoDSF). An examination of the thermal denaturation of TF
proteins in a cohort of 311 ophthalmic patients revealed typical profiles, with two peaks exhibiting
characteristic shifts in POAG. Clustering of the profiles according to peaks maxima allowed us to
identify glaucoma in 70% of cases, while the employment of artificial intelligence (machine learning)
algorithms reduced the amount of false-positive diagnoses to 13.5%. The POAG-associated alterations
in the core TF proteins included an increase in the concentration of serum albumin, accompanied by a
decrease in lysozyme C, lipocalin-1, and lactotransferrin contents. Unexpectedly, these changes were
not the only factor affecting the observed denaturation profile shifts, which considerably depended
on the presence of low-molecular-weight ligands of tear proteins, such as fatty acids and iron. Overall,
we recognized the TF denaturation profile as a novel biomarker of glaucoma, which integrates
proteomic, lipidomic, and metallomic alterations in tears, and monitoring of which could be adapted
for rapid non-invasive screening of the disease in a clinical setting.

Keywords: biomarker; diagnostic; glaucoma; POAG,; tear fluid; tear proteins; lysozyme C; lipocalin-1;
IgA; serum albumin; lactotransferrin; fatty acids; iron; thermal denaturation; nanoDSF

1. Introduction

Glaucoma is a neurodegenerative ocular disorder (optical neuropathy) representing
the leading cause of blindness globally. It encompasses a heterogeneous group of conditions
affecting mainly the optic nerve and retinal ganglion cells (RGCs) and is conventionally clas-
sified into primary (idiopathic, congenital) and secondary (pigment dispersion syndrome,
pseudoexfoliation syndrome, iatrogenic glaucoma, drug-induced glaucoma, etc.) forms,
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which can be further divided into open-angle and angle-closure variants, depending on the
morphology of the anterior chamber angle [1]. Primary open-angle glaucoma (POAG) is
the most common form of the disease, the prevalence of which in the European population
was estimated to be 2.6% and showed a dramatic increase with age [1,2]. The main risk
factor for POAG is an elevation of intraocular pressure (IOP) up to 20-30 mmHg due
to impeded aqueous humor (AH) derange via the anterior chamber angle (through the
trabecular meshwork/Schlemm canal) and/or the uveoscleral pathway. Chronic ocular
hypertension leads to cupping of the optic nerve head in lamina cribrosa and may trigger
RGC apoptosis both directly, via mechanical stress and interrupting axonal transport, and
indirectly, through zinc and/or glutamate toxicity, vascular dysregulation, retinal ischemia,
and oxidative stress, among other mechanisms [3-6]. The early stages of POAG are often
asymptomatic since RGC deaths and defects of the visual field accumulate first on the
retinal periphery. However, without treatment, the progression of glaucomatous neurode-
generation ends with irreversible loss of central vision and, in some cases, full blindness [3].
The preservation of visual function in POAG patients critically depends on the timely
application of adequate IOP-lowering therapy via medicinal and surgical interventions,
and this requires a prompt and reliable establishing diagnosis of the disease.

Currently, the gold standard for POAG diagnostics includes tonometry (increased
IOP), biomicroscopic examination of the optic nerve (increased cup-to-disc ratio and other
signs), perimetry (visual field defects), and optical coherence tomography (thinning of
retinal nerve fiber layer) [1,7]. However, these tests have several limitations. Indeed,
IOP measurement does not provide any information about the rate of glaucomatous
neurodegeneration, the noticeable changes in the visual field manifest only in developed
stages of the disease, whereas interpretation in the last two techniques is subjective, depends
on the anatomical features of a patient, and requires conventional standards, which are
currently absent [7]. The key to reliable diagnostics can be the determination of robust
molecular biomarkers exhibiting clear correlations with POAG development. Being a
multifactorial disease, glaucoma affects most of the eye tissues and liquids, which can
serve as sources of such biomarkers. Recent advances in mass-spectrometric technologies
triggered their search among the metabolome, lipidome, and proteome of AH, tear fluid
(TF), and plasma of patients [8-11]. The most relevant source for glaucoma biomarkers
is AH, as it directly accumulates proteins and metabolites that were secreted by cells
and tissues affected by the disease, thereby representing its biochemical fingerprint [7,9].
However, AH can be collected only by an invasive procedure, which is feasible in patients
with advanced glaucoma during antiglaucoma surgery but hardly suitable for nominally
healthy individuals undergoing routine medical screenings.

TF represents a more convenient subject for analysis due to the simplicity and non-
invasiveness of collection, and TF biomarkers of glaucoma have gained increasing attention
over the last few years [12,13]. It was hypothesized that tears may become enriched in
glaucoma-related molecules directly from the AH via scleral percolation in the uveoscle-
ral pathway [14]. Accordingly, there are correlations between the molecular contents of
AH and TF in some species, including humans [9,15]. Growing evidence indicated that
glaucomatous degeneration is indeed associated with characteristic alterations in TF compo-
nents, such as soluble metabolites or lipids [9,16,17]. Furthermore, a number of promising
biomarkers of glaucoma were revealed among TF proteins [12]. Some investigators suggest
using single protein biomarkers of POAG, such as BDNF, matrix metallopeptidases, or cy-
tokines [18-20]. The detection of these proteins in TF can be facilitated by novel techniques,
including lateral flow assay and the use of microfluidic paper-based devices [13]. However,
most studies using mass-spectrometric approaches indicate that POAG is associated with
complex proteomic changes in TF [17,21,22]. Even though examination of the whole TF
proteome may help in establishing POAG diagnosis, the total amount of proteins to be
analyzed in this case is quite large (>1500 [23]), and the required mass-spectrometry study
and data processing seem too cumbersome to be used in clinical practice.
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Previously, an original approach allowing for the simultaneous comparison of large
groups of proteins, such as proteomes of plasma, was proposed for diagnostic purposes.
The approach is based on the non-conventional employment of differential scanning
calorimetry (DSC) or differential scanning fluorimetry (nanoDSF) complemented by arti-
ficial intelligence (Al) analysis [24-28]. It was demonstrated that registration of thermal
denaturation profiles of total plasma with these techniques can be used for non-invasive di-
agnostics of glioblastoma or other cancers and apparently is sensitive enough to detect their
molecular subtypes [28,29]. In the current study, we trialed a similar concept of glaucoma
detection based on the monitoring of thermal denaturation of TF proteins followed by an Al
analysis of obtained denaturation profiles. To this end, we used a rapid high-performance
nanoDSF instrument, requiring small amounts of sample and performing measurements
in 3 min. Using a wide cohort of 311 ophthalmic patients, we demonstrated the overall
high potential of such a diagnostic approach. Furthermore, we identified characteristic
POAG-associated alterations in core TF proteins underlying the changing of tear denatura-
tion properties in the course of the disease. We believe that the proposed approach could
be adapted for rapid non-invasive screening for glaucoma in a clinical setting.

2. Results
2.1. Patient Characteristics

The study involved a total of 311 participants (Table 1). The POAG group included
82 patients with a median age of 69 years (from 43 to 83 years), containing approximately
equal proportions of individuals with mild (Stage I), moderate (Stage II), and advanced
(Stage III) forms of the disease. All participants presented characteristic signs of POAG,
including chronically elevated IOP, an increased mean cup-to-disc ratio, and visual field ab-
normalities. The control group included 171 patients with refractive anomalies but without
a history of glaucoma or dry eye. Since, in the elderly, individuals with such characteristics
are rare and may have latent glaucoma, we recruited a broad-age control cohort (8-77 years;
median age 32 years) while taking the age differences into account in subsequent analysis.
Most of the POAG patients received long-term instillations of IOP-lowering drugs, such
as -blockers, inhibitors of carbonic anhydrase, and prostaglandin analogs, which were
also considered during their classification. To trial the feasibility of the invented approach
for differential diagnostics, we also recruited a group of 58 patients with peripheral retinal
degenerations (PRDs), which are common lesions, such as lattice degeneration. Being
mechanistically different from glaucoma, PRD seems to be associated with developmental
anomalies, and its prevalence is increased in myopic patients. Although most PRD forms
are clinically insignificant, they are associated with an increased risk of rhegmatogenous
retinal detachments, an important cause of severe visual impairments [30]. PRD patients
did not exhibit statistically significant age differences as compared to control individuals,
while all three groups were similar in gender proportion.

