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Abstract 

The tear film forms a protective barrier between the ocular surface and the external environment. 

Despite its small volume, recent advancements in preanalytical and analytical procedures have 

enabled its in-depth analysis using multiple approaches. However, the diversity of tear film 

collection methods and the lack of standardization in pre-analytical methods represent the main 

obstacles to reproducible results and comparison among different studies. In this study, we first 

improved the pre-analytical procedures for the extraction of various molecular entities from 

Schirmer strips (ScS). Subsequently, our investigation focused on analyzing the molecular 

variances that might occur between two primary tear collection methods: capillary tube (CT) and 

ScS. Additionally, we examined different parts of the ScS to underscore these variations, which 

could serve as crucial factors for developing a standardized, optimized protocol for sample 

processing. Our results show that the inclusion of surfactants in the extraction process enhanced 

both the yield of protein extraction and the number of proteins identified in ScS, by effectively 

lysing the cells and improving the solubility of several intracellular proteins. In addition to proteins, 

nucleic acids could also be recovered for gene expression analyses, particularly from the bulb 

region of the ScS which is placed in the cul-de-sac. Despite their diluted nature, extracts from 

ScS remain a suitable material for retrieving tear proteins such as IL-17A at levels as low as the 

fg/mL range, thanks to highly sensitive immunoassays. Collection methods can affect measured 

tear protein levels. Lactoferrin is found in higher percentages in capillary electrophoresis analysis 

of tears collected using ScS compared to tears collected by CT (39.6±4.8% versus 31±4.4%).  

Keywords: Schirmer strip, tear film, sample preparation, pre-analytical procedures, molecular 

investigations 
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1. Introduction 

The tear film (TF) consists of a complex mixture of proteins, lipids, metabolites, and electrolytes, 

secreted primarily by lacrimal and meibomian glands and goblet cells. This crucial biofluid covers 

the entire ocular surface (OS), providing protection, lubrication, nutrition and an optically smooth 

surface required for proper refraction of light onto the retina (Willcox et al., 2017; Kopacz et al., 

2021; Masoudi, 2022; Cwiklik 2016; Versura and Campos, 2013). Alterations in TF components 

may reflect the health status of the OS and, more broadly, of the lacrimal functional unit (Masoudi, 

2022; Nättinen et al., 2021; Zhou and Beuerman, 2012). Therefore, TF components represent a 

suitable material for the evaluation of OS diseases (OSD) and also for prognostic and diagnostic 

purposes (Azkargorta et al., 2017). Biochemical analysis of TF represents a promising non-

invasive approach for potential use in diagnosis and monitoring of disease progression, as well 

as for evaluation of treatment efficacy in the future, following validation in clinical trials (Rentka et 

al., 2017). Despite its small volume, the TF has several advantages for biochemical analysis, 

development of new drugs, and potentially, biomarker investigations in various systemic diseases 

such as neurodegenerative disorders (e.g., Alzheimer’s disease and Parkinson’s disease), 

multiple sclerosis, and certain cancers (Bachhuber et al., 2021; Gijs et al., 2021; Król-Grzymała 

et al., 2022; Hamm-Alvarez et al., 2019; Boerger et al., 2019; Böhm et al., 2012).  

Technological advances, especially in the field of omics, have dramatically transformed 

investigations thanks to extremely high detection sensitivity enabling quantification of very small 

samples such as tears (Hagan et al., 2016). These improvements have consequently led to an 

increase in the number of investigations on TF, particularly in the field of OSD (Hagan et al., 

2016). The aging of the population, lifestyle changes and notable increases in the utilization of 

digital devices have dramatically increased the prevalence of OSD (Nättinen et al., 2021). 

Therefore, tear collection methods have become of major interest in order to identify candidate 

biomarkers in OSD such as dry eye disease (DED), using powerful “omics” technologies (Versura 

and Campos, 2013; Azkargorta et al., 2017; Pinto-Fraga et al., 2018; Enríquez-De-Salamanca et 

al., 2012; Kuo et al., 2019). Indeed, the TF can be obtained using different collection methods, 

such as capillary tubes (CT), Schirmer strips (ScS), absorbent cellulose acetate filters, sponges, 

swabs, and polyester wicks (Pieczyński et al., 2021). Different tear sampling methods are known 

to affect the composition of the samples and the results of tear proteome analysis (Saraygord-

Afshari et al., 2015; Wuen Ma et al., 2021; Runstrom and Tighe, 2013). Indeed, the proteomic 

profile of tears collected with ScS and CT has shown differences (Nättinen et al., 2020). Among 

tear collection methods, ScS as an indirect method and CT as a direct method represent the most 

commonly used approaches (Pieczyński et al., 2021; Posa et al., 2013; Ponzini et al., 2022; 
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Winiarczyk et al., 2022). ScS are also widely utilized in omics investigations of tear fluid, including 

proteomics, lipidomics and metabolomics (Boerger et al., 2019; Koduri et al., 2023; Khanna et al., 

2022; Catanese et al., 2023; Dor et al., 2019). Compared to CT, ScS samples collect superficial 

cells from the small areas of the bulbar and tarsal conjunctiva that are in contact with the strip 

bulb; at the same time, they collect tear fluid and contain more mucins, lipids and cellular 

components (Rentka et al., 2017; Saraygord-Afshari et al., 2015). Secreted proteins can be 

collected using the CT, while a combination of cellular and soluble proteins can be collected using 

ScS (Kari B. Green-Church et al.,2008). Hence, this dual collection approach, cellular and soluble, 

using ScS may provide a broader range of proteins, offering a more comprehensive assessment 

of the OS status. Collection of tears using ScS is relatively easy, more convenient, and more rapid 

for patients than collection with a CT, which requires a delicate and generally time-consuming 

procedure with the eye open (Posa et al., 2013; Ponzini et al., 2022). In some OSD, such as DED, 

collection of TF with a CT is challenging.  Moreover, both methods can induce reflex tearing as a 

consequence of resultant irritation (Dumortier and Chaumeil, 2004), foreign body sensation, and 

vascular plasma leakage (Nättinen et al., 2021; Posa et al., 2013; Ponzini et al., 2022). Another 

limitation is the lack of a standardized elution protocol (Denisin et al., 2012; van Der Meid et al., 

2011). Collection with a CT is more restricted to secreted/soluble components, and this method 

requires trained, skillful practitioners (Ponzini et al., 2022). Despite several advantages of using 

ScS-extracted proteome in research, the lack of standardized protocols for processing these 

samples poses challenges for analysis and inter-study comparisons (Vergouwen et al., 2023a; 

van Der Meid et al., 2011). Upon tear collection, various factors such as storage, extraction, 

handling, and analytical methods could also influence the biochemical profile of tears (Denisin et 

al., 2012). Therefore, all of these aspects should be considered before choosing the most suitable 

method, since each sampling method has its own advantages and disadvantages (Rentka et al., 

2017).  

This study aimed to assess the effectiveness of current techniques and possible improvements 

that might be made by modifying pre-analytical parameters, encompassing the entire process 

from sample collection to all subsequent processing steps up to analysis of the sample. 

Additionally, the study sought to emphasize the advantages of ScS-extracted proteome over tear 

proteome in research and its applicability to a variety of fields (e.g., various omics analyses for 

OSD and systemic diseases). Revealing variations in the proteome of two primary tear collection 

methods, assessing Schirmer strip-extracted proteome's potential for biochemical investigations, 

and refining strip sample processing will assist scientists in choosing the most suitable method 

for their studies. Moreover, these findings could contribute to optimizing technical processes.  
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2. Materials and methods 
2.1. Subject selection 

Schirmer strips or tears were collected from healthy volunteers (HS) and DED patients at 15-20 

National Vision Hospital in Paris. The bulb region (B) of the ScS (Schirmer-plus®, Gecis; Neung 

Sur Beuvron, France) was carefully placed in the lower conjunctival cul-de-sac without the use of 

local anesthesia. Subsequently, the subjects closed their eyes, and the ScS were collected after 

five minutes unless the strip became fully saturated with tears sooner. The collected samples 

were immediately frozen at −80 °C until analysis. The study was performed in accordance with 

the tenets of the Declaration of Helsinki and GCP, and written consent was obtained from all 

subjects after explaining the protocol and the scope of the study. The study was approved by the 

Ethics Committee, CPP–Ile-de-France (number: 2018-A02800-55). In order to investigate the 

impact of preprocessing parameters on the analytical results, several experimental procedures 

were designed to address specific research goals, which are summarized in Table 1.  

 

Table 1. Summary of the studies performed to analyze ScS samples and tears. AmBic, ammonium 
bicarbonate; HC, healthy controls: DE, dry eye patients; RS, rest of the strip; DS, dipped strip  

Goals Analytical tool Samples Section of 
Shirmer strip  

To determine optimal temperature, buffer 
volume, and elution time for extracting total 
protein from ScS soaked with tears 

BCA protein assay 

36 DS (10 mm 
pieces of ScS 
dipped into 
pooled tears 
(n=4)) 

36 DS  

To compare the efficiency of various buffers 
on extraction yield from ScS BCA protein assay   ScS (n=15) 15 W  

To compare the number and the profile of 
identified proteins extracted in AmBic versus 
AmBic+Invitrosol from the bulbs of ScS 

LC-MS/MS  
(timsTOF Pro) ScS (n=8) 8 B 

To explore the distinct distribution patterns 
of specific proteins among tears, ScS, and 
various segments within the ScS. 

Western blot Tears (n=2), 13 
ScS 9 W, 3 B, 3 RS 

To quantify IL-17A protein expression in ScS 
extracts 

Immunoassay 
(MSD technology) ScS (n=16) 16 W 

To compare the percentage of major 
proteins among tears, RS and DS samples 

Capillary 
Electrophoresis 

Tears (n=8); RS 
(n=8), DS (n=8) 8 RS, 8 DS 

RNA extraction and gene expression 
analysis from ScS RT-qPCR ScS (n=20) 4 W, 16 B, 16 

RS 
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2.2. Preprocessing methods for sample preparation  

Different parts of the ScS, namely bulb (B), the rest of the strip (RS) and the whole strip (W) were 

used for protein and RNA extraction. In addition to ScS parts, dipped strips (DS) were also 

investigated (pieces of ScS dipped into tear fluid to absorb it). In order to compare the effect of 

two different buffers on total protein recovery, ScS were cut lengthwise into two identical pieces. 

Sample collection and preprocessing of ScS are illustrated in Fig.1-a and b. 

First, the effects of buffer volume, temperature and time on protein extraction from ScS were 

investigated. Briefly, 5 μL of pooled tears collected from HCs (n=4) were adsorbed onto 10 mm 

pieces of ScS. Each piece was placed in a 1.5 mL cryotube, and a corresponding volume of 100 

mM AmBic was added. Two different buffer volumes of AmBic (200 μL and 400 μL) were tested 

at three different time points (2, 4 and 16 hours), at two different temperatures (4 ºC and 25 ºC). 

Each condition was performed in triplicate (n=3).  

Second, this study aimed to compare the efficacy of several extraction buffers, namely ammonium 

bicarbonate (AmBic), AmBic+Invitrolsol, phosphate buffer saline (PBS), PBS+Invitrolsol and 

Radio-Immuno-Precipitation Assay (RIPA), in extracting total protein from ScS samples. To 

ensure consistency, ScS samples were moistened to a minimum length of 20 mm prior to the 

extraction process. In order to circumvent variations between samples, ScS (n=3) were cut 

vertically into two equal parts to compare two different buffers each time (buffer 1 versus buffer 

2) as shown in Fig.1-b1. In total, 15 ScS collected from healthy subjects were used. The protein 

extraction efficacy of AmBic and PBS were compared with and without the addition of Invitrosol. 

Schirmer's strip pieces were fully immersed in the corresponding elution buffer. Each sample was 

analyzed with the corresponding tool after sample processing as shown in Fig.1-c. 
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Figure 1. Workflow of preprocessing and analytical methods for Schirmer strips (ScS). (a) Illustration of 
tear and ScS sample collection. (b) Preprocessing of ScS. (b-1) Strips were cut vertically into two equal 
parts to compare the protein extraction efficacy of two different buffers. (b-2) Whole strip (W) was divided 
into the bulb (b) and the rest of the strip (RS) to investigate both parts separately. The conjunctival cells 
attached to the bulb are shown with 400x magnification after May-Grünwald-Giemsa staining. (b-3) A piece 
of the strip was dipped into 10 μL of tears to investigate the major tear proteins after the extraction process. 
(c) ScS sample preparation for various analytical techniques. ScS, Schirmer strips; W, whole Schirmer strip; 
B, the bulb of the strip: RS, rest of the strip; DS, dipped strip; AmBic, ammonium bicarbonate: Inv, Invitrosol. 
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2.3. Molecular extraction and quantification 
Protein extraction 

ScS were divided as indicated for each preprocessing method and placed into a 1.5 mL cryotube. 

The corresponding volume of an elution buffer containing protease inhibitor cocktail (P2714; 

Sigma-Aldrich, St. Louis, MO, USA) was added, and the tubes were placed on an IKA® VXR 

basic Vibrax® (IKA®-Werke GmbH & Co. KG, Staufen, Germany) orbital shaker at 1500 

motions/minute at 4°C or 25°C for 2, 4 or 16 hours to determine the optimal parameters. The 

samples were centrifuged at 14,000 rpm at 4°C for 5 min, and the supernatants were collected. 

Afterward, proteins were extracted at 4°C for 4 hours in the appropriate elution buffer for each 

experiment. Total protein content (TPC) was carried out using a BCA (bicinchoninic acid) Protein 

Assay Kit (Thermo Scientific, Pierce, IL, USA) and Spark® Multimode Microplate Reader (Tecan, 

Männedorf, Switzerland). 

RNA extraction  

Schirmer strips were used as whole (n=4) or separated into the bulb and rest (n=16) to determine 

the most suitable part of the ScS for total RNA extraction. Total RNA was extracted from the 

samples using the NucleoSpin® RNA XS extraction kit (Macherey-Nagel, Düren, Germany). 

Schirmer strips were utilized either in their entirety (W) (n=4) or were dissected into the bulb (B) 

and the rest (RS) (n=16) portions. Total RNA extraction from these samples was carried out using 

the NucleoSpin® RNA XS extraction kit (Macherey-Nagel, Düren, Germany), following the 

manufacturer's guidelines. Briefly, each sample W, B, or RS was submerged in 200 μL of the 

provided lysis buffer RA1, supplemented with a reducing agent, tris-(2-carboxyethyl)phosphine 

hydrochloride (TCEP(•HCl)). After a 5-minute incubation, the samples were vortexed, briefly 

centrifuged, and the subsequent steps adhered to the manufacturer's protocol. The total RNA 

elution volume was 10 μL. RNA yield and purity were evaluated using a NanoDrop ND-100 

Spectrophotometer (NanoDrop Technologies, Rockland, DE, USA). The total RNA elution volume 

was 10 μL. The quality and the quantity of RNAs were then measured using a NanoDrop detector 

(Thermo Scientific, Labtech, Uckfield, UK).  

2.4. Protein analyses  
Mass spectrometry  

Proteomics analysis of the bulbs of 8 ScS was performed using timsTOF Pro mass spectrometry 

(Bruker Daltonics, Bremen, Germany). Sample collection and processing, sample preparation 

prior to mass spectrometry analysis, and data analysis were conducted as described previously 

(Akkurt Arslan et al., 2021). Briefly, ScS were collected from these two HCs in the morning and in 
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the afternoon for two days. They were merged into two groups, with each group including 4 ScS. 

These bulbs were divided, and one group (4 bulbs) was extracted in 100 mM AmBic and the other 

(4 bulbs) in AmBic + Invitrosol (#MS10007, InvitrogenTM) as shown in Fig. 1-C. The raw MS/MS 

data underwent analysis using Bruker Compass Data Analysis (version 5.1) and were 

subsequently processed using MaxQuant software (version 1.6.8.0) for protein identification (Cox 

and Mann 2008).  The subcellular compartment enrichment analysis of proteins was performed 

using SubcellulaRVis (Watson et al., 2022).  

Western blot 

The protein concentrations of the samples and lysates were determined using a BCA Protein 

Assay Kit (Thermo Fisher Scientific). Equivalent amounts of total protein samples were loaded 

onto 12% polyacrylamide gels for sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(Bio-Rad Laboratories). The resolved proteins were then transferred onto nitrocellulose blotting 

membranes (Bio-Rad Laboratories) and blocked with a 5% skim milk solution (Sigma-Aldrich, 

Steinheim, Germany) for one hour. The primary antibody, beta-actin (#8H10D10), was obtained 

from Cell Signaling (Danvers, MA, USA), and the Actinin-4 (#E-AB-1475) and Nucleobindin-2 (#E-

AB-64290) were purchased from Elabscience (Houston, TX, USA). Following overnight 

incubation with the appropriate primary antibodies, the membranes were incubated with 

secondary antibodies for one hour.  

IL-17A Immunoassay 

The level of human IL-17A was measured using Mesoscale Discovery (MSD) S-PLEX® 

(#K151C3S-1, Meso Scale Diagnostics, Rockville, MD, USA) according to the manufacturer’s 

directions. The whole ScS was extracted in 400 μL of 100 mM AmBic for 4h at 4°C for this 

analysis. The final concentration of each sample was normalized to 300 μg/mL for the analysis. 

Capillary electrophoresis  

Tear fluids and ScS samples were collected from both eyes of the four healthy subjects. First, 10 

μL of tear samples from each eye were combined with 190 μL of 100 mM AmBic buffer, following 

the procedure described for capillary electrophoresis in Fig. 1-C. Subsequently, 10 μL of tears 

from each eye of each participant was placed in a 1.5 mL cryotube, and a 10 mm piece of ScS 

was dipped in the tears (10 μL) for absorption (DS). After the tears were absorbed by the ScS, 

200 μL of AmBic was added to each tube for the protein extraction. Similarly, the rest of the strip 

(RS) was separated from the bulb to remove cellular components and then eluted in 400 μL of 

100 mM AmBic. The protein extraction was conducted as shown in Fig.1C (capillary 
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electrophoresis at 4 ºC, for 4 hours). The total protein content (TPC) was assessed using the BSA 

Protein Assay and subsequently normalized for all samples. The electropherogram of the samples 

was obtained using the gel electrophoresis system Hydrasys Hyrys® (Sebia, Lisses, France) with 

10 μL of each sample being deposited into the gel. 

Furthermore, the total protein content of 10 μL tears (T) was compared with that of 10 μL tears 

absorbed on a 10 mm strip and subsequently extracted using AmBic buffer (DS) to calculate the 

percentage of total protein recovery from DS. 

2.5. Gene expression analysis  

cDNA was synthesized from equal amounts of RNA using Multiscribe reverse transcriptase 

(TaqMan Reverse Transcription Reagents, Applied Biosystems, Life Technologies). The 

concentrations of each DE sample were adjusted to 2.5 ng/μL of cDNA. The reaction mixture 

containing 12.5 ng of cDNA per well was preheated at 95°C for 10 min, followed by 40 cycles 

(95°C/15 s and 60°C/1 min). Target cDNA was amplified using the QuantStudio™ 5 Real-Time 

PCR System (Applied Biosystems™, Life Technologies) with assays-on-demand primers 

(TaqMan probes) for human GAPDH (Hs02786624_g1) and HLA-DRA (Hs00219575_m1). 

2.6. Statistical analyses 

All experiments were performed at least three times. The Student’s t-test was used to compare 

differences between the two groups. The one-way ANOVA test was used to make comparisons 

among three or more groups, followed by Dunnett’s post-hoc test. P<0.05 was considered 

statistically significant. GraphPad (Version 9, GraphPad Software, La Jolla, CA, USA) was used 

with a risk set at 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).   
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3. Results 
3.1. Impact of surfactants on the yield of the protein extraction process  

Our results showed that the addition of surfactants to classical extraction buffers such as AmBic 

or PBS, or using special buffers containing a combination of surfactants such as RIPA, 

significantly increased the quantity of extracted proteins from ScS. The comparison of two 

conventional buffers, PBS and AmBic, did not show a significant difference (Fig. 2-a). The addition 

of the MS-compatible surfactant, InvitrosolTM, significantly increased the quantity of extracted 

protein in both buffers (Fig. 2-b/2-c). RIPA also significantly increased the extraction efficacy 

compared to both buffers. In this analysis, each comparison utilized different ScS with varying 

moistened lengths (n=3). Consequently, the concentration of total protein extracted using the 

same buffers (PBS, AmBic, and RIPA) varied across the different analyses. 

Figure 2. Impact of different extraction buffers on the yield of total protein recovery (μg/mL). (a) Comparison 
of Ammonium bicarbonate (AmBic) with phosphate buffer saline (PBS) without addition of any surfactants. 
(b, c) Addition of MS-compatible surfactant, Invitrosol, increased the yield of extracted proteins in both 
AmBic and PBS. RIPA showed superiority over both classic buffers, AmBic and PBS, extracting a higher 
quantity of proteins (n=3). These experiments compared two different buffers each time on Schirmer strips 
that were cut into two identical sections vertically. The data are shown as mean±SD.  
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Moreover, the results that compared different buffer volumes (200 or 400 μL), extraction 

temperatures (4 ºC or 25 ºC), and time (2, 4 or 16 hours) showed no significant differences for 

protein extraction from a 10 mm section of ScS (data not shown). Slightly more proteins could be 

extracted at 4ºC using 400 μL of the buffer (Fig. S1). 

3.2. Analysis of ScS-extracted proteome with various protein analytical tools  
3.2.1. InvitrosolTM increases the number of proteins identified in the bulb  

A total of 1153 proteins were identified when one of the rationally grouped four bulbs was 

extracted using the AmBic buffer. However, when another group of four bulbs was extracted using 

AmBic+Invitrosol, the number of identified proteins increased to 1883. The addition of Invitrosol 

to the AmBic buffer resulted in a 63.3% increase, corresponding to an additional 823 proteins 

identified in the MS analysis. (Fig. 3). Gene Ontology (GO) cellular component analysis revealed 

that a large number of these proteins identified with the addition of Invitrosol consisted of 

membrane-bound organelle proteins (GO:0043227). Subcellular compartment enrichment 

analysis of these proteins revealed that the majority of these proteins were localized in the 

cytoplasm (n=757) and subcellular organelles such as mitochondria, lysosomes, endoplasmic 

reticulum and intracellular vesicles. These data suggest that the addition of Invitrosol to AmBIC 

buffer increased the identification of intracellular proteins in ScS. 

 

 

Figure 3. Numbers of identified proteins in the bulbs extracted in “AmBic” (n=4) and “AmBic + Invitrosol” 
(n=4). The Gene Ontology Cellular Compartment enrichment analysis of the proteins identified with the 
addition of Invitrosol is shown in the associated table. 
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3.2.2. Identification of major tear proteins in ScS compared to tear fluid 

Further investigation of proteins identified on MS analysis using the Western blot technique 

confirmed the differential distribution of cellular proteins, such as β-actin and actinin-4 (ACTN4). 

These two cellular proteins were not detected in the tear sample collected using the CT (Fig. 4-a, 

T1, T2). They were detected in greater quantity in the bulb (B) or the whole strip (W) than in the 

rest (RS). Unlike tears collected by the CT, these proteins could also be detected in the rest of 

the strip at a lower level (Fig. 4-b). However, inter-sampling variation can be observed among the 

bulbs as well, as some may collect more cells than others (Fig. 4-b). The extraction buffer needs 

to be adjusted according to the moisture length of the ScS to obtain sufficiently concentrated 

samples for Western blot analysis (Fig. 4-c). In this study, 200, 300 and 400 μL of elution buffer 

were chosen for the ScS moistened at ≤10mm, between 10-20mm and ≥20 mm, respectively, to 

avoid a high variation in the concentration of the samples. The number of cellular proteins, such 

as ACTN4, may vary more among different ScS samples, depending on the number of cells 

collected, while proteins found in both extracellular and intracellular compartments, such as 

NUCB2, appeared in similar quantities in all samples (Fig. 4-c).  

Figure 4. Tear protein analysis from different parts of the ScS and capillary samples. (a) The housekeeping 
protein β-actin or another cellular protein Actinin-4 can be used as standards in the ScS-extractions (STT1, 
STT2), while this is not possible for tears collected using microcapillary tubes (T1, T2). (b) Higher levels of 
β-actin were obtained from the bulb (B) and the whole (W) strip compared to the rest (RS) of the ScS, 
(protein quantity normalized). (c) Normalized protein quantity of ScS with the same moistened lengths 
exhibited different quantities of intracellular protein ACTN4. Levels of proteins such as NUCB2 show less 
variability among different samples. According to the score of the Schirmer strip, the extraction volume is 
modified for these samples. *, Subject-1, **; Subject -2 
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3.2.3. Cytokine detection using Meso Scale Discovery (MSD) immunoassay  

In order to explore the detectability of low-abundance proteins in the extracts of ScS, IL-17A was 

selected for investigation in both healthy controls and patients with ocular surface disease (OSD). 

The concentration of IL-17A was 8.3±3.2 (mean±SEM) fg/mL in healthy subjects and 67±16.6 

(mean±SEM) fg/mL in patients with OSD (Fig. 5). Such a sensitive technique qualifies ScS-

extracted proteome to be a robust alternative to tear fluid for tear film cytokine investigations. 

Variation was observed among both patients with OSD or DED and healthy control groups, but 

the patient groups exhibited significantly higher expression of IL-17A compared to the healthy 

subjects.  

Figure 5. Detection of IL-17A in the ScS-extracted proteins (SEP) of healthy subjects (HS, n=4) and 
patients with ocular surface disease (OSD, n=10). Highly sensitive immunoassay enabled the detection of 
IL-17A even in healthy subjects within the fg/mL range. The data are shown as mean±SEM. 

3.2.4. Capillary electrophoresis: differential expression of lactoferrin and lysozyme in ScS-

extracted proteome compared to tears  

In this study, capillary electrophoresis was used to compare the profiles of major tear proteins 

used to assess patients for OSD in the clinic. The percentages of these major tear proteins (e.g., 

lactoferrin (LTF), lipocalin (LIPOC), lysozyme (LYZ)) in the samples that were obtained by (1) 

direct capillary tears (T), (2) proteins extracted from the RS (to exclude cellular proteins), and (3) 
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proteins extracted from a DS (a piece of ScS dipped into tears) were compared (Fig 6-a). 

Extraction from RS exhibited a significantly higher level of LTF (39.6±4.8%) compared to DS 

(30.4±4.4%) and T samples (31±4.4%). Similar levels of LTF in the extraction of DS and T suggest 

that LTF can be recovered from ScS almost entirely. The higher level of LTF in the RS may be a 

result of reflex tearing caused by the ScS (Fig 6-b). The percentage of LYZ was lower in RS 

(15.9±3.1%) and DS (17.5±3.4%) compared to T (19.5±4.5%) suggesting incomplete recovery 

after the extraction process due to retention in the strip (Fig 6-c). Lipocalin (LIPOC) levels did not 

change significantly among different samples (29.5±10.5%, 28.5±7.9%, and 30.4±10.7% in T, RS, 

and DS, respectively) as shown in Fig. 6. Furthermore, our results revealed a recovery rate of 

92.1% ± 5.6 (n=6) for total protein by comparing the total protein content of 10 μL tears (T) with 

that of 10 μL tears absorbed on a 10 mm strip (DS).  

Figure 6. Percentages of major tear proteins lipocalin (LIPOC), lactoferrin (LTF), and lysozyme (LYZ) in 
the tears (T), in extracted rest of the ScS (RS), and dipped strip (DS) (n=8 eyes). The data are shown as 
mean±SD.  
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3.3. Total RNA content and gene expression analysis in ScS-extracted proteome  

Gene expression analysis from ScS was performed using the housekeeping gene GAPDH, which 

serves as a reference gene for normalization. Additionally, one of the commonly studied genes in 

OSD, HLA-DRA, was included in the analysis to assess its expression levels in the ScS samples. 

A higher quantity of total RNA could be recovered from the bulbs of the ScS compared to the rest 

of the strip or the whole strip (Fig. 7-a). The expression level of the GAPDH and HLA-DRA genes 

was lower in the bulb compared to the rest of the strip and the whole strip (Fig. 7-b).  

 

 

Figure 7. RNA extraction and gene expression analysis from ScS. (a) Total quantity of RNA extracted from 
different parts of the Schirmer strips (n=16 for Bulb (B), n=6 for the rest of the ScS (RS), and n=4 for whole 
strip (W)). (b) Cycle threshold Ndetection of GAPDH and HLA-DRA transcripts from total RNA extraction in 
different parts of the ScS and whole strip. Data are shown as mean±SD. 

 

4. Discussion  

ScS is a highly valuable sample collection method with the ability to gather a wide range of 

biochemical compounds, including proteins, RNA, lipids, and others to be used in various 

analyses to evaluate the status of the OS. Despite the multiple advantages of ScS as a sampling 

method, currently, there is no standardized protocol for pre-analytical processing. Consequently, 

numerous studies have been conducted to explore the implications of pre-analytical sample 

handling and the impact of various factors on the efficiency of protein recovery for the optimization 

of extraction procedures from ScS, particularly for protein extraction (Denisin et al., 2012; van Der 

Meid et al., 2011; Vergouwen et al., 2023a; Aass et al., 2015; Krajcikova et al., 2022; Green-

Church et al., 2010; Vergouwen et al., 2023b; Gijs et al., 2023). The lack of a standard protocol 

has led to the utilization of a wide range of extraction buffers in different studies to extract proteins 
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or to compare the efficiency of these buffers. In addition, in testing various buffers, some studies 

have investigated other parameters that impact extraction yield (e.g., buffer volume, temperature, 

elution time) to determine the most convenient pre-analytical methods. In these studies, either a 

single extraction buffer (e.g., distilled water, sodium chloride (NaCI) solution, phosphate buffer 

saline (PBS), ammonium bicarbonate (AmBic), Tris buffer, or urea) or a combination of these 

buffers with or without the addition of various surfactants (e.g., RapiGest SF, InvitrosolTM, PPS 

Silent® Surfactant, Tween-20, Triton X-100, and NP-40) as well as other molecules (e.g., 

dithiothreitol and (thio)urea) have been used to enhance protein extraction (Bachhuber et al., 

2021; Pieczyński et al., 2021; Winiarczyk et al., 2022; Denisin et al., 2012; van Der Meid et al., 

2011; Vergouwen et al., 2023a; Akkurt Arslan et al., 2021; Aass et al., 2015; Krajcikova et al., 

2022; Zhou et al., 2012; Ihnatko et al., 2013; Z. Huang, Du, and Pan 2018; Winiarczyk et al., 

2018; Miyake et al., 2018; Green-Church et al., 2010; Aqrawi et al., 2017; Chen et al., 2007).  

The protein extraction process from strips is dependent on several different factors such as 

molecular weight and surface hydrophobicity of the proteins (Denisin et al., 2012). The solubility 

of proteins is highly dependent on the main physicochemical properties such as pH and 

composition of the extraction buffers, which may include salts, phosphates, detergents, 

ampholytes, chaotropic agents and reducing agents such as dithiothreitol and β-mercaptoethanol, 

(Ngoka, 2008). Hence, some studies use urea or its combination with thiourea to enhance protein 

solubility as urea disrupts hydrogen bonds, facilitating protein unfolding and denaturation, while 

thiourea reduces hydrophobic protein interactions (Rabilloud, 1998; Komatsu, 2015; Ngoka, 

2008). Surfactants are used to enhance protein solubility in various lysis buffers. Hence, 

commercial MS-compatible surfactants have been developed to solubilize hydrophobic proteins 

and improve in-solution protein digestion, leading to increased protein identification (Chen et al., 

2007). This study assessed the impact of Invitrosol, a MS-compatible surfactant, on the efficiency 

of protein extraction from ScS samples and subsequent protein identification from the bulb region 

of the ScS containing cells. We aim to understand how Invitrosol affects protein extraction and 

identification, specifically focusing on its role in the lysis of cells. Radio-Immuno-Precipitation 

Assay (RIPA) buffer, is one of the most effective and widely used lysis buffers to extract proteins 

from cells and tissues. It includes 50 mM Tris HCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium 

deoxycholate, and 0.1% SDS (Ngoka, 2008). RIPA likely outperforms Invitrosol in lysing 

conjunctival cells on the strip, as it recovers more total protein. RIPA's higher ionic strength, due 

to NaCI, enhances protein solubility (Mao et al., 2012). This study shows that surfactants increase 

total protein extraction and identification, especially intracellular proteins in MS-based analysis. 

Different ScS segments may exhibit diverse molecular profiles, requiring distinct extraction 
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treatments (Akkurt Arslan et al., 2021). The bulb contains conjunctival epithelial cells, 

necessitating surfactant use to release membrane and cellular proteins, enhancing proteome 

coverage (Shen et al., 2018). 

Beyond optimizing elution buffers, several studies have explored factors affecting total protein 

extraction yield, including buffer volume, temperature, and elution time (Denisin et al., 2012; Aass 

et al., 2015; Gijs et al., 2023; Chong et al., 2010; Wong et al., 2011). Research indicates protein 

extraction reaches maximum efficiency within 3 hours (Denisin et al., 2012; Chong et al., 2010; 

Wong et al., 2011). Our study confirms that 4 hours is sufficient, with no significant difference 

between 4°C and 25°C. Recent work found 400 μL as the optimal buffer volume (Gijs et al., 2023), 

aligning with previous findings. Together, these studies propose 400 μL and 4-hour extraction as 

suitable parameters for optimal ScS protein recovery. Additionally, in-strip protein digestion 

boosts protein identification in tear samples, outperforming earlier methods (Jones et al., 2022). 

Furthermore, using in-strip protein digestion on ScS, a higher number of proteins were 

successfully identified. This approach is notable for its substantial improvement in protein 

identification compared to previous methods (Jones et al., 2022; Harkness et al., 2023). 

Upon successful extraction, there are a variety of techniques that can be used to analyze tears 

and ScS samples, such as gel electrophoresis Hydrasys Hyrys®, enzyme-linked immunosorbent 

assay (ELISA), multiplex bead analysis and mass spectrometry for proteomic analysis, as shown 

in Table 2.  Indeed, ScS-extracted proteome has been analyzed instead of tears in numerous 

studies using multiple analytical techniques for the detection and quantification of tear proteins 

(Wuen Ma et al., 2021; Posa et al., 2013; Ponzini et al., 2022; L. Huang et al., 2003; Magny et al., 

2022; Miyake et al., 2018).  

ScS-extracted proteome has been extensively analyzed using various MS-based proteomic 

strategies (Li et al.,  2014; Nichols and Green-Church, 2009; Q. Liu et al., 2017; Grus et al., 2005; 

Boehm et al.,  2013; Srinivasan et al., 2012; Zhou et al., 2009) and other proteomic approaches 

from traditional two-dimensional gel (Soria et al., 2013; Grus et al., 2022.; Versura et al., 2010) to 

highly sensitive immunodetection methods (Enríquez-de-Salamanca et al., 2010; LaFrance et al., 

2008; Soria et al., 2017) for detection of proteins and biomarker investigations on the OS. 

Therefore, the detection of all proteins present in ScS samples is essential to visualize the entire 

landscape of molecular signatures in the OS. In addition to MS-based proteomics analysis, 

various other complementary proteomic approaches, which cannot entirely replace each other, 

can be used for ScS-extracted proteome analysis (Westermeier, 2016). In our study, the proteins 

in the bulb of the strip were identified using a shotgun proteomics approach to compare the effect  
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Table 2. Examples of various protein analyses of ScS-extracted proteome (SEP) for ocular 
surface disease investigations. 