Table 1. Characteristics of experimental groups.

Parameter Control POAG PRD
Number of participants 171 82 58
Mean age + SD 1, years 31.55 + 20.07 68.85 + 10.12 32.05 + 13.78
Gender (m/f), % 42.10/57.89 37.80/62.20 32.76/67.24
Beta-blockers - 56.1 -
Treatment. % CA inhipitors - 48.8 -
¢ Prostaglandin analogs - 31.7 -
No treatment 29.3

2.2. TF Profiling Using nanoDSF

TF samples were collected from all trial populations by using gauged Schirmer’s test
paper strips (Figure 1A,B). The procedure took 5 min and did not require anesthesia or
tear stimulation. To achieve a reliable analysis of TF, we employed an original procedure
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for its recovery from the Schirmer’s strips, without using specific extraction solutions
(see Section 4), thus allowing us to maintain the content of the tear proteins and their
complexes. At the end of the recovery procedure, the TF sample remained at the bottom of
a microcentrifuge tube, from which it could be conveniently aspirated by capillaries of the
nanoDSF instrument (Figure 1C-E). The denaturation profiles of TF were registered in the
range from 35 to 95 °C, using Tycho NT.6. Each TF denaturation profile (TFDP) consists
of six curves: temperature dependence of fluorescence intensity at two wavelengths,
330 nm and 350 nm; the ratio of fluorescence intensities at 350 nm and 330 nm; and
their derivatives. For visualization purposes and further cluster analysis, we used only
the temperature dependence of d(Fss0/ Fazp)/0T (Figure 1, F and top panels of G). The
respective dependencies registered for samples collected from the patients with POAG,
PRD, and control groups exhibited a characteristic shape, with two major peaks with
maxima at around 65 °C (T',) and 78 °C (T?y,) (Figure 1F).

=
o
g /‘\
O
9
8
n —> —>
[0}
o
£ Cul POAG PRD
o N=171 N=82 N=58
n
Cohorts constitution Sample collection Sample extraction
T, Ta
:

D E F o —

0.000 F

nanoDSF analysis
3(Faso/Fsa0)/aT

Sample load DSF analysis

LR SVM RF AB

| [ o fA)f‘AD fA) f‘)
| I \TJ\\

80 & ) . we . PRD \ \ \ \

Analysis

2
FRRE
76 L I Ctrlvs [ S — f
o . PRD
Cluster 1 2 \ \ ‘ \
72 : Cluster 2 W W W e S B
60 64 68  TI,c
Cluster analysis Machine learning

Figure 1. A workflow designed for the identification of POAG patients based on TFDP. Tear samples
are collected using Schirmer tear strips in a cohort of individuals with refraction abnormalities (Ctrl),
POAG, or PRD (A-C) and analyzed by nanoDSF yielding typical profiles with two peaks exhibiting
characteristic shifts in POAG ((D-F); normal and POAG-type TFDPs are indicated in blue and brown,
respectively). The classification of patients is accomplished using k-means two-parameter clustering
of the profiles according to peaks maxima ((G); TFDPs belonging to clusters 1 and 2 are indicated
in red and willow green, respectively), or Al analysis (H), where nanoDSF outputs are tested as
input data for machine learning algorithms Logistic Regression (LR), Support Vector Machine (SVM),
Random Forest (RF), and Adaptive Boosting (AB).
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2.3. Analysis of TF Denaturation Profiles

The primary classification of the patients was performed by considering only T1m and
T2m values. The k-means clustering based on these parameters yielded two distinct popu-
lations (Cluster 1 and Cluster 2), characterized by average T/ T% 1 values of 67.9/77.7 °C
and 64.6/79.3 °C, respectively (Figure 1G and Supplementary Table S1). Notably, Cluster 2
contained the majority of POAG patients (72%), whereas the PRD and control groups fell
into both clusters in almost equal proportions (Table 2 and Supplementary Table S1). A com-
parison of POAG groups corresponding to each cluster revealed no significant differences
in age, gender, or treatment regimens (Table 2).

Table 2. Distribution of patients in groups determined by the different classifying algorithms.

K-Means Two-Parameter LR AdaBoost
Group Parameters Clustering (Control versus PRD) (Control versus POAG)
Negative Positive Negative Positive Negative Positive
Patients, % 53.2 46.8 76.0 24.0 86.5 13.5
Controls Mean age + SD, years 27.3+99 3564222 3144198 321+200 300+1713 479+221
Gender (m/f), % 42.8/57.2 33.7/66.3 39.2/60.8 41.5/58.5 40.6/59.4 30.5/69.5
Accuracy £ CI*, % - 65.5+2.0 -
Patients, % 44.8 55.2 65.5 34.5 - -
PRD Mean age + SD years 304+128 33.6+157 3094146 343+129 - -
Gender (m/f), % 50/50 15.7/84.3 26.3/73.7 45.0/55.0 - -
Accuracy = CI*, % - - 814+£25
Patients, % 28.0 72.0 - - 30.0 70.0
Mean age + SD years 63.3 £12.6 71.0 £ 8.7 - - 63.2 £12.0 713 £8.15
Gender (m/f), % 47.8/52.2 33.9/66.1 - - 35.1/64.9 44.0/56.0
POAG -] “blockers 52.2 55.9 - - 52.0 57.9
o CA inhibitors 56.5 441 - - 48.0 49.1
Treatment, % “p analogs 348 288 - - 36.0 298
no treatment 26.0 32.2 - - 28.0 29.8
* At 95% of the average.

The main limitation of the two-parameter clustering was the high number of false-
positive identifications, i.e., when healthy individuals were recognized as POAG patients.
To increase the accuracy of the identification, we analyzed the obtained TFDPs by using
an Al approach. Four machine learning algorithms were employed (LR, SVM, RF, and
AdaBoost), which performed well in the classification of cancer patients based on the
nanoDSF profiles of plasma proteins [27]. In this case, the input data included temperature
dependencies of Fs39, F3509, and Fs50/F330, as well as their first derivatives. In the pair
“POAG versus control”, all algorithms gave a similar accuracy of 75-80% (Figure 1H). The
most beneficial was the AdaBoost algorithm (accuracy of 81.4%), for which the correct
identification of POAG patients was achieved in 70% of cases, whereas the amount of false-
positive controls was relatively low (13.5%, Table 2). The identified groups of true-positive
and false-negative POAG patients did not differ in median age, gender, or treatment,
suggesting that the provided classification relied on biochemical alterations in TF related to
the disease. Notably, the groups of true positives determined via k-means two-parameter
clustering and the Al/AdaBoost approach contained 80% of the same POAG patients.
Similar to two-parameter clustering, the Al analysis failed to reliably discriminate PRD
patients from the control group (Table 2). Accordingly, the data analysis in the pair “PRD
versus POAG” allowed for the significant discrimination of these diseases with an accuracy
of 75%.

Based on these findings, we can suggest that TF profiling by nanoDSF powered by
the described classification methods can be regarded as the basis for the development of a
rapid non-invasive approach for POAG diagnostics.