Application Goal Reference 

One-dimensional gel 
electrophoresis (1DGE) 

To analyze electrophoresis patterns of substance P in 
samples collected from healthy subjects 

(Markoulli 

et al., 2017) 

Two-dimensional gel 
electrophoresis (2DGE) 

To profile tear protein expression of dry eye and MGD 
patients in comparison to healthy controls 

(Soria et al.,  

2013) 

ELISA To compare tear concentrations of IgE with serum IgE 
concentrations in subjects with Japanese cedar pollinosis 

(Ono et al.,  

2005) 

Multiplex ELISA 
To measure soluble factors (e.g., IL-1β, IL-6, IL-17A, 
TNFα, IFNα/β/γ, EPO, TGFβ1, and IgE) in keratoconus 
patients and healthy controls  

(D’Souza et 

al.,  2021) 

Antibody Microarray To analyze proinflammatory cytokines in DED patients 
(Boehm et 

al.,  2011) 

Multiplex proteomic 

technologies 
To measure levels of inflammatory proteins  

(Vergouwen 

et al.,  

2023a) 

Mass spectrometry To determine proteins modulated in DED patients 
(Tong et al.,  

2011) 

Point-of-Care Immunoassay 
To measure the level of Matrix Metalloproteinase-9 in X 

patients 

(Kang et al.,  

2022) 

 

of adding Invitrosol on the number and composition of proteins identified. The addition of MS-

compatible commercial surfactants, such as Invitrosol, significantly increases the number of 

identified proteins by providing access to hundreds of intracellular proteins. Indeed, extraction of 

these intracellular proteins, such as membrane proteins, is difficult due to their hydrophobic nature 

and requires the use of solubilizing agents such as surfactants or high pH solvents (Patrick and 

Laganowsky, 2019; Brun and Couté, 2019).  

ScS-extracted proteome finds utility in biomarker investigations through classic immunoassays 

like enzyme-linked immunosorbent assays (ELISA), the preferred method for protein 

quantification. Yet, not all proteins have commercial ELISA kits. In such cases, Western Blot (WB) 

offers a reliable, cost-effective method for relative protein quantification (You et al., 2012). WB's 

limitations include reflecting protein concentration inaccurately, compounded by tear samples 

lacking a standardized reference protein (Mahmood and Yang, 2012; Willcox et al., 2017). To 

mitigate this, an external loading control could be used for tear proteins in WB. For ScS samples, 
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WB investigations detect abundant intracellular proteins like beta-actin and actinin-4. However, 

this study shows intracellular protein intensity varies across samples and strip sections, indicating 

varying cell collection. An external standard with dual intracellular and extracellular localization, 

like NUCB2, could serve as a better standard in ScS-extracted proteome studies. Additionally, 

research for the identification of proteins that exhibit consistent levels in tear fluid remains an 

unmet need. Therefore, the collaborative efforts of international researchers should be seriously 

considered as a means to achieve more substantial progress toward the standardization of tear 

fluid analysis. 

Highly sensitive immunoassays have enabled reproducible and reliable detection of proteins 

down to the fg/mL range. Indeed, ScS proteins are diluted in the extraction buffer; hence, they 

are present at lower concentrations than tear proteins obtained by CT. Consequently, the 

detection of some proteins in ScS might be challenging using classical methods such as WB or 

ELISA. The concentration of IL-17A that is increased in OSD and that found in healthy individuals 

typically falls within the pg/mL range (Tan et al., 2014; R. Liu et al., 2017). Since ScS-extracted 

proteome is rather dilute compared to tears, the level of IL-17A likely drops into the fg/mL range. 

Therefore, we chose to use an immunoassay to evaluate the detectability of IL-17A in ScS-

extracted proteome. Indeed, the cytokine, IL-17A, could be detected in the ScS-extracted 

proteome of both DED patients and healthy controls using this highly sensitive assay. These 

innovative immunodetection assays enable the simultaneous quantification of over a thousand 

proteins at low concentrations down to the order of fg/mL, making it possible to detect almost any 

protein from the extract of the ScS (Ren et al., 2021).  

Another analytical technique that has been used in tear protein analysis is capillary 

electrophoresis. This technique is used for the early diagnosis and prevention of DED. The major 

advantage of this method is its ability to identify and relatively quantify many proteins that can be 

informative regarding contact lens tolerance (e.g., lipocalin) or inflammation at the level of the 

ocular surface (e.g., immunoglobulins) (Chiva, 2011; Glasson et al., 2009; Labbé et al., 2007). 

Comparison of major tear protein profiles of capillary tears (T), extraction of the RS (to exclude 

cellular proteins), and a DS revealed significant differences in the percentage of LTF and LYZ. 

The higher level of LTF in the RS may be a result of reflex tearing caused by the ScS Conversely, 

lower LYZ percentages in RS and DS than in T underscore its retention in the strip post-extraction. 

LYZ retention in ScS reaches around 15%, leading to loss after elution (Denisin et al., 2012). Our 

study emphasizes that major tear protein percentages differ between ScS and capillary tears, 

even after discarding the strip's bulb to eliminate cellular proteins. Notably, other tear proteins 
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might also be retained in the strip, influenced by extraction buffer characteristics. These findings 

underline the need for a standardized extraction protocol due to substantial variations in protein 

elution based on the buffer employed. Standardization is essential for trustworthy comparisons 

across diverse studies. 

The two sections of the ScS, the bulb and RS, exhibited differences in RNA extraction as well. 

mRNAs are molecules that can be extracted from ScS along with the proteins. Conjunctival 

imprints have been used for gene expression analyses to identify diagnostic biomarkers in OSD 

(Liang et al., 2019; Kessal et al., 2018; Hagan, 2017). However, ScS can be a good alternative 

for gene expression analysis and might be more convenient for patients than conjunctival imprints. 

Detection of mRNA in the RS, which theoretically does not contain cells, might suggest the 

presence of extracellular mRNA in the tear fluid. The quantity of eluted nucleic acid such as 5, 

2.5, or even 1.25 ng of total RNA was sufficient to perform genes expression analysis, including 

housekeeping genes (data not shown). Despite normalization of the total RNA quantity for 

transcript analysis, the analyzed genes were more abundantly detected in the bulb compared to 

the RS. These data suggest that either the proportion or quality of the extracted mRNA is higher 

in the bulb, or a larger proportion of mRNA molecules in the RS consists of non-coding RNA, such 

as microRNAs. These RNA molecules in the RS might stem from tear extracellular vesicles, as 

they contain sequencable RNA and prominent microRNAs (Pucker et al., 2022). The level of 

extracellular RNAs should be investigated further in the ScS-extracted proteome, as these 

communication molecules have been suggested to be biomarkers in some diseases, such as 

OSD and cancer (Wu et al., 2022; Wei et al., 2020). When mRNAs from conjunctival cells are of 

interest, considering only the bulb of the ScS is recommended.  

Despite the extensive use of ScS-extracted proteome in diverse biomedical biomarker studies, a 

lack of standardized preprocessing methods persists. Alongside factors affecting protein 

recovery, such as storage temperature, ScS wet-dry storage, and manufacturing specifics (Gijs 

et al., 2023; Mann et al., 2018), discrepancies in absorption rates and protein extraction behavior 

emerge due to varying ScS shapes, thicknesses, fiber densities, and pore sizes (Gijs et al., 2023). 

Without standardized methods in manufacturing, storage, and sample processing, comparing and 

interpreting results across studies remains challenging. Establishing unified standards across 

strip manufacturing and analytical steps is critical for reliable, unbiased analytical outcomes 

(Kirwan et al., 2018). Implementing manufacturing regulations by healthcare authorities or expert 

group recommendations is crucial. This need stems from ScS dual usage in sample collection 

and clinical evaluation, with a Schirmer’s score of <5 mm/5 minutes diagnosing dry eye disease 
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(Posa et al., 2013; Miyake et al., 2016; Brott and Ronquillo, 2021). A unified, standardized protocol 

is essential to yield robust, reproducible data from ScS investigations. 

5. Conclusions 

Schirmer strip represents a suitable tool for collecting protein and RNA samples to be used for 

various investigations regarding ocular surface and systemic diseases. In this study, we provided 

insights into the analyses of the molecular content of Schirmer strips. These findings highlight the 

significance of the dual secretory and cellular composition within the strips. Depending on the 

specific molecular targets, it is essential to adapt analytical tools accordingly, focusing on the 

appropriate section of the Schirmer strip. 

Finally, despite their diluted nature, the proteome extracted from Schirmer strips can be used 

throughout biomarker investigations, thanks to very sensitive detection tools. Advanced 

immunoassay technology and robust workflow for the preprocessing of ScS might enable the 

development of novel point-of-care devices. However, the lack of standardization in sample 

preparation remains a major obstacle to overcome. 
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Supplementary data 

Figure S1. Comparison of total protein concentration of Schirmer strip extracts based on different elution 
parameters. This comparison encompassed different combinations of elution buffer volumes (200 and 400 
μL), extraction temperatures (4 and 25 ºC), and incubation durations (2, 4, and 16 hours). Data are shown 
as mean±SD representing three different experiments (n=3). 
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Abstract: This study aimed to investigate the human proteome profile of samples collected from
whole (W) Schirmer strips (ScS) and their two parts—the bulb (B) and the rest of the strip (R)—with a
comprehensive proteomic approach using a trapped ion mobility mass spectrometer, the timsTOF Pro.
Eight ScS were collected from two healthy subjects at four different visits to be separated into three
batches, i.e., 4W, 4B, and 4R. In total, 1582 proteins were identified in the W, B, and R batches. Among
all identified proteins, binding proteins (43.4%) and those with catalytic activity (42.2%) constituted
more than 80% of the molecular functions. The most represented biological processes were cellular
processes (31.2%), metabolic processes (20.8%), and biological regulation (13.1%). Enzymes were
the most represented protein class (41%), consisting mainly of hydrolases (47.5%), oxidoreductases
(22.1%), and transferases (16.7%). The bulb (B), which is in contact with the conjunctiva, might collect
both tear and cell proteins and therefore promote the identification of more proteins. Processing B and
R separately before mass spectrometry (MS) analysis, combined with the high data acquisition speed
and the addition of ion-mobility-based separation in the timsTOF Pro, can bring a new dimension to
biomarker investigations of a limited sample such as tear fluid.

Keywords: proteome; tears; Schirmer strip; timsTOF Pro; signaling pathways

1. Introduction

The tear film, composed of the secretions of lacrimal glands, Meibomian glands,
and goblet cells, is essential for many vital functions of the ocular surface (OS), such
as protection, lubrication, and nutrition [1,2]. A healthy tear film represents a barrier
between the eye and the environment [3]. By coating the OS, the tear film provides an
optically smooth surface, which is necessary for the refraction of light onto the retina [4,5].
Tear fluid (TF) is an important medium for the evaluation of OS disease (OSD), and it is
suitable for prognostic and diagnostic purposes [6]. Despite its small volume, TF offers
several advantages for biochemical analysis, biomarker discovery, and development of new
drugs [5–9]. TF can be collected with various instruments such as microcapillary tubes,
absorbent cellulose acetate filters, polyester wicks, and Schirmer strips (ScS) [10,11], the

Metabolites 2022, 12, 2. https://doi.org/10.3390/metabo12010002 https://www.mdpi.com/journal/metabolites

https://doi.org/10.3390/metabo12010002
https://doi.org/10.3390/metabo12010002
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metabolites
https://www.mdpi.com
https://orcid.org/0000-0001-6270-7421
https://orcid.org/0000-0001-9968-0074
https://orcid.org/0000-0002-2006-5384
https://doi.org/10.3390/metabo12010002
https://www.mdpi.com/journal/metabolites
https://www.mdpi.com/article/10.3390/metabo12010002?type=check_update&version=2


Metabolites 2022, 12, 2 2 of 18

latter of which is used by clinicians to perform the Schirmer’s tear test (STT). The STT is a
standard ophthalmologic test that measures tear production based on the wetted length of
the strip. It is one of the most commonly used clinical tests for the evaluation of dry eye
disease (DED) [12,13]. Likewise, it is relatively convenient, rapid and reliable, and therefore,
despite a slight and brief tingling when placed into the conjunctival cul-de-sac, it is used
more frequently than the glass capillary tube method, which requires a delicate procedure
on the open eye [14]. Apart from being more convenient to collect tear samples, especially
in patients with DED, the ScS offers the opportunity to collect, through the bulb (the upper
part of the ScS), superficial conjunctival cells [11]. In other words, secreted proteins can be
collected using the capillary method, while a combination of cellular and soluble proteins
can be collected using ScS [15]. These collection methods are of major interest in identifying
biomarker candidates in OSD such as DED, using powerful “omics” technologies. Indeed,
tear proteomics is increasingly employed for such investigations [16,17]. In the last two
decades, new insights have been achieved in tear proteomics studies using various systems
such as Q-TOF or Orbitrap [18–20]. The first major proteomics dataset for tears was created
by de Souza et al. in 2006, with the identification of 491 proteins, and in the last decade,
several new proteomics approaches have been used, creating large datasets of the tear
proteome by using various forms of advanced mass spectrometry (MS) [16,18,20–22]. These
studies, revealing the datasets for the healthy tear proteome are summarized in Table 1.

Table 1. Overview of proteomics studies that have created the largest datasets for the healthy human
tear proteome using LC-MS/MS from 2006 to 2020. NIPs, number of identified proteins; HSs, healthy
subjects; MS, mass spectrometry; FDR, false discovery rate.

Group, Year Goal
Tear Sampling

Method
Sample

Preparation
MS

Technology
Protein Identification

Criteria
NIPs in HSs

de Souza et al.,
Genome Biol.,

2006 [22]

Characterization of
the protein content
of the human tear
fluid from a HSs

Microcapillary
method

With
pre-fractionation
of proteins with
one-dimensional

SDS-PAGE
(13 fractions) or

without
(in-solution

digestion of the
whole samples)

Hybrid linear
ion

trap–Fourier-
transform
(LTQ-FT)

and linear ion
trap-Orbitrap

(LTQ-Orbitrap)

Two peptides with Mascot
scores of >35,

Two peptides with Mascot
scores of >27 (p ≤ 0.01), or

one peptide with an
Mascot score of >54

(p ≤ 0.0001), when MS3
was performed

491

Zhou et al., J.
Proteomics,

2012 [18]

Analysis of the
human tear

proteome from HSs
Schirmer strips

Offline SCX
fractionation of

peptides
(6 fractions)

TripleTOF 5600
system FDR < 1% for peptides 1543

Aass et al.,
Anal. Biochem.,

2015 [19]

Optimizing
extraction method

from Schirmer
strips to study the

tear proteome

Schirmer strips

Offline SCX
fractionation of

peptides
(16 fractions)

LTQ-Orbitrap
XL hybrid

Peptide and protein with
FDRs of <1% (high) and

5% (relaxed)
1526

Kandhavelu
et al., J.

Proteomics,
2016 [20]

Comparison of tear
proteins in control

and fungal keratitis
patients

Capillary
method

N-linked
glycoprotein

enrichment or
one-dimensional

SDS-PAGE
pre-fractionation

of proteins
(26 fractions)

LTQ-Orbitrap
Velos Pro

One peptide with an FDR
of <5% 1873

Dor et al., Exp.
Eye Res.,
2019 [21]

Characterization of
healthy human tear
protein composition

Schirmer strips

Off-gel
electrophoresis of

peptides
(12 fractions)

LTQ-Orbitrap
Velos Pro
TripleTOF
5600+ in

SWATH-MS
mode

Two peptides with FDRs
of <1% 1351

Nättinen et al.,
Trans. Vis. Sci.
Tech., 2020 [23]

Investigation of
protein profile

differences between
capillary and

Schirmer strip tear
fluid samples

Schirmer strips No
pre-fractionation

(in-solution
digestion of

whole samples)

TripleTOF
5600 + in

SWATH-MS
mode

FDR <1%

908

Capillary
method 404
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Table 1. Cont.

Group, Year Goal
Tear Sampling

Method
Sample

Preparation
MS Technology

Protein Identification
Criteria

NIPs in HSs

Hua et al., BMC
Ophthalmol.,

2020 [24]

Quantification
of potential
candidate

biomarkers for
HSV-1

epithelial
keratitis

Microcapillary
method

No
pre-fractionation

(in-solution
digestion of

whole samples)

LTQ-Orbitrap XL FDR <1% 949

Ponzini et al.,
Int. J. Mol. Sci.,

2021 [25]

Demonstration
of feasibility of

single-tear
quantitative
proteomics

Capillary method

No
pre-fractionation

(in-solution
digestion of

whole samples)

Orbitrap fusion One peptide with an FDR
of <1.0% 932

Zysset-Burri
et al., Inv.

Ophthalmol.
Vis. Sci.,
2021 [26]

Exploring the
interplay

between the
ocular surface
microbiome
and the tear
proteome

Schirmer strips

With
pre-fractionation

of (5 factions)
proteins with

one-dimensional
SDS-PAGE

QExactive HF FDR <1% 2172

Interest in MS continues to grow, and new technologies are emerging for TF anal-
ysis [27]. These more efficient techniques have promoted the reliable identification of
large numbers of proteins from TF samples [28–30]. Thus, MS has been implemented in
several studies exploring the modulation or dysregulation of proteins in OSD [15,18,31–34].
Nano-scale liquid chromatography (nano-LC), coupled to tandem MS (MS/MS), provides
the improved chromatographic separation of peptides, higher sensitivity, and extended
dynamic ranges to identify a large number of proteins [35,36]. Therefore, nano-LC-MS/MS
has become the first choice for proteomic analysis of small samples such as TF [37]. The
timsTOF Pro mass spectrometer (Bruker Daltonics, Bremen, Germany), which combines
the sensitivity of trapped ion-mobility spectrometry (TIMS) and a fast quadrupole time-of-
flight (Q-TOF), has been providing a large dataset for exploring the proteome of several
biological fluids [38,39]. After peptide separation with nano-LC, peptides are subsequently
ionized and trapped in a dual TIMS [40]. This dual TIMS technology traps ions in the
first section and separates them according to their mobility in the second section [41],
functioning as a third dimension of separation [39]. Thanks to the dual TIMS technique,
the parallel accumulation-serial fragmentation (PASEF) acquisition method was developed,
providing a duty cycle of nearly 100% (nearly no ion loss) and a high sensitivity [39]. PASEF
corresponds to a mass selective release of peptide ions from TIMS devices for MS/MS at a
high acquisition speed, increasing MS/MS scan rates up to 100 Hz [42,43]. In conclusion,
the timsTOF Pro provides extremely high speeds and sensitivity to reach new depths in
proteomics analysis using a small amount of samples.