2.4. Assessment of POAG-Related Alterations in TF Proteins

Given that biochemical changes in TF underlying POAG classification affected both
major peaks of the denaturation profiles, we hypothesized that they corresponded to the
denaturation of the most abundant tear proteins. Indeed, although TF contains up to
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1500 different proteins [23], its core proteome is presented by only 5 major components [31],
which can measurably contribute to the TFDPs. SDS-PAGE of TF samples obtained in
control and POAG groups (Table 1) identified POAG-associated alterations in four core
proteins with molecular weights of approximately 15, 20, 70, and 80 kDa, whereas the fifth
component (30 kDa) remained unchanged (Figure 2A). Using in-gel trypsin digestion and
MALDI-TOF peptide mass fingerprinting (Figure 2B), these proteins were recognized as
lysozyme C (LYZ), lipocalin-1 (LCN1), serum albumin (HSA), lactotransferrin (LTF), and
immunoglobulin kappa (light chain of IgA; IgA-k), respectively. All of them were identified
as core proteins of normal tear in previous proteomic studies [32-36] and recognized
as potential TF biomarkers of POAG [12]. The quantitative analysis of the SDS-PAGE
data elucidated a significant increase in HSA content, accompanied by a decrease in
concentrations of LYZ, LCN1, and LTF in TF of POAG patients (Figure 2C,D).
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Figure 2. POAG-related alterations in core TF proteins. (A) Representative SDS-PAGE image of TF
samples obtained from POAG and control (Ctrl) patients (each track contains 20 uL of the sample).
Protein standards in kDa are noted in the left column. (B) Identification of the protein bands indicated
in panel A, using tryptic peptide mass fingerprinting by MALDI-TOF mass spectrometry. Molecular
weights (Mr) and accession numbers (UniProt ID) of the proteins and identification scores (Score), as
well as the number of detected peptides and sequence coverage data in %, are provided. (C,D) The
average weight fractions of the core tear proteins estimated from the SDS-PAGE of TF samples from
POAG and control (Ctrl) groups by densitometric scanning of the bands. Data were handled using
GelAnalyzer software version 19.1. Error bars in panel C represent standard deviation (p < 0.05 with
respect to POAG versus control for all proteins except IgA).

2.5. Investigation of Denaturation Properties of Tear Using TF-Relevant Protein Mixtures

To assess if these alterations contributed to POAG-associated changes in the thermo-
dynamic properties of TF, we compared denaturation profiles of homogenous core tear
proteins, as well as their mixtures corresponding to healthy (control) and glaucomatous
TE. The experiments were performed at pH 7, corresponding to normal tears [37]. Thermal
denaturation of individual LYZ, LCN1, IgA, HSA, and LTF proteins by using Tycho.NT6
instrument was characterized by single transition peaks with maxima at corresponding
(9(F350/F330)/9T)T curves at 67.8, 69.4, 72.9, 75.1, and 67.4 °C, respectively. Meanwhile,
the denaturation of their mixture presented as a profile with two peaks resembling those
of human TF (Figure 3A,B). Moreover, the comparison of control and POAG TF-relevant
mixtures revealed a high-temperature shift of T2, from 77.7 to 78.9 °C, i.e., similar to
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those observed in TF of POAG patients. Since most of the examined proteins possess lipid
and metal-binding properties, we also analyzed if such ligands would affect the observed
profiles. The focus was made on fatty acids (by the example of myristic acid) and iron, as
they were previously demonstrated to increase in glaucomatous TF [9,38]. The presence of
myristic acid increased the Ti, of individual HSAs (from 75.1 to 80.3 °C) but decreased it
in the case of LYZ (from 67.8 to 55.6 °C), whereas the binding of iron affected only LTF by
shifting its melting point towards higher temperatures (from 67.4 to 95.0 °C). Notably, the
addition of myristic acid to the control TF-relevant protein mixture yielded a POAG-shaped
denaturation profile with a T!;,, and T?,, of 65.4 and 78.3 °C, respectively (the average
values for POAG TF were 64.5 and 79.3 °C) (Figure 3C). The presence of Fe3* also pro-
moted the POAG-like low-temperature shift of 'y, (from 77.7 to 64.0 °C) and induced the
formation of the additional high-temperature peak with a maximum at 90.3 °C. It should
be added that the incubation with prostaglandin F2 alpha analog latanoprost (HSA binds
prostaglandin F2 alpha [39]), which is commonly used as an IOP-lowering drug in POAG
patients, did not produce any effects on the TF-relevant mixtures.
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Figure 3. Impacts of the composition and ligand-binding states of the core tear proteins on TFDPs.
(A) Schematic representation of control and POAG TF-relevant protein mixtures. (B) Comparison of
denaturation profiles of control and POAG TF-relevant protein mixtures with those of normal TF.
(C) Effects of myristic acid and iron on denaturation profiles of control TF-relevant protein mixture.

We concluded that the shape and position of TF denaturation profiles are defined
by both the composition of the core tear proteins and their ligand-binding states, which
change upon POAG development. Therefore, these profiles can be regarded as a complex
biomarker of the disease integrating proteomic, lipidomic, and metallomic alterations in
TE. Importantly, TFDPs do not appear to depend on the presence of traces of antiglaucoma
drugs, thus reflecting only the biochemical alterations associated with the disease.

3. Discussion

In this study, we proposed a novel perspective concept of POAG diagnostics based
on monitoring biochemical alterations in glaucoma TF by nanoDSF coupled with machine
learning. TF represents an informative source of biomarkers, as it can reflect both local
and systemic changes associated with glaucoma [14]. Indeed, TF analysis is increasingly
considered for diagnostics of diseases that do not directly relate to tear-producing or tear-
contacting tissues (lachrymal glands, cornea, sclera, and conjunctiva), such as diabetic
retinopathy, cancer, or neurological disorders [40]. The procedure of TF collection is non-
invasive and takes only 5 min of a patient’s attendance. The denaturation profiles of TF can
be registered using Tycho NT.6 (Nanotemper, Miinchen, Germany), originally designed for
the quality control of individual proteins. This nanoDSF instrument is clinically friendly
since it is compact, easy to manipulate, uses disposable capillaries, requires small amounts
of a sample (10 uL), and records the profiles for six samples within only 3 min. Since
the subsequent classification of POAG patients is based on machine learning and can be
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automatized, the overall diagnostic procedure is quite short, which is important for prompt
screenings in a clinical setting.

We trialed two approaches to the classification of POAG patients, considering the
TFDPs registered by nanoDSEF. The first approach involves two-parameter clustering based
on the maxima of the first derivative of the thermal dependence of the ratio F350/F339 (T
and T?,,). According to our in vitro studies, the positions of these maxima are determined
by the denaturation of core tear proteins and depend both on their composition and ligand-
binding states. Thus, the pathological shifts observed for POAG profiles could reflect
alterations in the protein, lipid, and metal content of TF, which are indeed characteristic
of the disease (see below). However, these shifts are seen not only in POAG patients but
also in about half of the healthy individuals, resulting in a large number of false-positive
identifications. Therefore, the cluster analysis based solely on the temperature values of the
first and second peaks did not yield the accuracy required for a diagnostic tool that could
be utilized in clinical practice.

The second approach involves machine learning algorithms, which are increasingly
used for the automatic recognition of patients with various disorders, such as in diag-
nostics of cancer based on plasma denaturation profiles, or diagnostics of glaucoma by
metabolomic changes in TF [16,27]. Indeed, machine learning is gaining popularity in the
analysis of medical-related data for diagnostic purposes [41]. In our case, its application al-
lows for the consideration of changes in profiles based on the complete set of data, without
any preprocessing. Due to the substantial individual variability of denaturation curves,
these changes in TFDPs of glaucoma patients cannot be detected by other methods, mak-
ing the machine learning approach the most optimal solution. The employed algorithms
consider full-range nanoDSF data, including temperature dependencies of Fs39, F350, and
F350/F33p and the respective derivatives. These dependencies seem to be more sensitive to
POAG-associated changes in TF composition, as their consideration significantly reduces
the number of false-positive identifications. Overall, we suggest that a positive result
obtained by the machine-learning-based approach will allow us to reveal individuals with
a high probability of POAG who should be subjected to additional examination. Further-
more, the use of both of the above-described approaches may significantly improve the
accuracy of prospective glaucoma diagnostics.