The current study sought to perform a comprehensive tear proteomics investigation
from samples collected with ScS using nanoElute ultra-high-pressure liquid chromatogra-
phy (UHPLC) coupled to the timsTOF Pro. The protein composition of the various sections
of the ScS can be considered to characterize the human ScS-extracted proteome (SEP) and
describe in detail the signaling pathways involved.

2. Results

2.1. Number of Identified Proteins (NIPs) and Their Distributions in the Sections of the ScS

In the whole ScS (W), the NIPs was 1004. When the two sections of the ScS were
analyzed separately, 1153 proteins were identified in the upper part (or bulb (B)) and 1107
were in the rest of the ScS (R). Therefore, processing sections B and R of the ScS as two
different sample batches increased the NIPs from 1004 to 1502, for a 49.6% increase in
identified proteins compared to in the entire strip (W) (Figure 1a). Of these 1502 proteins
identified in sections B and R, a higher number of proteins, 758, were common, compared
to 395 and 349 in sections B and the R, respectively (Figure 1b). Moreover, among the



Metabolites 2022, 12, 2 4 of 18

identified proteins in the 3 batches (W, B, and R), 649 proteins were common, whereas
a smaller number of unique proteins, 80, 246, and 223 in W, B, and R, respectively, were
identified (Figure 1c). The 20 most abundant proteins identified with the highest mean
MS/MS spectral count in W, B, and R are shown in Tables S2–S4.

Figure 1. Number of identified proteins (NIPs) and their distributions in the various sections of the
Schirmer strips (ScS). (a) Effect of processing two different sections of the ScS (B + R) on the NIPs.
(b) Comparison of the NIPs between the two sections of the ScS and section R. (c) Venn diagram
displaying the comparison of the NIPs in the whole strip (W), bulb (B), and the rest of the strip (R).

In total, 1582 proteins were identified by summing the 3 batches with no pre-fractionation
during sample preparation. The raw data was represented in Table S1, and the MS pro-
teomics data were deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD030334. Moreover, we compared these results
with those from four proteomics studies that used advanced MS technologies in healthy
human tear proteome [19–21,25] in order to enrich the SEP dataset. Among the 1183 pro-
teins identified in our study, 266 were detected in study (A), 972 were detected in study
(B), 487 were detected in study (C), and 543 were detected in study (D) (Figure S1). More
interestingly, we identified 399 new proteins that were not identified in these studies.

2.2. Distribution within ScS Sections and Spectral Counts for the Previously Described Tear Proteins

The tear proteins identified in this study and previously reported in the literature
for their role in OSD are presented with their spectral counts (Table 2). This classification
also highlights the specific and common proteins identified in ScS batches. Some of these
common proteins, such as PIP, HSPG2, and C3, were among the 20 most abundant proteins
identified with the highest mean of spectral count in W, B, and R (Tables S2–S4). Interest-
ingly, when considering clinically relevant OSD biomarkers in tears, such as lysozyme C,
lactotransferrin, and lipocalin-1, our results showed that their mean spectral counts were
rather similar in the three batches. However, the spectral count for another relevant OSD
biomarker, serum albumin, was different among batches, with 101.7, 204.3, 67 in W, B, and
R, respectively. This difference of the spectral counts between batches was also found for
ALDH1A3 and α-enolase, with a higher abundance in B, for mammaglobin-B with a higher
abundance in W, and HSPG2 with a higher abundance in R. Additionally, some proteins
were either unique only to two batches or even just one. For instance, MUC5AC and IL-18
were detected with a higher spectral count in B compared to W but were undetected in
the R section of the ScS. Finally, matrix metalloproteinase (MMP)-9 was detected only in B,
with a low quantity, whereas Serpin B3 and B4 were specifically identified in R.
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Table 2. List of identified proteins previously described in ocular surface disease. The mean spectral
count and standard deviation (SD) of each protein in the whole strip (W), the bulb (B), and the rest (R)
of the strip are presented. The proteins are classified as those common in all batches (1), two batches
(2), or one batch (3) and are ranked according to their mean of spectra in W. *, proteins reported in
dry eye disease studies. Accession number refers to UniProt identification.

Accession Number Protein Name
W B R

Mean ± SD

(1) Common in all batches

P12273 Prolactin-induced protein [1] 142.3 ± 14 108 ± 15.4 121.7 ± 2.5
P98160 Heparan sulfate proteoglycan 2 [1,29] 113.3 ± 5.5 56.3 ± 4.9 123.7 ± 1.5
P61626 Lysozyme C * [6,29,44] 111.3 ± 6.7 104 ± 4.6 108.7 ± 5.5
P01876 Ig alpha-1 chain C region [6,29] 107 ± 2.6 61.7 ± 3.2 74 ± 4.4
P02768 Serum albumin * [6,45] 101.7 ± 2.1 204.3 ± 8.1 67 ± 4
P02788 Lactotransferrin * [29,44] 100.7 ± 5.6 130.3 ± 7.1 101.7 ± 3.5
P01024 Complement C3 [22,44] 72.7 ± 3.2 69.7 ± 1.5 62.7 ± 2.1

Q9UGM3 Salivary agglutinin [1,44] 50.7 ± 4 48 ± 2 54.3 ± 0.6
P31025 Lipocalin-1 * [6,29,44] 45.3 ± 2.1 50 ± 3.6 36.7 ± 2.3
P00352 Retinal dehydrogenase 1 [23,44] 35.3 ± 2.1 46 ± 4 24.7 ± 2.1
O75556 Mammaglobin-B [1,44] 35.3 ± 0.6 18 ± 1 6.3 ± 1.2
P06733 Alpha-enolase [1,44] 31.3 ± 1.2 52 ± 4.6 27.3 ± 0.6
P02787 Serotransferrin [46] 24.7 ± 3.1 59 ± 4 26.7 ± 1.5
P07900 Heat shock protein HSP 90-alpha [23,47] 22.3 ± 1.5 8 ± 2.6 24.3 ± 1.5
P04083 Annexin A1 [23,44] 22.3 ± 0.6 24.7 ± 0.6 18 ± 1
P06702 Protein S100-A9 [1] 19 ± 1 28.7 ± 2.1 22 ± 1
P07858 Cathepsin B [1] 18.3 ± 1.5 19.7 ± 1.5 22 ± 1.7
P47895 Aldehyde dehydrogenase family 1 member A3 [23,48] 18 ± 2.6 23.7 ± 1.5 6.3 ± 2.1
P00738 Haptoglobin [1] 18 ± 2 19 ± 1.7 14 ± 0
P30740 Serpin B1 [22,23] 15.7 ± 2.1 24.3 ± 1.2 8.7 ± 3.2
P05109 Protein S100-A8 [1] 15.7 ± 0.6 22.3 ± 3.2 22 ± 2.6
P25311 Zinc-alpha-2-glycoprotein [1] 12.7 ± 1.5 14.3 ± 1.5 16.3 ± 1.5
P07355 Annexin A2 [23,44] 12.7 ± 1.2 36.7 ± 3.5 25 ± 1
P18510 Interleukin 1 receptor antagonist protein [49] 9.7 ± 1.5 12.3 ± 1.5 7 ± 1

Q8WUM4 Programmed cell death 6-interacting protein [50,51] 9 ± 0 2.7 ± 0.6 5 ± 1.7
P23528 Cofilin-1 [1] 8.7 ± 3.8 15.3 ± 2.1 8.7 ± 2.1
P07476 Involucrin [52] 6 ± 1 3 ± 1.7 20.3 ± 2.3
P01023 Alpha-2-macroglobulin [22,52] 5.3 ± 1.5 15.7 ± 2.3 7.7 ± 1.2

Q6UXB2 C-X-C motif chemokine ligand 17 [53] 1 ± 1 0.7 ± 1.2 1 ± 1

(2) Common to two batches
P98088 Mucin-5AC [44,54,55] 10.3 ± 0.6 54.3 ± 3.8 0
Q14116 Interleukin 18 [56] 0.7 ± 0.6 2 ± 1 0
P02778 C-X-C motif chemokine ligand 10 [57] 2 ± 0 0 0.3 ± 0.6

(3) Unique to one batch
Q9UHD0 Interleukin 19 [58] 0.7 ± 1.2 0 0

P14780 Matrix metallopeptidase 9 * [49,59,60] 0 0.3 ± 0.6 0
P29508 Serpin B3 [61] 0 0 23.7 ± 2.5
P48594 Serpin B4 [61] 0 0 12 ± 1

Q9UHA7 Interleukin 36 alpha [62] 0 0 0.3 ± 0.6

2.3. Functional Annotation Analysis in the Various Sections of the ScS

Despite the several unique proteins identified in each batch (W, B, and R), no ma-
jor difference was observed in biological processes or molecular functions, as shown in
Figure 2a,b. Over 800 identified proteins were related to cellular processes, and 565 iden-
tified proteins were associated to binding as a molecular function. With regard to total
identified proteins, cellular processes, metabolic processes, biological regulation, and re-
sponses to stimuli formed the major subgroups, with percentages of 31.3%, 20.9%, 13%, and
8.9%, respectively, of the biological processes (Table S5). Concerning molecular function,
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binding and catalytic activity represented the major subgroups, with percentages of 44%
and 38.3%, respectively (Table S6).

Figure 2. Functional analysis and structural classification of identified proteins. (a) Subgroups of the
biological process. (b) Subgroups of molecular function. The NIPs illustrated in the x-axis show the
numbers of proteins involved in (a,b). (c) The list and number of protein classes in each ScS section
and all batches. (d) Distribution and classification of all identified enzymes.

In addition to biological process and molecular function classification, the protein
classes in the healthy SEP are shown in Figure 2c. The metabolite interconversion enzyme
class was the most represented group, with 224 in B and less in the two other parts (177 in R
and 188 in W). This was followed by protein-modifying enzymes, cytoskeletal proteins,
and immunity proteins. In other protein classes, the numbers of proteins in the three
batches were not particularly different (Figure 2c). Interestingly, when all identified pro-
teins from the three batches were considered, enzymes formed almost the majority (41%)
of the SEP, with 480 identified proteins. Furthermore, the numbers of these enzymes were
distributed differently among various protein classes, for example metabolite intercon-
version enzyme class (292) could include protein modifying enzymes (150), translational
proteins (14), transporters (9), nucleic acid metabolism (9), and protein-binding activity
modulators (6). The distribution of the sub-families of all identified enzymes are shown in
Figure 2d. The largest enzyme families consisted of hydrolases (47.5%) followed by oxi-
doreductases (22.1%) and transferases (16.7%). Isomerase and lyase were less represented
in the healthy SEP. Inversely, when the unique proteins of each batch were considered,
numbering 80 in W, 246 in B, and 223 in R (Figure 1c), the differences among subclasses of
molecular function, biological processes, and protein classes were more distinctive in the
three batches (Figure S2). Indeed, in biological process classification, the proportion of the
response to stimulus proteins, signaling, and immune system processes was higher in W
(Figure S2a). As for molecular function classification, the proteins with catalytic activity
formed the highest percentage (55%) in W (Figure S2b). Nevertheless, the percentage of
binding proteins in W (31.7%) was lower than in B or R. Additionally, the classification of
unique proteins in each batch (Figure S2c) highlighted a major representation of metabolite
interconversion enzymes in B, with 61, 33 and 14 proteins in B, R, and W, respectively.
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Moreover, nucleic acid metabolism proteins were preferentially found in R, with 20, 8,
and 1 proteins in R, B, and W, respectively. Finally, unique proteins in the protein-binding
activity modulator and transporter protein classes were not identified in W.

2.4. Signaling Pathways in the ScS-Extracted Proteome

Six major signaling pathways, consisting of identified proteins in W, B, and R, are
illustrated in Figure 3, as a barcode highlighting the overall distribution of molecular effec-
tors for each batch. The corresponding proteins are listed in Table S7. Apoptosis was the
most represented signaling pathway among these. Nearly half of the proteins involved in
apoptosis (29) were common amongst the three batches. In apoptosis, 17 unique proteins,
mostly related to proteasome subunits (PSM), were detected. These specific cellular ef-
fectors numbered 3 for W (PSMD5, BID, and TNFSF10), 5 for B (PSMB7, PSMD9, PSMF1,
DFFA, and FNTA), and 9 for R (PSMC2, -4, and -6, PSMD1, -6, -12, PSME3, LMNB1, and
STK24). In the complement cascade, the majority of the proteins were common among
the three batches, representing both the alternative and classical pathways. Complement
factor C1QB, a molecular effector of the classical pathway in response to antigen-antibody
response, was only detected in B. Proteins involved in interferon (IFN) signaling pathways,
such as Eukaryotic Translation Initiation Factors EIF4-A1, -A2, -A3, and -G1, were iden-
tified in both R and W, while EIF4E was specifically identified in R. Only one among the
interferon-stimulating genes (ISGs), MX1, was specifically identified in the W batch. Among
the 23 proteins involved in MMP pathways, 12 were common among the three batches,
and only three unique proteins, including MMP-9, were in B. In the cell junction signaling
pathway, only two proteins, nectin cell adhesion molecule 4 (PVRL4) and cadherin (CDH1),
were common to the three batches, whereas more proteins were related to B, with four
specifically identified, i.e., ACTN1, FLNA, PLEC, and VASP. Finally, the majority of the
lipid metabolism-related proteins were identified in R, with 20 molecular effectors mostly
represented by the phospholipase A2 (PLA2) family, including PLA2G2A, -G4B, -G4E, and
-G4D, related to phospholipid metabolism. Only one enzyme, 3-ketodihydrosphingosine re-
ductase (KDSR), related to de novo sphingolipid biosynthesis, was specifically identified in
B. Likewise, a fatty acid metabolism effector, hydroxyacyl-CoA dehydrogenase (HADHA),
was specifically detected in R.

Figure 3. Barcodes of the major signaling pathways and NIPs in each ScS batch. The six signaling
pathways were distributed as apoptosis, complement, interferons (IFNs) signaling, matrix metallo-
proteinases (MMPs), cell junction, and lipid metabolism in the whole strip (W), the bulb (B), and the
rest (R). Each bar represents one protein. The total NIPs (W + B + R) are indicated between the bracket
above each pathway barcode, and the corresponding NIPs for each batch are indicated between
brackets on the left.
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3. Discussion

The importance of the biological function of TF in the protection of the OS justifies
the interest in deepening our knowledge of its composition and the role of its molecular
effectors in reacting to changes in the OS [63]. In this study, nano-LC-MS/MS analysis
was performed using nanoElute UHPLC coupled to a timsTOF Pro mass spectrometer,
which enables tunable high performance for differentiating many isobaric and isomeric
molecules present within biological systems [64]. The addition of ion mobility separation to
the chromatographic-mass separation increases sensitivity and reduces spectral complexity
in this MS [40]. The timsTOF Pro enables the analysis of samples with a minimal sample
size less than 200 ng with a sequencing speed exceeding 100 Hz [39]. Tear samples can
be collected using various methods [65]. However, the ScS approach remains the most
common method due to its advantages over the other methods [14]. In order to use this
powerful MS technology, we sought to optimize sample preparation. Thus, we investigated
the various sections of the ScS, considering the whole strip (W) and its two parts, the bulb
(B), and the rest of the ScS (R). The upper section (B), in contact with the conjunctiva, has the
feature of cell adhesion lacking in the remaining part (R). The healthy SEP was investigated
using different parts of the ScS with the timsTOF Pro to enrich the protein dataset while
revealing the differences among protein profiles in W, B, and R. Indeed, processing B and R
separately increased the total NIPs, even though the protein quantity of each batch (W, B,
and R) was initially normalized before the MS/MS analysis. The composition of the protein
content in W should be more varied and complex than in B and R, as it includes proteins
from the totality of the strip. However, new and specific proteins for each piece of the
strip were identified, when the strip was cut into two pieces. Thus, factors such as the ScS
area and the mechanical action during the protein elution step seem to participate in the
protein composition as well as the extraction yield. This suggests that the complexity of the
protein composition and the pre-analytical phases of sample preparation greatly influence
the nano-LC-MS/MS data analysis. As compared to other tear proteome studies [19–21],
the large number of proteins identified in this study has increased our knowledge and
contributed to enriching the tear proteome dataset to better decipher all the functions
of tears. This might also have facilitated the detection of proteins due to their lower
quantities in B and R. Eluting these two regions separately and pooling them before one-run
MS/MS analysis could improve protein identification. Interestingly, as previously reported,
enzymes represented the largest group of proteins in the SEP. The composition of enzymes
in the healthy SEP revealed that hydrolases, oxidoreductases, and transferases formed the
main enzyme families [21]. In our study, the number of identified enzyme families enriched
the proteome dataset, where the percentage of identified hydrolases increased from 41%
to 47.5% and the percentage of oxidoreductases increased from 15% to 22.1% compared
to the results of this study. Nevertheless, the percentage of transferases decreased from
27% to 16.7% [21]. Likewise, another tear enzyme family, with antioxidant enzymes such
as superoxide dismutases (SOD-1, -2, and -3), glutathione peroxidases (GPX-1, -3, and
-4), catalase (CAT), and glutathione reductase (GSR), is responsible for the elimination of
excessive amounts of reactive oxygen species [66]. In addition to the enrichment in tear
enzyme identification, several calcium-binding proteins as Annexin A and S100A family
members have been identified. These enzymes have a broad range of intracellular and
extracellular regulatory functions encompassing the regulation of cellular apoptosis, energy
metabolism, protein phosphorylation, and inflammation, among others [67]. Interestingly,
the regulation of these proteins of interest is known to be associated with OSD [1]. The
specificity of this study was derived from combining the timsTOF analysis with the elution
of three different areas of the ScS, revealing major common proteins as well as unique
proteins identified with a single batch. Additionally, although common proteins were
identified between two or three batches, they differed by their mean of spectral counts.
For instance, mucin-5AC, the major mucin secreted by the conjunctival goblet cells [55],
was found in both the entire ScS (W) and the proximal section (B) of the ScS, which is in
contact with the conjunctival mucosa, but was not found in the distal portion (R) of the ScS,



Metabolites 2022, 12, 2 9 of 18

which does not contain cells and is wetted only by capillary action. The additional recovery
observed from the proximal portion (B) might be explained by the relationship between the
molecular weight and the membrane pore size of the ScS, where a diameter of 20–25 μm
allows large proteins such as mucin-5AC (641 kDa) to be preferentially retained [45].
Thus, migration to the remaining section of the ScS (R) might be hampered. This specific
identification in the whole ScS and the proximal section (B), with different spectral means,
was also observed for Mucin-5A and Mucin-5B. Therefore, the STT seems to be the most
convenient collection method for tear film mucins, supported by the fact that the quantity
of Mucin-5AC is higher in ScS than in basal tears or eye-flush tears [54].

The different relative abundance depending on sample preparation enables improve-
ments in protein identification, either for comprehensive proteomic studies or for routine
assays such as Western blotting and ELISA. For example, myeloperoxidase (MPO), involved
in inflammation, host defense, and neutrophil function [68], was specifically found in B,
but not in R. Thus, the sample preparation of B alone will probably be beneficial for the
enrichment of the analytical tear sample. In the report of the Tear Film Subcommittee of
the TFOS DEWS II, 102 extracellular and 20 intracellular proteins were referenced [1]. Of
these 20 intracellular proteins, 12 of them were found in this study. The spectral means of
these 12 proteins were higher in B than in R and W. This result logically suggests that B
concentrates intracellular proteins. Likewise, among the 102 extracellular proteins, albumin,
lactotransferrin, complement C3, lipocalin-1 enolase-1, and annexin A2 displayed a higher
spectral count in B compared to in R. It could be hypothesized that these tear proteins
accumulate in B and, a lesser extent, migrate to R via capillary action.

Interestingly, the mean spectral count of the most unique proteins in B and R was
higher than that of the unique proteins in W. Indeed, the mean spectral count of 80 unique
proteins in W was less than 2, while several unique proteins in B and R had mean spectral
counts reaching 6.7 and 19.3, respectively. This finding could suggest that the unique
proteins in B and R could be more informative compared to the unique proteins in W.
Despite the widespread use of MS in proteomic studies, the identification of low-abundance
proteins such as cytokines remains a challenge, and multiplex technology is still used for
their quantification [69,70]. This is also supported by the fact that the concentrations of
cytokines in tears are very low [57]. However, the resolutive specificity of the timsTOF
Pro enables the identification of these molecules. Indeed, seven cytokines, consisting of
interleukins and chemokines, were identified in the various batches. The specificities of
identification were also reported according to the ScS sections, such as for IL-19 in W and
IL-36γ, IL-36Ra, and IL-36α, which were identified only in R. CXCL17 and IL1-RN were
identified in all three batches. IL-18 was shared by both W and B, and CXCL10 was shared
by both W and R.

IL-1RN, IL-18, CXCL17, and CXC10 were previously detected in a few tear proteomic
studies, while IL-36α, IL-36γ, and IL-36Ra were identified only in our study, as opposed
to the four other studies [19–21,24]. IL-36,a new member of the IL-1 cytokine family,
contains IL-36α, IL-36β, IL-36γ, and IL-36Ra and plays a crucial role in inflammation and
immunity [71]. The modulation of IL-36α has been reported in Sjögren’s syndrome [62].
IL-36γ induces Mucin 5AC expression [72]. The role of IL-36 members in OSD is of great
interest for further investigation. These results highlight the interest to study separately
the various remaining sections of the ScS for exploring cytokine modulations in OSD.

The enrichment of the SEP dataset also allows the description of the multiple signaling
pathways in healthy human tears. Six major signaling pathways have been reported for
the OS, and proteins involved in these pathways have been determined. These pathways
involve the following: (1) apoptosis; (2) complement; (3) IFN signaling; (4) MMPs; (5) cell
junction; and (6) lipid metabolism. In apoptosis pathways, more proteins were identified
than in other pathways. Apoptosis, as a response to physiological stimuli to maintain home-
ostatic mechanisms during cellular development, aging, and injuries, is highly significant
in OS changes [73,74]. Proteasome 20S and 26S subunits (PSMA/B and C/D, respectively)
and proteasome subunit activator 3 (PSME3) constitute almost half of the proteins from
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this pathway. Additionally, the well-described apoptotic enzymes such as CASP-3/7 [74]
were specifically identified in W and B. The complement system is a crucial mediator of
the innate immune response, and it prevents the spread of infection to other cells and
tissues through opsonization, attracting immune cells or direct lysis, removing damaged
cells/tissues and preventing the development of chronic inflammation [75]. Furthermore,
the protein composition linked to the complement system differs according to the collection
method and the size of the palpebral fissure. Thus, it has been reported that the expression
levels of these proteins are higher in tear samples collected via the capillary method in
comparison to by the STT [23]. Another study demonstrated the identification of C1Q, C3,
CFB, C4, C5, and C9 in closed-eye tears and only the identification of C3, CFB, and C4 in
open-eye and reflex tears [76]. The methodology used in this study enriched the dataset
of complement cascades by adding C1R, C1QC, C6, C4BPA, C7, C8A, CFD, CFH, and
CFI complement factors. The interferon-signaling pathway is also an important cellular
response in OSD, which supports further investigations to understand the regulation of
these molecular effectors [60,77–79]. Proteins identified in interferon signaling pathways,
such as eukaryotic translation-initiation factors (EIF4A-1, -2, and -3, EIF4G1, and EIF4E),
important regulators of mRNA translation [80], were identified in R and W, but not in B.
Additionally, the human leukocyte antigen (HLA) class I proteins (HLA-A/B/C) could be
identified in each region of the strip, except for HLA-E, which is unique to R. Regarding the
extracellular matrix (ECM) and cell junction, two pathways were identified according to
the identified proteins in each section of the ScS. The enzymes involved in the proteolysis
of the ECM, such as MMPs, play a great role in wound healing and inflammation, and
their increased activity has been reported in OSD [81]. As previously reported, MMP-9 in
human corneal epithelial cells correlates positively with increasing osmolarity, which is
mediated by the activation of c-Jun N-terminal kinases (JNKs) and stress-activated protein
kinase (SAPK) pathways [82]. Furthermore, the MMP-9 test is a valuable diagnostic tool
in DED [83]. The majority of identified protein components of the MMP pathway were
shared by all batches. Interestingly, MMP-9 was identified only in B, but with a very low
spectral mean, which could be explained by the healthy status of the donors. This finding
should guide the choice of ScS preparation for further MMP-9 investigation. Additionally,
collagen alpha chain proteins such as COL6A1, COL14A1, and COL9A3 were mostly found
in all batches, except for COL9A3, which was not identified in B. A comparison with
previous comprehensive proteomic studies [19–21,24] identified new collagen alpha chain
components in tears—COL6A1 and COL9A3. These molecular effectors involved in the
integrity of cellular membranes in the allergic response, infectious conditions, and other
OSDs [84] could provide new insight for exploring potential targets of interest.

Finally, lipids are essential components in cellular functions, signaling networks, and
energy metabolism [85]. The members of this molecular family are key mediators in
intercellular and intracellular processes in both inflammatory processes and cell death
phenomena [86,87]. Interestingly, these bioactive lipids and their modulation were also
described in studies of an in vitro DED model [88,89]. This metabolic involvement is
supported by the identification of several enzymes. The secretory calcium-dependent
phospholipase A2 family, including PLA2-G4B, -G4D, and -G4E, was specifically identified
in R. These enzymes are involved in the inflammatory response and host antimicrobial de-
fense and play a role in the glycerophospholipid catabolic process/phospholipid metabolic
process [90]. Likewise, several other lipid metabolism pathways were identified with tear
enzymes, such as glycosphingolipid metabolism and fatty acid metabolism (HADHA). De
novo sphingolipid biosynthesis pathways were also identified, based on KDSR, a specific
enzyme identified only in R. Among the identified molecules involved in lipid metabolism,
12 of them were newly identified in our study as opposed to the other three comprehensive
tear proteomic studies that we compared [19–21].

Lastly, analyzing tear and cellular proteins in the various sections of the ScS increased
the NIPs as well as our knowledge of the SEP. Eluting these two portions before MS analysis
provides additional protein characterization information compared to eluting the entire
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strip. High NIPs such as enzymes and other molecular effectors might help to enrich the
investigation of signaling pathway regulation and cellular processes in OS homeostasis.
This proteome profile could be also slightly enriched with the use of a larger cohort.

4. Materials and Methods

4.1. Sample Collection and Processing

The study was performed according to the tenets of the Declaration of Helsinki and
GCP, and written consent was obtained from all subjects after explaining the protocol and
the scope of the study. The study was approved by the Ethics Committee CPP–Ile-de-France
(number: 2018-A02800-55). Two healthy subjects (HSs) who participated in this study were
volunteers. Two healthy volunteers were males with age 32 and 33, respectively. All ScS
collected for this study reached the full length of wetness within 5 min of the sampling time.
They did not wear contact lenses, used no systemic or ocular medication, had no past history
of systemic or ophthalmic diseases known to alter tear production and had not undergone
any ophthalmic surgeries. Both HSs in this study had to pass an ocular examination including
tear break-up time (TBUT), corneal fluorescein staining (CFS), the evaluation of conjunctival
hyperemia, and a STT to exclude the presence of any clinical pathology.

The bulb (B) of the ScS (Schirmer-plus®, Gecis; Neung Sur Beuvron, France) was gently
inserted into the lower conjunctival cul-de-sac without local anesthesia, after which the
subjects closed their eyes. The ScS were collected after 5 minutes, unless the entire strip
was fully saturated with tears before. Sample collection from the 2 HSs and processing
is illustrated in Figure 4. For each subject, ScS samples were collected from both eyes
in the morning (a.m.) and afternoon (p.m.) for two consecutive days. Collected strips
were placed in a sterile plastic microtube and immediately stored at −80 ◦C until the
analytical procedure. To batch the samples, 8 wetted strips were separated into two
batches. In the first batch (a), the 4 whole strips were pooled (W). In the second batch, the
whole ScS was cut into two parts to provide the upper part containing the bulb (B) and
the remaining part (R). This homogeneous sectioning provided two batches of samples,
(b) and (c), with 4 bulbs and 4 rests, respectively. As for the W samples, the ScS were also
pooled. Each pooled batch (a–c) was eluted in 1 mL of 100 mM ammonium bicarbonate
(AmBic; Sigma-Aldrich, St. Louis, MO, USA) containing protease inhibitor cocktail (P2714;
Sigma-Aldrich, St. Louis, MO, USA), placed on an IKA® VXR basic Vibrax® (IKA®-Werke
GmbH & Co. KG, Staufen, Germany) orbital shaker at 1500 motions/minute at 4 ◦C for
4 h. The samples were centrifuged at 14,000 rpm at 4 ◦C for 5 min, and the supernatants
were collected. Protein quantification assay was carried out using a BCA Protein Assay
Kit (Thermo Scientific, Pierce, IL, USA) and using Spark® Multimode Microplate Reader
(Tekan, Männedorf, Switzerland).The samples were stored at −80 ◦C until MS analysis.

Figure 4. Illustrations of tear sample collection with ScS and sample processing. Eight ScS were
collected from two HSs without anesthesia in 4 different sampling periods over 2 days. Two equivalent
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groups of the ScS were obtained by pooling them. In the first group, whole strips (W) were used;
in the second group, the strips were cut to separate the bulbs (B) and the rest of the strips (R). The
4 pooled W strips (a), 4 B strips (b), and 4 R strips (c) were extracted in ammonium bicarbonate to
prepare an analytical sample for protein quantification and MS analysis. R, right eye; L, left eye; a.m.,
in the morning; p.m., in the afternoon; 1, healthy subject-1; 2, healthy subject-2; ScS, Schirmer strips;
W, the whole strip; B, the bulb; R, the rest of the strip.

4.2. Sample Preparation for Nano-LC-MS/MS Analysis

Sample preparation was performed on 10 μg of proteins for each pooled sample, ad-
justed to the same volume and same protein concentration. Then, dithiothreitol (#3483-12-3;
Sigma-Aldrich, St. Louis, MO, USA) was added to the samples up to 5 mM as a final con-
centration to reduce the proteins in a 37 ◦C water bath for 30 min. Subsequently, alkylation
was performed by adding iodoacetamide (#144-48-9; Sigma-Aldrich, St. Louis, MO, USA)
up to 15 mM for 30 min in the dark and at room temperature. The samples were then
subjected to two-step in-solution digestion, first by adding 200 ng of Lys-C protease (#90307;
Thermo Fisher Scientific) (protease/protein mass ratio equal to 1:50) and incubating the
samples for 120 min at 37 ◦C and then by adding 200 ng of trypsin (#90058; Thermo Fisher
Scientific; protease/protein mass ratio equal to 1:50) for overnight incubation at 37 ◦C.
Following the digestion, the automated StageTips desalting of the peptides was performed
using DigestProMSi (Intavis, Cologne, Germany). The eluted peptides were dried using a
vacuum centrifuge and resuspended in 0.1% formic acid (#F0507; Sigma-Aldrich, St. Louis,
MO, USA) and 2% acetonitrile (#271004; Sigma-Aldrich, St. Louis, MO, USA). For each
sample, 500 ng of peptides were injected in triplicate into a nanoElute UHPLC spectrometer
(Bruker, Champs-sur-Marne, France) coupled to a timsTOF Pro mass spectrometer (Bruker,
Champs-sur-Marne, France). The peptides were directly loaded and separated on an Au-
rora2 RP-C18 analytical column (25 cm, 75 μm i.d., 120 Å, 1.6 μm; IonOpticks, Fitzroy, VIC
Australia) at a flow rate of 400 nL/min at 40 ◦C. Mobile phase A consisted of 2% acetonitrile
and 0.1% formic acid, and mobile phase B consisted of 99.9% acetonitrile containing 0.1%
formic acid. A 90 min elution gradient was performed by increasing mobile phase B from
0% B to 3% over 1 min, from 3% B to 15% over 56 min, then from 15% B to 23% over
21 min, and from 23% B to 32% over 13 min. MS acquisition was run in data-dependent
acquisition (DDA) mode with PASEF. The accumulation time was set to 100 ms in the TIMS
tunnel. The capillary voltage was set to 1.6 kV, the mass ranged from 100 to 1700 m/z in
MS and MS/MS, and the mobility ranged from 0.6 to 1.6 cm2/(Vs). Dynamic exclusion
was activated for ions within a mass of 0.015 m/z and a mobility of 0.015 cm2/(Vs) and
released after 0.4 min. Exclusion criteria was defined as 4 times higher ion intensity of a
precursor. Low-abundance precursors below the target value of 20,000 arbitrary units (a.u.)
and intensity of 2500 a.u. were selected several times for PASEF-MS/MS, until the target
value was reached. Parent ion selection was achieved by using a two-dimensional m/z and
1/k0 selection area filter, allowing the exclusion of singly charged ions. The total cycle time
was 1.1 s with 10 PASEF cycles.

4.3. Nano-LC-MS/MS Data Analysis

Raw MS/MS data were analyzed with Bruker Compass Data Analysis (version 5.1)
and further processed with MaxQuant software (version 1.6.8.0) for protein identifica-
tion [91]. The search parameters were set as follows: mass tolerances of 25 ppm for MS1
and 40 ppm for MS2, carbamidomethyl as fixed modification, acetyl (protein N-terminal),
and oxidation (on M residue) as variable modifications; up to 2 missed cleavages were
allowed. Protein identifications were performed against the Uniprot Homo sapiens
database. The Uniprot homo sapiens database version used was UP000005640_9606 in 2019
(https://www.uniprot.org/, accessed on 2 August 2019) with 20,672 entries on 2 August
2019, while the p-values of peptides and proteins were adjusted to obtain the corresponding
FDRs of <1%, with a minimum of 1 peptide per protein. The semi-quantitative estimations

https://www.uniprot.org/
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of the protein content of the samples were performed, taking into account the numbers of
matched spectra per protein. The spectral counting method was used for the comparison.
This method is defined as the total number of spectra identified for a protein, and it has
been accepted as a practical, label-free, semi-quantitative measure of protein abundance in
proteomics studies [92].

To identify new tear proteins using a timsTOF Pro in this study, a non-supervised
comparison analysis was conducted with four recent studies using advanced MS technolo-
gies, i.e., Kandhavelu, et al. [20], (B) Dor, et al. [21], Aass, et al. [20], and Ponzini, et al. [25]
(Figure S1). These three studies analyzing tears from HSs were selected for their high
numbers of identified proteins.

4.4. Functional Annotation and Signaling Pathway Network Analysis

All identified proteins from the three groups (W, B, and R) were examined by compar-
ing gene ontology (GO) terms. The proportions of the associated proteins in each group
were obtained from the PANTHER Classification System (http://www.pantherdb.org/, ac-
cessed on 3 May 2021) [93]. Among 1582 identified proteins, Panther software could classify
1562 proteins according to their functional classification. The Reactome database was used
for signaling pathway analysis (https://reactome.org/, accessed on 16 March 2021) [94].
As an example of the powerful abilities of this new-generation MS device, the timsTOF Pro,
to separate different molecules with the same mass-to-charge ratio (m/z), Figure 5 presents
how the peptide characterization was assessed by sequencing two of the targeted peptides
possessing almost the same mass—leukocyte elastase inhibitor and immunoglobulin kappa
variable 2-24 (644.3438 and 644.3144 m/z for HNSSGSILFLGR and FSGSGAGTDFTLK,
respectively). These proteins were co-eluted at the same retention time and with a very
similar m/z, but the peptides were differentiated by the timsTOF Pro, thanks to its third
dimension ion-mobility feature.