The developed classification of the patients is based on POAG-associated alterations
predominantly in core TF proteins. A normal tear contains five core proteins, namely LYZ,
LTF, LCN1, IgA, and HSA [31]. All of them, except for HSA, are produced by the lachrymal
gland and account for up to 85% of the total protein, whereas HSA (together with minor
blood-derived proteins) leaks into TF from the conjunctival and other vessels [31,42,43].
Importantly, TF can accumulate components of AH penetrating via scleral percolation
in the uveoscleral pathway and thereby become enriched in specific glaucoma-related
molecules [14]. The patients from our POAG cohort demonstrated an increase in TF con-
centration of HSA, accompanied by a decrease in LYZ, LCN1, and LTF. Similar alterations
were registered for HSA, LYZ, and LCN1 in previous proteomic studies of glaucomatous
tears; however, in the case of LTF, they report an opposite trend [21,22]. It should be
emphasized that the alterations in the TF proteome underlying the proposed classifications
exhibit no relation to the elderly age of POAG patients (see Table 2). Consistently, the
age-dependent changes to human tear composition involve completely different patterns
of mainly inflammatory proteins [44].

As was mentioned above, the POAG-type shifts in TFDPs seem to be governed
by both the composition and the ligand-binding states of the core tear proteins. In our
experiments, individual LYZ, LCN1, IgA, HSA, and LTF demonstrated half-maximal tran-
sitions at 67.8, 69.4, 72.9, 75.1, and 67.4 °C, which generally correspond to the previous
estimates [45—49]. The increase in the content of “high-melting” HSA compared to “low-
melting” LYZ, LCN1, and LTF observed in our POAG patients may contribute to the
characteristic high-temperature shift of the second maximum (T?,,) of the TF/TF-relevant
profiles. Importantly, LYZ, LCN1, and HSA are capable of binding various lipids [50-53],
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which can affect their thermodynamic properties [49,54]. TF has a complex lipid com-
position, consisting mainly of nonpolar lipids with only ~5% of amphiphilic lipids, in-
cluding (O-acyl)-o-hydroxy fatty acids, cholesterol, free fatty acids, phospholipids, and
ceramides [42,55]. The changes in the TF lipidome accompanying glaucoma remain poorly
investigated. Recently, we identified POAG-associated alterations in lipid mediators, such
as polyunsaturated fatty acids, oxylipins, and signaling phospholipids [9], but most of them
are low-level and hardly affect the properties of TF proteins. In our current experiments, the
presence of a fatty acid stabilized HSA (in agreement with previous observations [49]) but
significantly reduced the thermal stability of LYZ, which may account for both POAG-type
shifts (decrease in T!, and increase in T?y,) in TFDPs and TF-relevant profiles. Besides
lipids, the core TF proteins can coordinate biometals such as iron (LTF, HSA, and LYZ)
or zinc (LCN1, HSA, and LYZ) [56-60]. Notably, an increase in the TF content of iron
represents the well-recognized distinctive feature of POAG [38]. According to our observa-
tions, LTF undergoes prominent stabilization upon iron binding, and this is in agreement
with previous data [46]. In the TF of healthy individuals, the LTF level (25 uM [61]) is
approximately 3-fold higher than the iron concentration (9 uM [38]). Thus, most of the
tear LTF is present in the Fe3*-free state and can function as an iron scavenger, thereby
possessing antioxidant activity [62,63]. In the TF of POAG patients, the iron concentration
increases 4-fold [38]. Despite being downregulated in glaucomatous tears, LTF can bind
this excess iron, leading to the accumulation of its more stable Fe3*-bound form. This could
be another factor contributing to the high-temperature shift of the second peak (T%,) in
TFDPs and TF-relevant profiles.

Overall, the TFDP can be regarded as a novel integrative biomarker of POAG. Gener-
ally, the term “biomarker” can be defined as a “parameter that can objectively be measured
and evaluated as an indicator of either normal or pathologic processes, or of a response
to a therapeutic intervention” [64]. The core TF proteins fit this definition well, and al-
most all of them (LYZ, LTF, LCN1, and IgA subunits) have already been proposed as
such indicators based on the results of proteomic studies [21,22]. Our approach facilitates
their measurement, making it much faster and methodologically easier as compared to
mass-spectrometry studies or other approaches proposed earlier. Furthermore, the TFDP
integrates not only proteomic but also certain lipidomic and metallomic alterations in
TF, thereby increasing the number of molecular components being simultaneously mea-
sured in the same probe. The registration of TF denaturation profiles in POAG suspects
can be complemented by the analysis of TF biomarkers of the other forms of the disease,
such as normal tension glaucoma (BDNF) and primary angle-closure glaucoma (mucin
5AC) [65,66], thereby enabling their differential diagnosis. Further studies are required to
trial our approach in larger groups of patients, including those with other frequent ocular
diseases, as well as to adapt it for use in a clinical setting.

4. Materials and Methods
4.1. Materials

The Schirmer tear strips were from Madhu Instruments (New Delhi, India). Myristic
acid, human proteins serum albumin (HAS), lactotransferrin (LTF), lysozyme C (LYZ),
immunoglobulin A (IgA), and MS-grade trypsin were from Sigma-Aldrich (Saint Louis,
MO, USA). Human lipocalin-1 (LCN1) was purchased from MyBioSource (San Diego,
CA, USA). Mass spectrometry (MS)-grade trypsin was from Thermo Fisher Scientific, Inc
(Waltham, MA, USA). Ferric citrate was from Carlo Erba (Milan, Italy). Other chemicals
were from Sigma-Aldrich, Amresco (Solon, OH, USA), or Serva (Heidelberg, Germany)
and were at least of reagent grade.

4.2. Subjects

TF was collected from 311 ophthalmic patients treated at Helmholtz National Medical
Research Center of Eye Diseases (Moscow, Russia). Of these, 171 patients were with refrac-
tive anomalies (control subjects), 58 patients with peripheral retinal degeneration (PRD),
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and 82 patients with POAG. Diagnoses were made by experienced ophthalmologists (SYP,
OME and NYK). Refractive anomalies were established by autorefractometer (Nidek, Aichi,
Japan), under conditions of mydriasis. PRD was detected during fundus examination in
mydriasis, using a three-mirror Goldman lens, allowing observation of the retinal periphery.
The POAG patient workup was performed in accordance with the National Glaucoma
Guidelines [67] and included an IOP measurement (tonometry), visual fields assessment
(Heidelberg Edge Perimeter, SAP-II 30-2 program, Heidelberg Engineering, Heidelberg,
Germany), and examination of the optic nerve state (cupping, thinning of the neuroreti-
nal rim, notch formation, and disc hemorrhage), using ophthalmoscopy, biomicroscopy,
Heidelberg retinal tomography (Heidelberg Retina Tomograph 3, Heidelberg Engineering,
Heidelberg, Germany), and optical coherence tomography (Spectralis OCT2, Heidelberg
Engineering, Heidelberg, Germany). All studies were conducted in accordance with the
Declaration of Helsinki and the Association for Research in Vision and Ophthalmology
(ARVO) statement on human subjects and were approved by the local ethical committee
of Helmholtz National Medical Research Center of Eye Diseases. The participants signed
written informed consent.

4.3. TF Collection

TF was collected in patients by using gauged Schirmer’s test paper strips, without
anesthesia or tear stimulation. In all subjects, the procedure was performed under identical
conditions, namely the same point of time (9-10 a.m.), the fasted state, the same medical
personnel, and the same air and light conditions. The strip was placed behind the lower
conjunctival sac for 5 min, and the wet fragment was cut off and stored at —70 °C. To
extract TF components, the strip was transferred into 25-30 pL of deionized water (1 uL of
water per 1 mm of the strip) in a 0.5 mL plastic microcentrifuge tube that was punctured at
the bottom by using a G30 needle. The tube was placed in a 1.5 mL microcentrifuge tube,
centrifuged at 14,000x g for 5 min at 4 °C, and then the supernatant (TF sample) was used
for further analysis.