Figure 5. Heat-map visualization of ion mobility. The peptide ions of two different proteins with
almost the same mass-to-charge ratio (m/z) at a single time point were differentiated by the timsTOF
Pro analysis. The circled lines indicate the m/z and mobility positions of two precursor ions selected
for fragmentation by parallel accumulation-serial fragmentation (PASEF). *; (1/k0), the drift time.

5. Conclusions

By merging three samples corresponding to different sections of the ScS, 1582 proteins
were identified in this study. Enzymes constituted the largest protein group among the
identified proteins. Investigating two portions of the ScS separately enabled the identifica-
tion of a number of additional proteins. Eluting sections B and R separately before analysis

http://www.pantherdb.org/
https://reactome.org/
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with this robust, highly sensitive MS device, the timsTOF Pro, might offer a holistic view
of the main proteins present on the OS, from both cellular and soluble components, akin
to combining a conjunctival imprint and a tear sample. The timsTOF Pro might bring a
new dimension to the profiling of the tear proteome in OSD due to its unique sensitivity,
enabling in-depth proteomic analysis from a small tear sample. The dataset created will
contribute to the tear proteome as well as to the description and comparison of multiple
signaling pathways associated with the OS.

This study may be the basis for new extensive studies on ScS specimens collected
from both HSs and patients with various OSD. Collecting tear specimens with the ScS and
eluting proteins from B and R separately before MS analysis might be the best method for
future clinical studies of the OS proteome.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/metabo12010002/s1. Table S1: Raw data of all identified proteins provided by the ScS
extract of the 3 batches (W + B + R); Table S2: List of identified proteins with the highest mean
of the spectral count in the whole strip (W); Table S3: List of identified proteins with the highest
mean of the spectral count in the ScS bulb (B); Table S4: List of identified proteins with the highest
mean of the spectral count in the rest (R) of the ScS; Table S5: Biological processes associated with
identified proteins in the whole strip (W), bulb (B), rest of the strip (R), and all identified proteins
(W + B + R); Table S6: Molecular functions of identified proteins in the whole strip (W), bulb (B),
rest of the strip (R), and all identified proteins; Table S7: List of proteins identified in the 6 chosen
signaling pathways. Figure S1: Venn diagram comparing other four comprehensive proteomics
studies; Figure S2: Functional analysis and structural classification of unique proteins in each batch.
(a) Subgroups of biological processes. (b) Subgroups of molecular function. (c) The list and number
of protein classes in each ScS section.

Author Contributions: Conceptualization: K.K., F.B.-B., C.B. and M.A.A.; methodology, K.K., M.A.A.,
F.B.-B., C.B., C.P., S.C., I.K. and R.M.; validation, K.K., M.A.A., F.B.-B., C.B., R.M., C.P., S.C., and
I.K.; formal analysis, K.K., M.A.A., F.B.-B., C.B., R.M., I.K., S.C. and C.P., writing—original draft
preparation, K.K., M.A.A., F.B.-B., C.B., R.M., C.P., S.C. and R.M.; writing—review and editing, K.K.,
M.A.A., F.B.-B., C.B., R.M., C.P., S.C., R.M. and I.K.; visualization, K.K., M.A.A., F.B.-B., C.B., R.M.,
S.C., C.P., R.M. and I.K.; supervision, K.K., M.A.A., F.B.-B. and C.B.. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by Sorbonne Université and the Institut National de la Santé
et de la Recherche Médicale, ANR, LabEx LIFESENSES (ANR-10-LABX-65), and IHU FOReSIGHT
(ANR-18-IAHU-01). M.A.A. was funded by a H2020-MSCA-ETN program (IT-DED3; grant agree-
ment: 765608).

Institutional Review Board Statement: The study was approved by the Ethics Committee
CPP–Ile-de-France (number: 2018-A02800-55).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study according to the Ethics Committee CPP–Ile-de-France (number: 2018-A02800-55).

Data Availability Statement: The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD030334
(accessed on 12 December 2021).

Acknowledgments: The authors thank Kevin Clark, for editing advice.

Conflicts of Interest: C.B. is a consultant for Aerie, Alcon, Allergan, Horus Pharma, Santen, Théa;
C.B. and F.B.-B. have received research grants from Horus Pharma, Santen, and Théa.

References

1. Willcox, M.D.P.P.; Argüeso, P.; Georgiev, G.A.; Holopainen, J.M.; Laurie, G.W.; Millar, T.J.; Papas, E.B.; Rolland, J.P.; Schmidt, T.A.;
Stahl, U.; et al. TFOS DEWS II Tear Film Report. Ocul. Surf. 2017, 15, 366–403. [CrossRef] [PubMed]

2. Kopacz, D.; Niezgoda, Ł.; Fudalej, E.; Nowak, A.; Maciejewicz, P. Tear Film—Physiology and Disturbances in Various Diseases
and Disorders. In Ocular Surface Diseases—Some Current Date on Tear Film Problem and Keratoconic Diagnosis; IntechOpen: Warsaw,
Poland, 2021; Volume 32, pp. 137–144. [CrossRef]

https://www.mdpi.com/article/10.3390/metabo12010002/s1
https://www.mdpi.com/article/10.3390/metabo12010002/s1
http://doi.org/10.1016/j.jtos.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28736338
http://doi.org/10.5772/intechopen.94142


Metabolites 2022, 12, 2 15 of 18

3. Craig, J.P.; Nelson, J.D.; Azar, D.T.; Belmonte, C.; Bron, A.J.; Chauhan, S.K.; de Paiva, C.S.; Gomes, J.A.P.; Hammitt, K.M.; Jones, L.; et al.
TFOS DEWS II Report Executive Summary. Ocul. Surf. 2017, 15, 802–812. [CrossRef] [PubMed]

4. Cwiklik, L. Tear Film Lipid Layer: A Molecular Level View. Biochim. Biophys. Acta Biomembr. 2016, 1858, 2421–2430. [CrossRef]
[PubMed]

5. Versura, P.; Campos, E.C. Disease Update on Human Tear Proteome. Eur. Ophthalmic Rev. 2013, 07, 36. [CrossRef]
6. Azkargorta, M.; Soria, J.; Acera, A.; Iloro, I.; Elortza, F. Human Tear Proteomics and Peptidomics in Ophthalmology: Toward the

Translation of Proteomic Biomarkers into Clinical Practice. J. Proteom. 2017, 150, 359–367. [CrossRef] [PubMed]
7. Pinto-Fraga, J.; Enríquez-de-Salamanca, A.; Calonge, M.; González-García, M.J.; López-Miguel, A.; López-de la Rosa, A.;

García-Vázquez, C.; Calder, V.; Stern, M.E.; Fernández, I. Severity, Therapeutic, and Activity Tear Biomarkers in Dry Eye Disease:
An Analysis from a Phase III Clinical Trial. Ocul. Surf. 2018, 16, 368–376. [CrossRef] [PubMed]

8. Enríquez-De-Salamanca, A.; Bonini, S.; Calonge, M. Molecular and Cellular Biomarkers in Dry Eye Disease and Ocular Allergy.
Curr. Opin. Allergy Clin. Immunol. 2012, 12, 523–533. [CrossRef] [PubMed]

9. Kuo, M.-T.; Fang, P.-C.; Chao, T.-L.; Chen, A.; Lai, Y.-H.; Huang, Y.-T.; Tseng, C.-Y. Tear Proteomics Approach to Monitoring
Sjögren Syndrome or Dry Eye Disease. Int. J. Mol. Sci. 2019, 20, 1932. [CrossRef]
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GalNAc  N-acetyl galactosamine
GalNAc-Ts  N-acetyl galactosamine-transferases
GPx  Glutathione peroxidase
GST  Glutathione S-transferase
HMOX  Heme oxygenase
IUBMB  International Union of Biochemistry and Molecular Biology
KEGG  Kyoto Encyclopedia of Genes and Genomes
MAPKs  Mitogen-activated protein kinases
MMPs  Matrix metalloproteinases
PRDX  Peroxiredoxin
QSOX1  Sulfhydryl oxygenase
ROS  Reactive oxygen species
ScS  Schirmer strip
SEP  Schirmer strip-extracted proteome
SOD  Superoxide dismutase
TF  Tear film

Enzymes, the largest group of proteins, are biocatalysts with the critical task of lowering the activation energies 
of chemical reactions, thus speeding up biochemical reactions in living cells and  organisms1–3. Diastase was the 
first enzyme discovered in 1833, and the discovery of other hydrolytic enzymes, such as pepsin and invertase, 
followed rapidly. The German physiologist, Wilhelm Kühne, first used the term “enzyme” in 1878, stemming from 
the Greek words en (within) and zumê (yeast), to describe the ability of yeast to produce alcohol from  sugars1. In 
1836, Swedish chemist, Jöns Jacob Berzelius, introduced the concept of catalysts—chemicals facilitating a reac-
tion without undergoing any change  themselves4. Enzymes are highly specific to the reactions they catalyze due 
to the specific binding of substrates to their active  sites2. However, some enzymes, known as apoenzymes, are 
not initially active, and they need to be activated by a cofactor. Cofactors can consist of molecules such as metal 
ions (e.g., Zn) or organic compounds and can bind either covalently or noncovalently with the apoenzyme. The 
complex formed by a cofactor and apoenzyme is known as a  holoenzyme5.

The International Union of Biochemistry and Molecular Biology (IUBMB) has standardized enzyme nomen-
clature based on the Enzyme Commission (EC) system, recommending that enzyme names and classifications 
should indicate substrates and types of reactions  catalyzed6–9. Enzymes are classified into seven groups accord-
ing to the reactions they catalyze: oxidoreductases (EC 1), transferases (EC 2), hydrolases (EC 3), lyases (EC 4), 
isomerases (EC 5), ligases (EC 6), and translocases (EC 7)3,10. The EC number is a four-digit code identifying the 
enzyme by the reaction  catalyzed11. The first digit of the EC represents the class of enzyme based on its enzymatic 
reaction, the second represents the chemical bonds/groups upon which the enzyme acts, the third represents the 
sub-subclass, and the fourth denotes the specific enzyme within its sub-subclass12. The various enzyme classes 
and the corresponding reactions they catalyze are shown in Table 1.

Bodily fluids contain a large number of enzymes which play important roles in numerous functions such as 
metabolism, cell division, gene expression, and immune system  reactions3. As a bodily fluid, the tear film (TF), 
which covers the ocular surface (OS) and forms a barrier between the eye and the external environment, is no 
 exception13–15. Indeed, homeostasis of the TF is maintained by specific enzymes, which are produced by the 
lacrimal glands and epithelial cells of the cornea and  conjunctiva16. The TF plays an essential role in maintaining 
homeostasis by protecting, nourishing, and lubricating the  OS17,18. Enzymes are crucial components of the TF, 
and dysregulation of their expression or activity can result in OS disorders, such as dry eye  disease16,19.

Many TF enzymes are protective, playing significant roles in antioxidative defense and cell  turnover20. The 
two most abundant TF enzymes, lysozyme and lactoferrin, are key antimicrobial components of the OS immune 
 system20–22. TF enzymes are so critical to OS homeostasis that simply quantifying their expression and activity in 

Table 1.  Enzyme classes and the reactions they catalyze. Seven classes of enzymes and their catalyzed 
reactions are shown. Enzymes of the different classes react on different chemical bonds to catalyze the 
reactions. Data was collected from the Enzyme  Database7. The various molecules involved in these reactions 
are represented by A, B, R, X, Y and Z.

Classification Class name Reaction(s) catalyzed Reactions

EC 1 Oxidoreductases Catalyze oxidoreductions XH + Y  X + YH (reduction) or
A + O  AO (oxidization)

EC 2 Transferases Transfer a group (e.g., methyl or glycosyl group) from one compound to 
another XY + Z  X + YZ

EC 3 Hydrolases Catalyze the hydrolysis of various bonds XY +  H2O  XOH + YH

EC 4 Lyases Cleave C–C, C-O, C-N and other bonds by means other than hydrolysis or 
oxidation

RCOCOOH  RCOH +  CO2 or
[A–X + Y-B]  [X = Y + A-B]

EC 5 Isomerases Catalyze changes within a single molecule XYZ  YZX

EC 6 Ligases Catalyze the joining of two molecules or two parts of a molecule in the  
presence of ATP X + Y + ATP  XY + ADP + Pi

EC 7 Translocases Catalyze the movement of ions or molecules across membranes or their  
separation within membranes X(membrane side 1)   X(membrane side 2)
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an individual can provide important information regarding the overall health status of the OS. Thus, enzymatic 
activities present on the OS are of major interest, so as to fully decipher the role of enzymes in the defense and 
homeostasis of the OS.

The ever-evolving technology of mass spectrometry has enabled the identification of over one thousand pro-
teins in the TF across several proteomic  studies23–25. Various open-access databases exist to identify and classify 
enzymes and provide information on their biochemical properties (e.g., ExplorEnz, IntEnz, SIB-ENZYME and 
BRENDA) from previously generated proteomic  datasets26,27. More recently, our team and, to the best of our 
knowledge, only one other study had described the complete profile of TF enzymes in their proteomic  data23,28. 
Some other studies have only referred to enzyme groups rather than profiling all enzymes  detected29,30. In 
the present study, we merge our prior tear proteomic data with additional comprehensive proteomic analyses 
identifying a large number of proteins in the TF of healthy subjects by mass spectrometry to more extensively 
describe the profile of the OS enzymes. This study also aimed to compare the profiles of these enzymes between 
the two most common tear collection methods, capillary tubes and Schirmer strips. The large enzyme dataset 
thus created will enable us to reveal the complete landscape of BPs and pathways involved in OS homeostasis.

A comprehensive tear enzyme data-
set from healthy subjects was generated by combining nine comprehensive TF proteomic studies using mass 
spectrometry. In these studies, between 450 and 2000 proteins were identified using classical tear collection 
methods (capillary tube and/or Schirmer strip). Of these nine studies (n = 9), four used ScS (n = 4), four used the 
capillary method (n = 4), and one used both methods (n = 1). In these studies, the experimental protocols were 
established in accordance with the ethical guidelines of the Declaration of Helsinki and were approved by the 
relevant institutional ethics committees. Sample collection was also conducted in accordance with the Declara-
tion of Helsinki, and written informed consent was obtained from all subjects who  participated23,24,30–33. Some 
of these studies were conducted with healthy laboratory  volunteers25,28,29. Our study was approved by the Ethics 
Committee CPP–Ile-de-France (number: 2018-A02800-55). The details of these studies are shown in Table 2. 
Here, enzymes identified from studies using the capillary method are considered “TF” enzymes, and those from 
studies using ScS are considered “ScS extracted proteome (SEP)” enzymes.

The enzymes were classified according to the universal nomenclature proposed by 
the International Union of Biochemistry and Molecular Biology (IUBMB) and the open-access enzyme data-
base, ExplorEnz (https:// www. enzyme- datab ase. org/), as the primary source of enzyme dataset  query10. All of 
the enzymes identified in the dataset generated were classified by enzyme commission (EC) number. The Uni-
versal Protein Resource (UniProt) database (https:// www. unipr ot. org/, accessed on 21 April 2022), which incor-
porates the IUBMB enzyme list data into its datasets, was used to describe principal classes and subclasses of 
the  enzymes34.

Functional analysis of the identified enzymes was per-
formed by combining various free and open-source bioinformatics databases. The analysis of major signaling 
pathways was performed using  Reactome35 (https:// react ome. org/ Pathw ayBro wser/#/, accessed on July 29, 
2022) and the Kyoto encyclopedia of genes and genomes (KEGG)36 (https:// www. genome. jp/ kegg/ pathw ay. 
html, accessed on August 7, 2022). Functional enrichment analysis of cellular components was conducted using 
the Database for Annotation, Visualization and Integrated Discovery (DAVID)37 (https:// david. ncifc rf. gov/, 
accessed on August 10, 2022), and enrichment analysis of BPs and pathways was performed using  Metascape38, 
(https:// metas cape. org/ gp/ index. html#/ main/ step1, accessed on April 21, 2022). Statistical analysis to calculate 
the enriched terms of GO BPs and pathways was performed with Metascape software using the Benjamini–
Hochberg p-value correction algorithm and hypergeometric test to identify all ontology  terms38.

The experimental protocols were established in accord-
ance with the ethical guidelines of the Declaration of Helsinki and were approved by the relevant institutional 
ethics committees. Some subjects were laboratory volunteers; in other cases, written informed consent was 
obtained from all subjects. The images used to illustrate sample collection were obtained from the laboratory 
volunteers. Our study was approved by the Ethics Committee CPP–Ile-de-France (number: 2018-A02800-55).

The comprehensive enzyme dataset generated 
in this study included 1010 enzymes (Fig. 1a). Analysis of the SEP identified more enzymes (n = 813) than TF 
analysis (n = 696). Table S1 displays the contribution of each study, indicating the number and percentage of 
identified enzymes within the complete enzyme dataset.

The list of these compiled enzymes is provided in the “Enzyme Dataset Table in the supplementary data.” 
The distribution of enzymes compiled from among these two groups (TF and SEP enzymes) revealed a large 
number of common enzymes (499) and specific enzymes related to each collection method (n = 197 for TF and 
n = 314 for SEP) (Fig. 1a). All seven classes of enzymes (EC1-7), as outlined by IUBMB enzyme nomenclature, 
appeared in our analysis (Fig. 1b). Of all identified enzymes, peptidases (EC 3.4, n = 172), phosphotransferases 
(EC 2.7, n = 156) and esterases (EC 3.1, n = 151) were the most represented subclasses. Within the oxidoreductase 
class (EC 1), various dehydrogenases (n = 67) (e.g., alcohol and aldehyde dehydrogenases) represented nearly 
half of the enzymes.
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The most represented classes of all the identified 
enzymes were hydrolases (EC 3, 42.3%) and transferases (EC 2, 30.3%), whereas translocases (EC 7, 1.4%) 
formed the least represented class (Fig. 2a). The distribution of the seven enzyme classes was largely similar 
between TF and SEP. However, analyses of the enzymes that were SEP-specific or TF-specific revealed substantial 
differences between the percentage and number of each enzyme class (Fig. 2b). For instance, isomerases (EC 5) 
and ligases (EC 6) in the SEP outnumbered these enzymes detected in the TF, both numerically and proportion-
ally. No specific isomerase was identified in TF, while isomerases formed 5.6% of the specific enzymes in the 
SEP (Fig. 2b).

Functional analysis of all the enzymes revealed 
roles in several signaling pathways. The major signaling pathways of the identified enzymes were related to 
the immune system and protein, carbohydrate and lipid metabolism (Fig. 3). The largest number of enzymes 
participate in the immune system and protein metabolism. The majority of the enzymes in these pathways were 
common amongst the two tear collection methods. In these four main pathways, more enzymes were described 
in the SEP. However, in the carbohydrate metabolism pathways, almost the same number of enzymes were iden-
tified by each collection method. The list of enzymes involved in these pathways is shown in Table S2. A large 

Table 2.  List of proteomics studies used for analytical description of the tear film. The studies included for 
the analysis of enzymes in this study collected tear samples using the capillary method or Schirmer strips. 
These studies report comprehensive datasets of the healthy human tear proteome, and all of them used mass 
spectrometry. FDR false discovery rate, SCX strong cation exchange, ScS Schirmer strips, AmBic ammonium 
bicarbonate.

Tear sampling method
Authors, year of 
publication

Number of healthy 
subjects, samples, 
extraction method 
(only for ScS) Peptide fractionation

Mass spectrometry 
technology

Protein identification 
criteria

Number of proteins 
identified

Capillary tube

De Souza et al., Genome 
Biol.,  200629

Pooled samples (from 
one subject)

pre-fractionation of 
proteins with 1D SDS-
PAGE (13 fractions) or 
in-solution digestion of 
whole samples (without 
fractionation)

LTQ-FT and LTQ-
Orbitrap

Two peptides with 
Mascot scores of > 35,
Two peptides with 
Mascot scores of > 27 
(p ≤ 0.01), or one pep-
tide with a Mascot score 
of > 54 (p ≤ 0.0001), 
when MS3 was per-
formed

491

Kandhavelu et al., J. 
Proteomics,  201631

Pooled samples (from 9 
subjects)

1D SDS-PAGE pre-
fractionation of proteins 
(26 fractions) or 
N-linked glycoprotein 
enrichment

LTQ-Orbitrap Velos Pro One unique peptide, 
FDR < 5% 1873

Hua et al., BMC  
Ophthalmol.,  202032

3 samples (from 3 
subjects)

In-solution digestion 
of whole samples (no 
pre-fractionation)

LTQ-Orbitrap XL FDR < 1% 949

Nättinen et al., Trans. 
Vis. Sci. Tech.,  202030

31 samples (from 31 
subjects)

In-solution digestion 
of whole samples (no 
pre-fractionation)

TripleTOF 5600 + in
SWATH-MS mode FDR < 1% 404

Ponzini et al., Int. J. 
Mol. Sci.,  202133

23 samples (from 23 
subjects)

In-solution digestion 
of whole samples (no 
pre-fractionation)

Orbitrap fusion One unique peptide, 
FDR of < 1% 932

Schirmer strip

Zhou et al., J.  
Proteomics,  201224

4 ScS (from 4 subjects), 
samples extracted in 
100 mM AmBic, at 
room temperature 
for 3 h

Offline SCX  
fractionation of peptides
(6 fractions)

TripleTOF 5600 FDR < 1% for peptides 1543

Aass et al., Anal.  
Biochem.,  201525

48 ScS samples (from 
3 subjects) extracted 
in 100 mM AmBic, 
NaCl, a surfactant, or a 
combination of them at 
25 °C for 4 h

Offline SCX  
fractionation of peptides
(16 fractions)

LTQ-Orbitrap XL 
hybrid

Peptide and protein 
with FDRs of < 1% 
(high) and 5% (relaxed)
LTQ-Orbitrap

1526

Dor et al., Exp. Eye Res., 
 201923

16 ScS samples (from 
8 subjects) centrifuged 
at 7840 g for 7 min at 
4 °C with no additional 
buffer

Off-gel
electrophoresis of 
peptides
(12 fractions)

LTQ-Orbitrap Velos Pro
TripleTOF 5600 + in
SWATH-MS mode

Two unique peptides,
FDR < 1% 1351

Nättinen et al., Trans. 
Vis. Sci. Tech.,  202030

31 ScS samples (from 
31 subjects) incubated 
in 50 mM AmBic on ice 
for 60 min

In-solution digestion 
of whole samples (no 
pre-fractionation)

TripleTOF 5600 + in
SWATH-MS mode FDR < 1% 908

Akkurt Arslan et al. 
Metabolites,  202128

8 ScS samples (from 2 
subjects)
extracted in 100 mM 
ammonium bicarbonate 
at 4 °C for 4 h

In-solution digestion 
of whole samples (no 
pre-fractionation)

TimsTOF Pro FDR < 1% 1582



Vol.:(0123456789)

 |        (2023) 13:15231  | 

www.nature.com/scientificreports/

number of enzymes involved in carbohydrate and protein metabolism were those responsible for glycosylation 
processes, glycan biosynthesis and metabolism. These enzymes are shown in bold in Table S2.

The enriched terms of BPs and pathways of all identi-
fied enzymes are shown in Fig.  4. Metabolic processes such as those for carbohydrates, nucleosides, cellular 
amides and glycosyl compounds were among the enriched terms of BPs. Catabolic and biosynthetic processes 
for carbohydrates and their derivatives constituted other significant terms of BPs. Among pathways, neutrophil 
degranulation was the most significant pathway. Carbon and amino acid metabolism represented two other 
highly significant pathways. The details of these enriched terms and the number of enzymes involved in each 
term are presented in Table S3.

Enrichment analysis of cellular components revealed that over half of all identified enzymes were localized 
in the cytoplasm. The remaining enzymes were either secreted enzymes (13%) or those localized in cellular 
organelles such as mitochondria and lysosomes, among others (Fig. 5).

The constant evolution of technologies dedicated to proteomic investigations has enabled the identification of 
thousands of proteins in numerous  studies28,39,40. The proteomic dataset for tears has been continuously expand-
ing due to a high number of published proteomics  studies41. In this large dataset for the tear proteome, particular 
attention has been paid to enzymes, due to their involvement in numerous critical BPs on the OS. Merging 
the most comprehensive tear proteomic datasets represents a rational methodology to identify and classify all 
enzymes detected in TF. Our analysis demonstrates that the TF is as complex as blood in terms of the number 
of enzymes it  contains42. Additionally, this analysis enables us to unveil the similarities and differences between 
the enzyme profiles of tear samples collected by capillary tube (CT) and Schirmer strips (ScS). Upon tear col-
lection, various factors such as storage, extraction, handling, and analytical methods could also influence the 
biochemical profile of  tears43. Moreover, it is worth emphasizing that not only the methods of sample collection, 
but also the demographic characteristics of the subjects, sample processing techniques, and analytical methods 
employed might have an impact on the outcomes of proteomic  studies44. The variability in sample collection 
practices and the absence of standardized pre-analytical methods represent significant challenges to achieving 
reproducible results and facilitating comparisons across various studies. Therefore, all of these aspects should 
be considered before choosing the most suitable method, since each sampling method has its own advantages 
and  disadvantages45.

Figure 1.  Distribution and classes of identified enzymes according to sample collection method. (a) Number 
of enzymes identified according to tear collection methods. In total, 1010 enzymes were identified, 891 of which 
were reviewed proteins from UniProtKB/Swiss-Prot, while the others (119) represented unreviewed proteins 
from UniProtKB/TrEMBL. (b) Subclassification of all identified enzymes into the seven enzyme groups. Line 
length is proportional to the number of enzymes in each subclass.
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It should be noted that ScS can collect conjunctival cells in addition to TF, potentially resulting in a different 
proteomic  profile30. Hence, in SEP, more enzymes were detected than from TF. Enrichment analysis of the cellular 
compartments also revealed that the percentage of cytoplasmic enzymes was higher among SEP enzymes with 
54% vs 49.6%, while secreted enzymes were proportionately more abundant in TF with 14.6% vs 12%.

The other portion of this study sheds light on BPs and pathways describing the potential roles of these 
enzymes. The majority of enzymes identified play a role in the immune system. Indeed, TF is the first line of 
defense for the eye and, therefore, contains numerous antibacterial molecules and  enzymes17. The contribution 
of the antimicrobial function of TF to the immune response has long been  recognized46. Our study revealed that 
the immune system enzymes identified are made up primarily of hydrolases and transferases. Examples of these 
enzymes are shown in Fig. 6a. A large number of enzymes take part in the neutrophil degradation pathway. This 
pathway is a known component of the innate immune defense mechanisms of the OS.

Increased TF osmolarity activates mitogen-activated protein kinases (MAPKs), matrix metalloproteinases 
(MMPs) and those involved in lipid metabolism such as sphingomyelinase  247,48. Activation of MAPKs increases 
the activity of MMPs, which play roles in inflammation, tissue remodeling and degradation of the extracellular 
 matrix49. Elevated tear osmolarity might increase the blink reflex, generating shear stress on the OS while spread-
ing the tear  fluid50,51. Our analysis identified some of these enzymes (e.g., MAPK-13, -14, MMP9, CTSL, RAC1 
and GST) involved in the shear stress pathway.

The majority of enzymes identified participate in the immune system and protein, lipid, and carbohydrate 
metabolism. Some examples of these enzymes are shown in Fig. 6. Some of the identified oxidative and anti-
oxidative enzymes also take part in the immune system (Fig. 6a). Antioxidant enzymes on the OS provide a 
sophisticated level of protection to the eye against oxidative  stress52,53. Products of reactive oxygen species (ROS) 
have important roles in homeostasis and cell signaling, yet an imbalance of ROS production or scavenging causes 
oxidative damage resulting in cellular damage and  death54,55. OS tissues, such as the cornea, possess mechanisms 
protective against endogenous oxidative  stress56. Mitochondria, peroxisomes and microsomes are generators of 

Figure 2.  Comparison of enzyme classes in TF and SEP. (a) Distribution of enzymes identified in TF, SEP and 
both methods combined. Number of each class in the TF, SEP and combined methods (TF + SEP), (b) Specific 
and common enzymes in TF and SEP. Number of specific enzymes detected only in TF, only in SEP, and by both 
methods are shown.
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endogenous ROS. Additionally, enzymes such as membrane-associated NADPH oxidase, cytochrome c oxidase, 
and xanthine oxidase are other endogenous sources of  ROS57. The most studied antioxidant enzymes of the 
OS are catalase (CAT), glutathione peroxidase (GPx), superoxide dismutase (SOD) and  peroxiredoxins53,56. In 
our analysis, the most important antioxidant enzymes, such as GPx1-3-4, SOD1-2-3, CAT and peroxiredoxins 
(PRDX1-2-3-4-5-6), were identified. On the other hand, oxidase enzymes, such as cytochrome c oxidases (COX1-
2-3), heme oxygenases (HMOX1-2) and sulfhydryl oxygenase (QSOX1), were also detected.

Enzymes responsible for protein metabolism play roles mainly in the pathways of protein biochemical modi-
fication, such as ubiquitination, glycosylation and aminoacylation (Fig. 6b). These post-translational modifica-
tions are essential for the proper function of the  proteins58. Among the proteins that participate in protein and 
carbohydrate metabolism, a large number of enzymes identified were responsible for glycosylation and glycan 
metabolism, which highlights significant biosynthesis and metabolism of the glycocalyx, mucin and nucleotide-
sugar biosynthesis on the OS (Fig. 6b, c). The possible role of glycosylation in homeostasis of the OS has been 
accepted for quite some time, since glycosylated mucins, aminoglycans and sphingolipids are very abundant 
on the  OS59. Indeed, enzymes responsible for fucosylation (a type of glycosylation), such as FUT-3, -5, and -6, 
regulate inflammation. It has been shown that FUT1 knockout (KO) mice developed corneal epithelial defects 
and stromal opacity under desiccative stress, while corneal integrity was not altered and stromal opacity was 
less prominent in the wild-type. Meibomian gland function was also altered in these KO  mice59,60. Apart from 

Figure 3.  Barcode representation of enzymes in immune and metabolic pathways. Each bar represents one 
protein. Blue bars represent TF-specific enzymes, pink bars SEP-specific enzymes, and purple bars common 
enzymes. The number of enzymes is also displayed numerically within each group of bars, and the total number 
of enzymes involved in each progress is shown in parentheses on the right.

Figure 4.  Enriched terms of GO biological processes and signaling pathways. The term “Log10(P)" refers to the 
p-value in log base 10. MP*, metabolic process, CP**, catabolic process, BP***, biosynthetic process.
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enzymes involved in glycoprotein metabolism, various enzymes, such as HEXA, HEXB (glycosidases) and GLA, 
GLB1 (galactosidases), involved in glycosphingolipid metabolism appeared in our analysis (Fig. 6d).

Delving further into the role of glycosylation in OS homeostasis, heavily glycosylated transmembrane mucins, 
Mucin-1, -4 and -16 and the gel-forming mucin (Mucin 5AC), are crucial components of the TF that mediate 
signal transduction, lubrication, and hydration to protect the OS from pathogens and mechanical or chemical 
damage. The composition of mucins is subjected to enzymatic modifications for a stable  defense61–63. These 
enzymes possess a central role in maintaining glycocalyx structure and mucin production, which are critical for 
wettability of the OS and viscosity of the  TF46,64,65.

Initial focus on mucins as the main contributors to tear film’s non-Newtonian behavior was challenged by low 
mucin concentrations found in quantification studies. This highlights the need for a deeper understanding of tear 
component concentrations. While certain proteins such as lysozyme, secretory immunoglobulin A, lactoferrin, 
albumin, immunoglobulin G, and lipocalin were initially thought to have limited impact on viscosity, interactions 
between different proteins and lipids have shown significant influence on tear viscosity, emphasizing the complex 
interplay of tear  components66. The shear stress pathway could have a role in the control of tear viscosity and 
volume. A dysregulation among tear components that contribute to tear viscosity and shear stress, might affect 
the activity of enzymes involved in this pathway. Therefore, these enzymes might be potential therapeutic targets. 
Among these enzymes, MAPKs, MMP9, IKBKB and AKT1 are also involved in the TNFα signaling pathway and 
MAPK13, -14, MMP9, IKBKB, and HSP90AA1 participate in the IL-17 signaling pathway. Our results might 
highlight the role of these enzymes in the control of OS rheology and their involvement in the inflammation 
of the OS in the case of increased shear stress. The lipidome of the OS cells also is disrupted by increased TF 
 osmolarity67. In the presence of all of these changes, the expression and activity of enzymes responsible for these 
metabolic activities could be modulated.

Glycosyltransferases, glycosidases and glycan-modifying enzymes are responsible for the biosynthesis of 
mucin-type O-glycans and N-glycans on the  OS68. The mucin-type O-glycosylation, which provides mucins with 
viscoelastic properties, is one of the most abundant forms of protein glycosylation, forming more than 70% of 
the mass of  mucins63,69,70. The attachment of glycans to serine and threonine residues via O-linked N-acetylga-
lactosamine (GalNAc) is controlled by polypeptide GalNAc-transferases (GalNAc-Ts)69. The GalNAc-Ts initiate 
the biosynthesis of mucin-type O-glycans in the Golgi  apparatus38. For instance, O-glycosylation of Mucin 2 
occurs post-translationally by adding GalNAc to the hydroxyl groups of serine and threonine in  mice71. In the 
current study, seven GalNAc-Ts were identified.

GalNAc-T4 is present in the apical, and GalNAc-T2 in the basal, cell layers, whereas GalNAc-T6 is restricted 
exclusively to conjunctival goblet  cells72. These enzymes take part in the synthesis of N-glycans (glycoproteins), 
such as lacritin, clusterin, lactoferrin, and secretory IgA, which are associated with pathogen adhesion and 
elimination in the  tears68,73. Glycan synthesis in the TF may be disrupted in disease states altering the integrity 
of epithelial cells and the regular function of transmembrane  mucins74. Indeed, down-regulation of mucin 
O-glycosylation by knockdown of C1GALT1 (T-synthase) decreases mucosal barrier function and increases epi-
thelial  permeability61. Inflammation also alters the O-glycosylation process in corneal and conjunctival epithelial 

Figure 5.  Cellular distribution of all enzymes identified in TF and SEP. The majority of enzymes were localized 
in the cytoplasm. Data were retrieved using DAVID software, functional annotations—cellular component.
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 cells75. Various genes associated with glycan synthesis, including mucin-type glycosyl-transferases, are likely 
significantly dysregulated in dry eye disease, an inflammatory disease of the  OS62,76. Our dataset reliably detected 
and provides further information regarding the role of enzymes in mucin and glycocalyx homeostasis on the OS.

The eye also possesses a complex metabolic system to prevent entry of xenobiotics from both the environ-
ment and systemic circulation into the ocular  tissues77,78. This ocular metabolism plays an important role in 
the pharmacokinetics of topical medications. However, drug-metabolizing enzymes in the eye have not yet 
been entirely  characterized79–81. A significant knowledge gap remains to be filled, as the OS may perform some 
organ-specific metabolism, distinct from the well-known hepatic  metabolism79. Ocular tissues contain numer-
ous enzymes responsible for the metabolism of medications and other xenobiotics, including oxidoreductases 
(e.g., cyclooxygenase, cytochrome p450), hydrolases (e.g., aminopeptidase, carboxyl esterase, phosphatase, 
β-glucuronidase) and transferases (e.g., arylamine acetyltransferase, glutathione S-transferase)80. In corneal tis-
sues, most of these enzyme classes participate in drug  metabolism56. These enzymes play roles at different stages 
of drug metabolism. Oxidases, reductases and hydrolyses are involved in phase I, and conjugating enzymes are 
involved in phase II drug metabolism to convert these substances into large water-soluble metabolites. In phase 
III, the metabolite is further metabolized and finally  excreted82. In our analysis, of the oxidative cytochrome 
enzyme family, cytochrome c oxidase subunits 1, -2, -3, cytochrome b-561, NADH-cytochrome b5 reductases 
2, -3, and NADPH-cytochrome P450 reductase were detected. With regard to glutathione S-transferase (GST), 
one of the most detoxifying enzymes, its 10 subtypes, designated GST—A1, -A2, -Kappa 1, -LANCL1, -Mu 1, 
-Mu 2, -Mu 5, -Omega-1, -P, and -theta-1, were identified in our analysis. A large number of identified enzymes, 
mainly transferases, were involved in drug pharmacokinetics. The majority of these enzymes are expressed in 
the liver. These enzymes are involved in conjugating molecules such as glutathione, glycine-N-acetyl or sulfo 
groups to the drugs to facilitate their elimination.