4.4. TF Analysis by nanoDSF

Denaturation profiles of the TF samples were obtained using Tycho NT.6 instrument
(Nanotemper, Miinchen, Germany). Briefly, 10 uL samples were loaded into NT.6 capillaries
and heated from 35 °C to 95 °C, at a rate of 0.3 K/s. Six samples were analyzed simultane-
ously. Raw data were exported into datasets that contained fluorescence intensity at 330
and 350 nm (Fs3p and Fss), the ratio of these values (F359/F330), and their first derivatives
(0F330 /0T, 0F350 /0T, (F350/F330)/9T).

4.5. Patients Classification Based on TF Denaturation Profiles

The classification of denaturation profiles was performed using cluster analysis or
artificial intelligence (Al) algorithms. Cluster analysis was performed by taking the position
of the maxima of two peaks (T'y, and T?,,) from the first derivative d(Fss0/ Fa30)/9T and
applying k-means clustering to the obtained data in Mathematica software version 12.0
(Wolfram Research, Champaign, IL, USA).

Al analysis involved temperature dependences of two nanoDSF outputs (F339 and F3s50)
and the F33(/F350 ratio, as well as the first derivatives of these functions. The algorithms
included Logistic Regression (LR), Support Vector Machine (SVM), and two different en-
semble methods, namely Random Forest (RF) and Adaptive Boosting (AdaBoost) [68]. Each
algorithm was evaluated using a 5-fold cross-validation approach where the dataset is di-
vided into 5 pieces and the algorithms are trained on 4 and evaluated on the 5th, with each
folder being used once on test and belonging to 4 training sets. The resulting accuracies are
thus the averages of 5 experiments. Best performances were obtained by using all elements
of the nanoDSF data together, and the results reported in this study correspond to this
case. The code used was written in Python. The data preparation was carried out using the
Pandas library version 1.4.0 (https:/ /pandas.pydata.org), while the machine learning algo-
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rithms were run using the Scikit-learn toolbox version 1.1.0 (https://scikit-learn.org). Raw
data from the nanoDSF instrument (F339 and Fz50) were interpolated using InterpolatedUni-
variateSpline from the scipy.interpolate module in order to ensure the same temperature
alignment for all data. The different tested implementations were as follows: (1) Logisti-
cRegression from the linear_model module with parameter max_iter sets to 1000; (2) SVC
from the svm module with the following combination of parameters—kernel = “poly”,
gamma = “auto”, C in (1, 1000) degree between 1 and 3 (best-obtained combination of
parameters are kernel = “poly”, degree = 1, C = 1); (3) RandomForestClassifier from the
ensemble module with parameter n_estimators fixed to 500; and (4) AdaBoostClassifier
from the module ensemble with a DecisionTreeClassifier from the module tree as a weak
classifier (parameter base_estimator) with max_depth taken between 1 and 3, n_estimators
set to 100 (best results obtained for max_depth = 3). All algorithms were evaluated using the
split from the cross_val_score method of the model_selection module with the parameter
cv set to 5.

4.6. Identification and Quantitative Analysis of TF Proteins

TF proteins were separated by SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
and stained with Coomassie brilliant blue R-250. Each SDS-PAGE track was loaded with
20 uL of TF sample. The bands were excised from the gel, washed with 40% acetonitrile
and 0.05 M NH4HCOj3, dehydrated in acetonitrile, and then the proteins were digested by
trypsin (15 pg/mL in 0.05 M NH4HCO3) at 37 °C overnight. The peptides were extracted
with 0.5% trifluoroacetic acid; mixed on a steel target with 20 mg/mL 2,5-dihydroxybenzoic
acid, 20% (v/v) acetonitrile, and 0.5% (v/v) trifluoroacetic acid; and analyzed using an
ultrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA)
equipped with a Smartbeam-II laser (Nd:YAG, 355 nm) in reflector mode. Monoisotopic
[MH]* molecular ions were detected in the m/z range of 600-5000, with a peptide tolerance
of 30 ppm. The mass spectra were handled by flexAnalysis software version 3.3 (Bruker
Daltonics), and TF proteins were identified using Mascot software version 2.3.02 (Matrix
Science, Boston, MA, USA) and the NCBI protein database.

The weight fractions of core TF proteins were estimated from the SDS-PAGE ex-
periments by densitometric scanning of the bands and data analysis, using GelAnalyzer
software version 19.1 (http://gelanalyzer.com/). The data were analyzed with the mean
standard deviation method, using SigmaPlot version 11 (SYSTAT Software, San Jose, CA,
USA). Statistical significance was evaluated with an unpaired two-tailed ¢-test.

4.7. Analysis of TF Proteins and TF-Relevant Protein Mixtures by nanoDSF

Purified TF proteins were dialyzed against 20 mM sodium phosphate buffer (pH 7.0)
and examined by nanoDSF individually or as mixtures in physiological TF proportions,
corresponding to healthy individuals (140 pg/mL HSA, 110 pg/mL LTF, 50 pg/mL LYZ,
30 ug/mL IgA, and 100 pg/mL LCN1) or POAG patients (110 pg/mL HSA, 150 pg/mL
LTE 30 pug/mL LYZ, 30 pg/mL IgA, and 60 pg/mL LCN1). In some experiments, the
protein preparations were analyzed in the presence of 100 uM myristic acid or 1 mM of
iron (III) citrate. The procedure of measurement on the nanoDSF instrument was the same
as was used for the screening of TF samples (see above).

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/1jms24087132/s1.

Author Contributions: Conceptualization, EIN.I., PO.T. and E.Y.Z.; methodology, RE., ED., PO.T,,
LLS. and V.A.M.; software, R.E.; validation, V.E.B., R.E.,, D.V.C, LLS., VAM. and P.O.T.; formal
analysis, D.V.C,, PO.T. and E.Y.Z ; investigation, V.E.B., V.V.T.,, OM.E, N.YK,, E.AS., M.VS,, N.G.S.
and R.E.; resources, EN.I, S.Y.P, PO.T. and E.Y.Z,; data curation, P.O.T. and E.Y.Z.; writing—original
draft preparation, E.Y.Z.; writing—review and editing, V.E.B., EN.L, PO.T. and E.Y.Z,; visualization,
P.O.T; supervision, S.Y.P, ED. and E.Y.Z.; project administration, E.Y.Z.; funding acquisition, R.E.
and E.Y.Z. All authors have read and agreed to the published version of the manuscript.


https://scikit-learn.org
http://gelanalyzer.com/
https://www.mdpi.com/article/10.3390/ijms24087132/s1
https://www.mdpi.com/article/10.3390/ijms24087132/s1

Int. . Mol. Sci. 2023, 24,7132 12 of 14

Funding: nanoDSF profiling of TF in patients, cluster/Al analysis, and classification of the pa-
tients based on nanoDSF data, as well as assessment of POAG-related alterations in TF proteins
(Figures 1 and 2), were supported by the Russian Science Foundation (Grant No. 21-15-00123 to
E.Y.Z.). Investigation of thermodynamic properties of TF using nanoDSF analysis of single proteins
and TF-relevant protein mixtures (Figure 3) was supported by MIC grant from ITMO Cancer of
Aviesan “AI40P” (to R.E.).

Institutional Review Board Statement: All studies were conducted in accordance with the guidelines
of the Declaration of Helsinki and the Association for Research in Vision and Ophthalmology (ARVO)
statement on human subjects and were approved by the local ethical committee of Helmholtz National
Medical Research Center of Eye Diseases (protocol #58, 17 March 2022).

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

Data Availability Statement: The data and the code used in this study are available upon request
from the corresponding authors.

Acknowledgments: We acknowledge the support and expertise of the NeuroTimone Platforms
(PENT) of the INP, in particular, the Interactome Timone Platforms (PINT), certified by Aix Marseille
University (AMIDEX).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Jonas, ].B.; Aung, T.; Bourne, R.R.; Bron, A.M.; Ritch, R.; Panda-Jonas, S. Glaucoma. Lancet 2017, 390, 2183-2193. [CrossRef]

2. Gallo Afflitto, G.; Aiello, F.; Cesareo, M.; Nucci, C. Primary Open Angle Glaucoma Prevalence in Europe: A Systematic Review
and Meta-Analysis. J. Glaucoma 2022, 31, 783-788. [CrossRef]

3. Weinreb, RN.; Aung, T.; Medeiros, EA. The pathophysiology and treatment of glaucoma: A review. JAMA 2014, 311, 1901-1911.
[CrossRef]

4. Casson, RJ. Possible role of excitotoxicity in the pathogenesis of glaucoma. Clin. Exp. Ophthalmol. 2006, 34, 54—63. [CrossRef]

5. Li, Y.; Andereggen, L.; Yuki, K.; Omura, K; Yin, Y.; Gilbert, H.Y.; Erdogan, B.; Asdourian, M.S.; Shrock, C.; de Lima, S.; et al. Mobile
zinc increases rapidly in the retina after optic nerve injury and regulates ganglion cell survival and optic nerve regeneration. Proc.
Natl. Acad. Sci. USA 2017, 114, E209-E218. [CrossRef]

6.  Grieshaber, M.C.; Mozaffarieh, M.; Flammer, J. What is the link between vascular dysregulation and glaucoma? Surv. Ophthalmol.
2007, 52 (Suppl. 2), S144-5154. [CrossRef]

7. Ban, N, Siegfried, C.]J.; Apte, R.S. Monitoring Neurodegeneration in Glaucoma: Therapeutic Implications. Trends Mol. Med. 2018,
24,7-17. [CrossRef]

8.  Wang, Y; Hou, X.W,; Liang, G.; Pan, C.W. Metabolomics in Glaucoma: A Systematic Review. Invest. Ophthalmol. Vis. Sci. 2021, 62, 9.
[CrossRef]

9.  Azbukina, N.V,; Chistyakov, D.V.; Goriainov, S.V.; Kotelin, V.I.; Fedoseeva, E.V.; Petrov, S.Y.; Sergeeva, M.G.; lomdina, E.N.; Zernii,
E.Y. Targeted Lipidomic Analysis of Aqueous Humor Reveals Signaling Lipid-Mediated Pathways in Primary Open-Angle
Glaucoma. Biology 2021, 10, 658. [CrossRef]

10. Cabrerizo, J.; Urcola, J.A.; Vecino, E. Changes in the Lipidomic Profile of Aqueous Humor in Open-Angle Glaucoma. J. Glaucoma
2017, 26, 349-355. [CrossRef]

11. Fiedorowicz, E.; Cieslinska, A.; Kuklo, P.; Grzybowski, A. Protein Biomarkers in Glaucoma: A Review. J. Clin. Med. 2021, 10, 5388.
[CrossRef]

12. Nattinen, J.; Aapola, U.; Nukareddy, P.; Uusitalo, H. Clinical Tear Fluid Proteomics-A Novel Tool in Glaucoma Research. Int. |.
Mol. Sci. 2022, 23, 8136. [CrossRef]

13. Wu, Y,; Szymanska, M.; Hu, Y.; Fazal, M.L; Jiang, N.; Yetisen, A.K.; Cordeiro, M.F. Measures of disease activity in glaucoma.
Biosens. Bioelectron. 2022, 196, 113700. [CrossRef]

14. Agnifili, L.; Pieragostino, D.; Mastropasqua, A.; Fasanella, V.; Brescia, L.; Tosi, G.M.; Sacchetta, P.; Mastropasqua, L. Molecular
biomarkers in primary open-angle glaucoma: From noninvasive to invasive. Prog. Brain Res. 2015, 221, 1-32. [CrossRef]

15. Chistyakov, D.V.; Azbukina, N.V.; Astakhova, A.A.; Goriainov, S.V.; Chistyakov, V.V,; Tiulina, V.V.; Baksheeva, V.E.; Kotelin, V.I.;
Fedoseeva, E.V.; Zamyatnin, A.A., Jr; et al. Comparative lipidomic analysis of inflammatory mediators in the aqueous humor
and tear fluid of humans and rabbits. Metab. Off. J. Metab. Soc. 2020, 16, 27. [CrossRef]

16. Wu,].; Xu, M,; Liu, W,; Huang, Y.; Wang, R.; Chen, W.; Feng, L.; Liu, N.; Sun, X.; Zhou, M; et al. Glaucoma Characterization by

Machine Learning of Tear Metabolic Fingerprinting. Small Methods 2022, 6, €2200264. [CrossRef]


https://doi.org/10.1016/S0140-6736(17)31469-1
https://doi.org/10.1097/IJG.0000000000002083
https://doi.org/10.1001/jama.2014.3192
https://doi.org/10.1111/j.1442-9071.2006.01146.x
https://doi.org/10.1073/pnas.1616811114
https://doi.org/10.1016/j.survophthal.2007.08.010
https://doi.org/10.1016/j.molmed.2017.11.004
https://doi.org/10.1167/iovs.62.6.9
https://doi.org/10.3390/biology10070658
https://doi.org/10.1097/IJG.0000000000000603
https://doi.org/10.3390/jcm10225388
https://doi.org/10.3390/ijms23158136
https://doi.org/10.1016/j.bios.2021.113700
https://doi.org/10.1016/bs.pbr.2015.05.006
https://doi.org/10.1007/s11306-020-1650-y
https://doi.org/10.1002/smtd.202200264

Int. . Mol. Sci. 2023, 24,7132 13 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Rossi, C.; Cicalini, I.; Cufaro, M.C.; Agnifili, L.; Mastropasqua, L.; Lanuti, P.; Marchisio, M.; De Laurenzi, V.; Del Boccio, P;
Pieragostino, D. Multi-Omics Approach for Studying Tears in Treatment-Naive Glaucoma Patients. Int. J. Mol. Sci. 2019, 20, 4029.
[CrossRef]

Shpak, A.A.; Guekht, A.B.; Druzhkova, T.A.; Kozlova, K.I.; Gulyaeva, N.V. Brain-Derived Neurotrophic Factor in Patients with
Primary Open-Angle Glaucoma and Age-related Cataract. Curr. Eye Res. 2018, 43, 224-231. [CrossRef]

Sahay, P.; Rao, A.; Padhy, D.; Sarangi, S.; Das, G.; Reddy, M.M.; Modak, R. Functional Activity of Matrix Metalloproteinases 2 and
9 in Tears of Patients With Glaucoma. Investig. Ophthalmol. Vis. Sci. 2017, 58, BIO106-BIO113. [CrossRef]

Csosz, E.; Deak, E.; Toth, N.; Traverso, C.E.; Csutak, A.; Tozser, ]. Comparative analysis of cytokine profiles of glaucomatous
tears and aqueous humour reveals potential biomarkers for trabeculectomy complications. FEBS Open Bio 2019, 9, 1020-1028.
[CrossRef]

Pieragostino, D.; Bucci, S.; Agnifili, L.; Fasanella, V.; D’Aguanno, S.; Mastropasqua, A.; Ciancaglini, M.; Mastropasqua, L.; Di
Ilio, C.; Sacchetta, P; et al. Differential protein expression in tears of patients with primary open angle and pseudoexfoliative
glaucoma. Mol. Biosyst. 2012, 8, 1017-1028. [CrossRef]

Pieragostino, D.; Agnifili, L.; Fasanella, V.; D’Aguanno, S.; Mastropasqua, R.; Di Ilio, C.; Sacchetta, P.; Urbani, A.; Del Boccio, P.
Shotgun proteomics reveals specific modulated protein patterns in tears of patients with primary open angle glaucoma naive to
therapy. Mol. Biosyst. 2013, 9, 1108-1116. [CrossRef]

Zhou, L.; Zhao, S.Z.; Koh, SK,; Chen, L.; Vaz, C,; Tanavde, V,; Li, X.R.; Beuerman, R.-W. In-depth analysis of the human tear
proteome. . Proteom. 2012, 75, 3877-3885. [CrossRef]

Garbett, N.C.; Mekmaysy, C.S.; DeLeeuw, L.; Chaires, J.B. Clinical application of plasma thermograms. Utility, practical
approaches and considerations. Methods 2015, 76, 41-50. [CrossRef]

Tsvetkov, P.O.; Devred, F. Plasmatic Signature of Disease by Differential Scanning Calorimetry (DSC). Methods Mol. Biol. 2019,
1964, 45-57. [CrossRef]

Tsvetkov, PO,; Tabouret, E.; Roman, A.Y.; Romain, S.; Bequet, C.; Ishimbaeva, O.; Honore, S.; Figarella-Branger, D.; Chinot, O.;
Devred, F. Differential scanning calorimetry of plasma in glioblastoma: Toward a new prognostic / monitoring tool. Oncotarget
2018, 9, 9391-9399. [CrossRef]

Tsvetkov, P.O.; Eyraud, R.; Ayache, S.; Bougaev, A.A.; Malesinski, S.; Benazha, H.; Gorokhova, S.; Buffat, C.; Dehais, C.; Sanson,
M.; et al. An Al-Powered Blood Test to Detect Cancer Using NanoDSF. Cancers 2021, 13, 1294. [CrossRef]

Schneider, G.; Kaliappan, A.; Nguyen, T.Q.; Buscaglia, R.; Brock, G.N.; Hall, M.B.; DeSpirito, C.; Wilkey, D.W.; Merchant, M.L.;
Klein, J.B.; et al. The Utility of Differential Scanning Calorimetry Curves of Blood Plasma for Diagnosis, Subtype Differentiation
and Predicted Survival in Lung Cancer. Cancers 2021, 13, 5326. [CrossRef]

Eyraud, R.; Ayache, S.; Tsvetkov, P.O.; Kalidindi, S.S.; Baksheeva, V.E.; Boissonneau, S.; Jiguet-Jiglaire, C.; Appay, R.; Nanni-
Metellus, I.; Chinot, O.; et al. Plasma nanoDSF Denaturation Profile at Baseline Is Predictive of Glioblastoma EGFR Status. Cancers
2023, 15, 760. [CrossRef]

Lewis, H. Peripheral retinal degenerations and the risk of retinal detachment. Am. J. Ophthalmol. 2003, 136, 155-160. [CrossRef]
Kijlstra, A.; Kuizenga, A. Analysis and function of the human tear proteins. Adv. Exp. Med. Biol. 1994, 350, 299-308. [CrossRef]
[PubMed]

Li, N.; Wang, N.; Zheng, ]J.; Liu, XM.; Lever, O.W.; Erickson, PM.; Li, L. Characterization of human tear proteome using multiple
proteomic analysis techniques. J. Proteome Res. 2005, 4, 2052-2061. [CrossRef] [PubMed]

de Souza, G.A.; Godoy, L.M.; Mann, M. Identification of 491 proteins in the tear fluid proteome reveals a large number of proteases
and protease inhibitors. Genome Biol. 2006, 7, R72. [CrossRef] [PubMed]

Zhou, L.; Beuerman, R.W.; Chan, C.M.; Zhao, S.Z.; Li, X.R.; Yang, H.; Tong, L.; Liu, S.; Stern, M.E.; Tan, D. Identification of tear
fluid biomarkers in dry eye syndrome using iTRAQ quantitative proteomics. J. Proteome Res. 2009, 8, 4889-4905. [CrossRef]
[PubMed]

Aass, C.; Norheim, I.; Eriksen, E.F; Thorsby, P.M.; Pepaj, M. Single unit filter-aided method for fast proteomic analysis of tear
fluid. Anal. Biochem. 2015, 480, 1-5. [CrossRef]

Dor, M.; Eperon, S.; Lalive, PH.; Guex-Crosier, Y.; Hamedani, M.; Salvisberg, C.; Turck, N. Investigation of the global protein
content from healthy human tears. Exp. Eye Res. 2019, 179, 64-74. [CrossRef]

Abelson, M.B.; Udell, 1.].; Weston, ].H. Normal human tear pH by direct measurement. Arch. Ophthalmol. 1981, 99, 301. [CrossRef]
[PubMed]

Vinetskaia, M.I.; Iomdina, E.N. Study of lacrimal fluid trace elements in several eye diseases. Vestn. Oftalmol. 1994, 110, 24-26.
[PubMed]

Judis, J. Binding of prostaglandins E1 (alprostadil), E2 (dinoprostone), F1 alpha, and F2 alpha (dinoprost) to human serum
proteins. |. Pharm. Sci. 1981, 70, 945-946. [CrossRef]

Zhan, X.; Li, ].; Guo, Y.; Golubnitschaja, O. Mass spectrometry analysis of human tear fluid biomarkers specific for ocular and
systemic diseases in the context of 3P medicine. EPMA J. 2021, 12, 449-475. [CrossRef]

Brito-Rocha, T.; Constancio, V.; Henrique, R.; Jeronimo, C. Shifting the Cancer Screening Paradigm: The Rising Potential of
Blood-Based Multi-Cancer Early Detection Tests. Cells 2023, 12, 935. [CrossRef]

You, J.; Willcox, M.D.; Madigan, M.C.; Wasinger, V.; Schiller, B.; Walsh, B.J.; Graham, PH.; Kearsley, ].H.; Li, Y. Tear fluid protein
biomarkers. Adv. Clin. Chem. 2013, 62, 151-196. [CrossRef]


https://doi.org/10.3390/ijms20164029
https://doi.org/10.1080/02713683.2017.1396617
https://doi.org/10.1167/iovs.17-21723
https://doi.org/10.1002/2211-5463.12637
https://doi.org/10.1039/C1MB05357D
https://doi.org/10.1039/c3mb25463a
https://doi.org/10.1016/j.jprot.2012.04.053
https://doi.org/10.1016/j.ymeth.2014.10.030
https://doi.org/10.1007/978-1-4939-9179-2_4
https://doi.org/10.18632/oncotarget.24317
https://doi.org/10.3390/cancers13061294
https://doi.org/10.3390/cancers13215326
https://doi.org/10.3390/cancers15030760
https://doi.org/10.1016/S0002-9394(03)00144-2
https://doi.org/10.1007/978-1-4615-2417-5_51
https://www.ncbi.nlm.nih.gov/pubmed/8030492
https://doi.org/10.1021/pr0501970
https://www.ncbi.nlm.nih.gov/pubmed/16335950
https://doi.org/10.1186/gb-2006-7-8-r72
https://www.ncbi.nlm.nih.gov/pubmed/16901338
https://doi.org/10.1021/pr900686s
https://www.ncbi.nlm.nih.gov/pubmed/19705875
https://doi.org/10.1016/j.ab.2015.04.002
https://doi.org/10.1016/j.exer.2018.10.006
https://doi.org/10.1001/archopht.1981.03930010303017
https://www.ncbi.nlm.nih.gov/pubmed/7469869
https://www.ncbi.nlm.nih.gov/pubmed/7871647
https://doi.org/10.1002/jps.2600700830
https://doi.org/10.1007/s13167-021-00265-y
https://doi.org/10.3390/cells12060935
https://doi.org/10.1016/b978-0-12-800096-0.00004-4

Int. . Mol. Sci. 2023, 24,7132 14 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.
68.

Green-Church, K.B.; Nichols, K.K.; Kleinholz, N.M.; Zhang, L.; Nichols, J.J. Investigation of the human tear film proteome using
multiple proteomic approaches. Mol. Vis. 2008, 14, 456—470.

Micera, A.; Di Zazzo, A.; Esposito, G.; Longo, R.; Foulsham, W.; Sacco, R.; Sgrulletta, R.; Bonini, S. Age-Related Changes to
Human Tear Composition. Investig. Ophthalmol. Vis. Sci. 2018, 59, 2024-2031. [CrossRef]

Venkataramani, S.; Truntzer, J.; Coleman, D.R. Thermal stability of high concentration lysozyme across varying pH: A Fourier
Transform Infrared study. J. Pharm. Bioallied Sci. 2013, 5, 148-153. [CrossRef] [PubMed]

Mata, L.; Sanchez, L.; Headon, D.R.; Calvo, M. Thermal Denaturation of Human Lactoferrin and Its Effect on the Ability To Bind
Iron. J. Agric. Food Chem. 1998, 46, 3964-3970. [CrossRef]

Janssen-Weets, B.; Kerff, F.; Swiontek, K.; Kler, S.; Czolk, R.; Revets, D.; Kuehn, A.; Bindslev-Jensen, C.; Ollert, M.; Hilger, C.
Mammalian derived lipocalin and secretoglobin respiratory allergens strongly bind ligands with potentially immune modulating
properties. Front. Allergy 2022, 3, 958711. [CrossRef]

Akazawa-Ogawa, Y.; Nagai, H.; Hagihara, Y. Heat denaturation of the antibody, a multi-domain protein. Biophys. Rev. 2018, 10,
255-258. [CrossRef]

Jackson, T.W.; Scheibly, C.M.; Polera, M.E.; Belcher, S.M. Rapid Characterization of Human Serum Albumin Binding for Per- and
Polyfluoroalkyl Substances Using Differential Scanning Fluorimetry. Environ. Sci. Technol. 2021, 55, 12291-12301. [CrossRef]
[PubMed]

Nishi, K.; Yamasaki, K.; Otagiri, M. Serum Albumin, Lipid and Drug Binding. Sub-Cell. Biochem. 2020, 94, 383-397. [CrossRef]
Dartt, D.A. Tear lipocalin: Structure and function. Ocul. Surf. 2011, 9, 126-138. [CrossRef]

Gorbenko, G.P; Ioffe, V.M.; Kinnunen, PK. Binding of lysozyme to phospholipid bilayers: Evidence for protein aggregation upon
membrane association. Biophys. J. 2007, 93, 140-153. [CrossRef] [PubMed]

Nielsen, S.B.; Wilhelm, K.; Vad, B.; Schleucher, J.; Morozova-Roche, L.A.; Otzen, D. The interaction of equine lysozyme:oleic acid
complexes with lipid membranes suggests a cargo off-loading mechanism. J. Mol. Biol. 2010, 398, 351-361. [CrossRef]
Tsukamoto, S.; Fujiwara, K.; Ikeguchi, M. Fatty acids bound to recombinant tear lipocalin and their role in structural stabilization.
J. Biochem. 2009, 146, 343-350. [CrossRef] [PubMed]

Butovich, I.A. Tear film lipids. Exp. Eye Res. 2013, 117, 4-27. [CrossRef]

Lepanto, M.S.; Rosa, L.; Paesano, R.; Valenti, P.,; Cutone, A. Lactoferrin in Aseptic and Septic Inflammation. Molecules 2019, 24, 1323.
[CrossRef] [PubMed]

Bal, W.; Sokolowska, M.; Kurowska, E.; Faller, P. Binding of transition metal ions to albumin: Sites, affinities and rates. Biochim.
Biophys. Acta 2013, 1830, 5444-5455. [CrossRef]

Breustedt, D.A.; Korndorfer, I.P; Red], B.; Skerra, A. The 1.8-A crystal structure of human tear lipocalin reveals an extended
branched cavity with capacity for multiple ligands. J. Biol. Chem. 2005, 280, 484-493. [CrossRef]

Croguennec, T.; Nau, F; Molle, D.; Le Graet, Y.; Brule, G. Iron and citrate interactions with hen egg white lysozyme. Food Chem.
2000, 68, 29-35. [CrossRef]

Cha, S.S.; An, YJ.; Jeong, C.S.; Kim, M.K,; Lee, S.G.; Lee, K.H.; Oh, B.H. Experimental phasing using zinc anomalous scattering.
Acta Crystallogr. Sect. D Biol. Crystallogr. 2012, 68, 1253-1258. [CrossRef]

Kijlstra, A.; Jeurissen, S.H.; Koning, K.M. Lactoferrin levels in normal human tears. Br. . Ophthalmol. 1983, 67, 199-202. [CrossRef]
[PubMed]

Kuizenga, A.; van Haeringen, N.J.; Kijlstra, A. Inhibition of hydroxyl radical formation by human tears. Investig. Ophthalmol. Vis.
Sci. 1987, 28, 305-313.

Flanagan, J.L.; Willcox, M.D. Role of lactoferrin in the tear film. Biochimie 2009, 91, 35-43. [CrossRef] [PubMed]

Golubnitschaja, O.; Flammer, J. What are the biomarkers for glaucoma? Surv. Ophthalmol. 2007, 52 (Suppl. 2), S155-5161.
[CrossRef]

Ghaffariyeh, A.; Honarpisheh, N.; Shakiba, Y.; Puyan, S.; Chamacham, T.; Zahedi, F,; Zarrineghbal, M. Brain-derived neurotrophic
factor in patients with normal-tension glaucoma. Optometry 2009, 80, 635-638. [CrossRef] [PubMed]

Liu, W,; Li, H; Lu, D.; Liang, J.; Xing, X.; Liu, A.; Zhao, S.; Li, X.; Ji, ]. The tear fluid mucin 5AC change of primary angle-closure
glaucoma patients after short-term medications and phacotrabeculectomy. Mol. Vis. 2010, 16, 2342-2346.

Egorov, E.; Astakhov, Y.; Shuko, A. National Glaucoma Guidelines; GEOTAR Media: Mocow, Russia, 2011; p. 297.

Bishop, C.M. Pattern Recognition and Machine Learning; Springer: New York, NY, USA, 2006.

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


https://doi.org/10.1167/iovs.17-23358
https://doi.org/10.4103/0975-7406.111821
https://www.ncbi.nlm.nih.gov/pubmed/23833521
https://doi.org/10.1021/jf980266d
https://doi.org/10.3389/falgy.2022.958711
https://doi.org/10.1007/s12551-017-0361-8
https://doi.org/10.1021/acs.est.1c01200
https://www.ncbi.nlm.nih.gov/pubmed/34495656
https://doi.org/10.1007/978-3-030-41769-7_15
https://doi.org/10.1016/S1542-0124(11)70022-2
https://doi.org/10.1529/biophysj.106.102749
https://www.ncbi.nlm.nih.gov/pubmed/17434939
https://doi.org/10.1016/j.jmb.2010.03.012
https://doi.org/10.1093/jb/mvp076
https://www.ncbi.nlm.nih.gov/pubmed/19470520
https://doi.org/10.1016/j.exer.2013.05.010
https://doi.org/10.3390/molecules24071323
https://www.ncbi.nlm.nih.gov/pubmed/30987256
https://doi.org/10.1016/j.bbagen.2013.06.018
https://doi.org/10.1074/jbc.M410466200
https://doi.org/10.1016/S0308-8146(99)00147-8
https://doi.org/10.1107/S0907444912024420
https://doi.org/10.1136/bjo.67.3.199
https://www.ncbi.nlm.nih.gov/pubmed/6824625
https://doi.org/10.1016/j.biochi.2008.07.007
https://www.ncbi.nlm.nih.gov/pubmed/18718499
https://doi.org/10.1016/j.survophthal.2007.08.011
https://doi.org/10.1016/j.optm.2008.09.014
https://www.ncbi.nlm.nih.gov/pubmed/19861219

	Introduction 
	Results 
	Patient Characteristics 
	TF Profiling Using nanoDSF 
	Analysis of TF Denaturation Profiles 
	Assessment of POAG-Related Alterations in TF Proteins 
	Investigation of Denaturation Properties of Tear Using TF-Relevant Protein Mixtures 

	Discussion 
	Materials and Methods 
	Materials 
	Subjects 
	TF Collection 
	TF Analysis by nanoDSF 
	Patients Classification Based on TF Denaturation Profiles 
	Identification and Quantitative Analysis of TF Proteins 
	Analysis of TF Proteins and TF-Relevant Protein Mixtures by nanoDSF 

	References