Drug-metabolizing enzymes in the eye can be targeted to activate ophthalmic  prodrugs80. Ocular esterases are 
used in the design of prodrugs and the degradation of polymer-based drug delivery  systems83,84. We identified 

Figure 6.  Identification of enzymes involved in four major signaling pathways. Some examples of enzymes, 
along with their group name and function, are shown in the pathways of (a) the immune system, (b) protein 
metabolism, (c) carbohydrate metabolism and (d) lipid metabolism. BS biosynthesis, MP metabolic process.
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over one hundred esterases, a large portion of which are involved in metabolism, particularly lipid metabolism. 
Of these enzymes, liver carboxylesterase 1 and paraoxonase/arylesterase 1 play roles in the pharmacokinetics 
of medications such as aspirin and atorvastatin. Knowledge of these esterases, together with other drug-metab-
olizing enzymes, can broaden the range of options for the development of diverse drug delivery systems and 
new prodrug strategies to prevent drugs from converting too quickly into inactive  metabolites56. Ocular prod-
rugs are used mainly to increase permeability through the  cornea83. Thus, prodrugs of adrenaline (dipivefrin), 
phenylephrine (phenylephrine oxazolidine) and prostaglandin F2 alpha (latanoprost) are marketed to increase 
bioavailability and reduce side effects of these ophthalmic  medications83,85,86. The prodrug form of latanoprost 
is latanoprost isopropyl ester, which is more lipophilic than latanoprost, and corneal esterases hydrolyze this 
prodrug into its active acidic  form87. Another very important feature of enzymes is their high susceptibility to 
pharmaceutical  manipulation88. Indeed, the majority of the Food and Drug Administration (FDA)-approved 
target drugs are designed to bind to  enzymes89. Compared to other proteins, the high susceptibility of enzymes 
such as MAPK1, MAPK3, and Caspase-3 to pharmaceutical modulation makes them attractive molecules to be 
targeted when involved in an ocular disease process. Increased expression and activity of these enzymes during 
the disease state can be targeted. Comprehensive knowledge of these enzymes might provide the opportunity to 
improve the design and formulation of ophthalmic medications.

A wide variety of enzymes exist on the OS, maintaining homeostasis and protecting the OS from external insults. 
Until now, OS enzymes had not been thoroughly catalogued. This study aimed to fill this significant knowledge 
gap by generating an advanced dataset that might be helpful in the development of novel ocular prodrugs and 
targeted drug delivery systems. The large number of enzymes plays a vital role in the homeostasis of the tear 
mucins and glycocalyx within the ocular surface. These enzymes’ high susceptibility to pharmaceutical manipu-
lation makes them potential therapeutic targets. The development of safer, more effective ophthalmic medica-
tions might be facilitated by understanding the mechanisms of enzymes on the OS. Combining the knowledge 
of OS enzymes with new approaches and techniques might open up new avenues for the development of novel 
pharmaceuticals and formulations.

All data generated or analyzed during this study are included in this published article [Enzyme Dataset Table, 
in the supplementary data].
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Part-III: Biomarker Investigations in Dry Eye Disease 
Article – 4: CXCL17 and PRDX6 Exhibits Characteristics of a Potential 

Biomarker in Sjögren's Syndrome Dry Eye Patients 

 (Underwriting, to be submitted in 2023) 

In this PhD project, the main goal was to uncover new potential biomarkers, pathways, and biological 

processes associated with the pathophysiology of dry eye disease (DED). The research began by 

utilizing an untargeted proteomic approach to identify tear proteins that were differentially regulated 

in 12 patients with primary Sjögren's syndrome (pSS), an autoimmune disease often associated with 

DED, and 6 healthy individuals serving as controls. In this study collected Schirmer strip samples 

were analyzed using tims TOF mass spectrometry. By analyzing the proteomic data, a set of targets 

of interest (TOI) was identified based on specific criteria. 

To gain a deeper understanding of the involvement of these TOIs in the pathophysiology of DED, 

further investigations were conducted using in vitro models of the disease. These experimental 

models allowed us to study how these TOIs contributed to the development and progression of DED 

under controlled laboratory conditions. Afterward, samples collected from DED patients were 

analyzed, in order to validate the findings from the proteomics study and confirm their relevance to 

the DED. This validation step aimed to ascertain whether the TOIs identified in the earlier stages of 

the research also exhibited differential expression patterns in actual DED patients. The outcome of 

this work is described in Article – 4, which provides detailed information about the selection of TOIs, 

their functional roles in DED, and their validation using samples from DED patients. 
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ABSTRACT  

Aim: To determine dysregulated proteins in Schirmer strips (ScS) samples of dry eye disease 

(DED) patients with primary Sjogren´s syndrome (pSS) to investigate them in cellular models to 

reveal underlined signaling pathways and involved biological processes in DED pathogenesis   

Methods: Tear samples were collected using ScS from 6 healthy controls (HCs) and 12 pSS 

patients with DED. Collected strips were extracted separately in ammonium bicarbonate to obtain 

Schirmer strip extracted proteins (SEP).  Proteomics analysis was performed by using a nanoflow 

liquid chromatography system coupled to a high-resolution trapped-ion-mobility quadrupole time-

of-flight mass spectrometer (timsTOF Pro). Obtained data were processed using MaxQuant 

software for protein identification. Differentially expressed proteins between the two groups were 

detected by the Limma statistical test with a false discovery rate cutoff of 1%. Functional analysis 

of proteins was carried out using Reactome, Panther, Cytoscape and Metascape softwares.  

 Of dysregulated proteins in pSS patients, 25 targets of interest (TOI) were chosen for further 

investigation in cellular models as well as ScS samples collected from patients. Cellular 

investigation of these TOI was performed using immortalized human corneal epithelial cells 

(HCEs) that were exposed with either hyperosmolarity (HO, 500 mOsM) or one of the pro-

inflammatory cytokines (10 ng/mL) as TNFα, IL1β, IL17 and IFN-γ. Gene expression of TOI were 

analyzed by RT-qPCR and protein expression by Western blot, ELISA and immunocytochemistry. 

Two molecular effectors as CXCL17 and PRDX6 were further analyzed in ScS from pSS patients 

with DED.  

Results: A significant proteome segregation was observed between the two groups and 111 

dysregulated proteins were identified in pSS, 68 downregulated and 43 upregulated. Modulated 

proteins highlighted an alteration in cell metabolism and mitochondrial function. Proteins involved 

in cytoskeleton or cytoskeleton modulation, extracellular matrix organization, cell-cell junctions 

and cell morphology were dysregulated in pSS patients. Proteome changes in pSS patients show 

evidence of an increased response to hypoxia, and increased apoptosis due to overexpression 

of caspase-3 and proteasomes and decreased markers of autophagy. Of selected TOI, CXCL17 

and PRDX6 were highly dysregulated both in pSS patients and HCE treated with HO. 

Conclusions: Proteomic analysis of ScS samples revealed a major dysregulation in the cell 

cytoskeleton and its regulators. The oxidative stress and a dramatic decrease in cytoprotective 

proteins in the ocular surface might play important roles in the alteration of cell morphology, cell 

junctions and cell metabolism which results in increased cell death of epithelial cells of the ocular 
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surface. Highly modulated CXCL17, PRDX6 and cytoskeleton proteins might possess 

characteristic features of potential biomarkers for DED.   

Keywords: Dry eye disease, Sjögren’s syndrome, biomarkers, proteomics, cytoskeleton 

CXCL17, PRDX6,   
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Highlights 

 More than a hundred molecular effectors were significantly modulated in SEP of pSS with 

DED 

 The main biological process (sum up the heat map)/ oxidative stress/ cytoskeleton 

 Selected molecular effectors are modulated in cellular models under hyperosmolar and 

inflammatory induction 

 Downregulated proteins in pSS patients were up regulated particularly in the HO in vitro 

model, suggesting their involvement in cell survival mechanisms as a response to acute 

stress. 

 CXCL17, PRDX6 and highly modulated cytoskeleton proteins might possess 

characteristic features of potential biomarkers for pSS dry eye disease. 
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1. Introduction  

Tear film (TF) composition can be affected by many different internal and external factors, 

resulting in one of the most common ocular conditions known as dry eye disease (DED) [1]. In 

TFOS DEWS II Report, DED was defined as “a multifactorial disease of the ocular surface 

characterized by a loss of homeostasis of the tear film and accompanied by ocular symptoms, in 

which tear film instability and hyperosmolarity, ocular surface inflammation and damage, and 

neurosensory abnormalities play etiological roles” [2]. Sjögren’s syndrome (SS), a severe form of 

aqueous deficient dry eye (ADDE), is a systemic, progressive autoimmune disease whose 

prevalence is almost 10 times higher in women, particularly in perimenopausal and 

postmenopausal age [3]. The prevalence of SS in the united states population was estimated 

between 2 and 10/10,000 inhabitants [4]. The disease may occur as primary SS (pSS) alone or 

in conjunction with another autoimmune disorder as secondary SS [5][6][7]. SS particularly affects 

salivary and lachrymal glands (LGs) characterized by xerostomia (dry mouth) and xerophthalmia 

(dry eyes) [3][8]. Even though alterations in the immune response, particularly adaptive immunity, 

have been attributed to the occurrence of the disease, the primary cause still has not been fully 

elucidated [9][10]. The disease is characterized by predominantly CD4+ T lymphocyte infiltration 

to exocrine gland tissues that might be critical in the induction or maintenance of the disease. 

Besides growing evidence of B cell activation, autoantibody production and increased  B cell 

malignancy have been shown in SS [11][12][13]. The adaptive immune response associated with 

T helper-2 lymphocytes is altered in these patients [9]. The massive lymphocyte infiltration in LGs,  

salivary glands and blood levels of auto-antibodies, like anti-nuclear antibody (ANA), and 

rheumatoid factor are hallmarks of this disease [14]. Besides these glands, the conjunctiva is 

another tissue where lymphocyte infiltration is observed [15]. Due to autoantibody production, SS 

displays systemic complications and constitutional symptoms such as weight loss, fatigue and 

dysfunctions of several organs may develop in patients over time [16][17].  

The diagnosis of this complex disease can take several months to years [11]. Non-invasive 

diagnostic techniques are needed for disease-specific biomarkers in pSS and tear film (TF) could 

be promising for such endeavors [18]. There has been a demand and unmet need for specific, 

sensitive biomarkers that can diagnose SS at an early stage [3][19]. TF is an effective tool in the 

evaluation of the health and disease state of the OS [20]. It is a valuable source of biomarkers for 

objective analysis of ocular and systemic diseases since its composition reflects the physiological 

condition of both ocular and systemic diseases [20]. Screening biomarkers from TF has significant 

potential for a better diagnosis and assessment of pSS patients [19]. Schirmer strips (ScS), one 
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of the most common tear collection methods, are also used in the diagnosis of SS. A moistened 

length of the strip less than 5 or 10 mm after five minutes of contact is one of the classification 

criteria for SS diagnosis [21][22]. Collection of TF from SS patients can be challenging due to 

decreased tear volume and in this context, ScS offers the advantage of stimulating reflex tearing, 

while also enabling the collection of conjunctival epithelial cells, thereby providing a more 

comprehensive evaluation of the proteome and overall health status of the OS [23][24]. 

Current clinical tests to diagnose SS despite their widespread use, show inconsistent results [14]. 

Therefore, more accurate, reproducible diagnostic biomarkers are needed. Differentially 

expressed proteins in SS patients have been extensively searched for diagnostic biomarkers 

[25][26][27][28]. Numerous proteomics studies have investigated biomarkers in salvia, in tears, or 

in both fluids together [25][26][27][29][30].  

This study aimed to describe and analyze the major biological processes and pathways of the 

dysregulated proteins from ScS-extracted proteome (SEP) of pSS with DED. A comprehensive 

proteomics approach was used to identify a large panel of molecular effectors from SEP. Selected 

molecular effectors were further investigated in both cellular DED models and ScS samples from 

pSS patients with DED to confirm proteomic results and to characterize functionally the most 

promising targets for biomarkers investigations in pSS patient population with an altered OS. 

2. Materials and Methods 
2.1. Study population 

The study was performed according to the tenets of the Declaration of Helsinki & GCP, and written 

consent was obtained from all healthy controls (HCs) and pSS patients after explaining the 

protocol and the scope of the study. The study was approved by the Quinze-Vingts National 

Hospital Ethics Committee CPP–Ile-de-France (number 2018-A02800-55). The healthy subjects 

who participated in this study did not wear contact lenses, nor systemic or ocular medication, had 

no history of systemic or ophthalmic diseases known to alter tear production, and had not 

undergone any ophthalmic surgeries and all of them had to pass an ocular examination including 

tear break-up time (TBUT), corneal fluorescein staining (CFS), evaluation of conjunctival 

hyperemia, and Schirmer’s tear test. Demographic and clinical characteristics of 6 HCs and 12 

pSS patients are shown in table Table 1. 

Table 1. Demographic and clinical characteristics of subjects enrolled in this study. (A) Subjects employed 
in mass-spectrometry-based proteomics (timsTOF Pro) and (B and C) for targets of interest (TOI) validation. 
Data are expressed as mean ± standard deviation (SD). Statistical analyses between the two groups were 
performed using the nonparametric Mann-Whitney test. Level of statistical significance, p < 0.05. 
Abbreviation: OSDI; ocular surface disease index, TBUT; tear break-up time, M; male, F; female, ND; not 
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described 
 

(a)  Demographic Data of HC and SS patients used in Mass Spectrometry  

 
(b) Demographic Data of HC and SS patients used in TOI explorations 

Clinical Parameters Healthy Controls Sjogren's Patients p Value 

Age 27.5±10.7 58.6 ± 2.7 - 

OSDI ND 49.1 ± 9  
TBUT ND 3.4 ± 0.8  

Oxford staining score ND 2 ± 0.5  
Schirmer strip score I 19.5±7.2 6.4 ± 4.5 ˂0.0001 

Number 13 (4 Males, 9 Females) 56 (50 Females, 6 Male)  
 

2.2. Sample collection and protein extraction from Schirmer strip 

ScS were used for the sample collection. A strip (Schirmer-plus®, Gecis, Neung-Sur-Beuvron, 

France) was gently inserted into the lower conjunctival cul-de-sac without local anesthesia, after 

which the subject closed his or her eyes. The ScS were collected after 5 minutes unless the entire 

strip was fully saturated with tears before 5 min. Collected ScS were placed into a sterile plastic 

microtube and immediately stored at -80°C until the analytical procedure. Strips were eluted in 1 

ml of 100 mM ammonium bicarbonate (AmBic; Sigma) containing protease inhibitor cocktail 

(P2714, Sigma -Aldrich, St. Louis, MO, USA), placed on an IKA® VXR basic Vibrax® orbital 

shaker at 1500 motions/minute at 4°C for 4 hours. The samples were centrifuged for 5 minutes at 

14,000 rpm at 4°C, and the supernatants were collected. The protein quantification assay was 

carried out using a BCA Protein Assay Kit (Thermo Fisher).  

The study design depicting all steps of proteomic investigation (e.g., sample collection, 

preparation and data analysis) and following investigation in induced Human corneal epithelial 

cell line (HCE) cells and samples collected from pSS patients is shown in Fig. 1.  

2.3. Nano-LC-MS/MS analysis and protein identification 

Clinical Parameters Healthy Controls Sjogren's Patients p Value 

Age 34.3 ± 10.9 59.4 ± 12.3 - 
OSDI 3.8 ± 5.5 62.8 ± 21.1 0.0012** 
TBUT 9.5 ± 2.5 3.8 ± 2.6 0.1 

Oxford staining score 0.1 ± 0.2 0.5 ± 0.6 0.02* 
Schirmer strip score I 26 ± 8.5 7.3 ± 6 0.002** 

Number 6 (5 Males, 1 Female) 12 (11 Females, 1 Male)  
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Each SEP sample was normalized at  250 ng and was processed and injected into nanoElute 

coupled timsTOF Pro as previously described [24]. Raw MS/MS data were analyzed using Bruker 

Compass Data Analysis (version 5.1) and further processed with MaxQuant software (version 

1.6.8.0) to identify the proteins [31]. The search parameters were set as follows: mass tolerances 

of 25 ppm for MS1 and 40 ppm for MS2, carbamidomethyl as fixed modification, acetyl (protein 

N-terminal), and oxidation (on M residue) as variable modifications; up to 2 missed cleavages 

were allowed. Protein identifications were performed against the UniProt Homo sapiens database. 

The Uniprot homo sapiens database version used was UP000005640_9606 in 2019 

(https://www.uniprot.org/, accessed on 2 August 2019) with 20,672 entries on 2 August 2019, 

while the p values of peptides and proteins were adjusted to obtain the corresponding false 

recovery rates (FDRs) of <1%, with a minimum of 1 peptide per protein. Significantly modulated 

proteins were determined based on their label-free quantitation (LFQ) intensity using Limma 

software. Proteins with a fold change ˃1.5 and p value ˂ 0.05 were considered significantly 

modulated. In case of missing data of 2 HCs or more, the protein was excluded. If there were also 

missing data of 4 pSS patients or more, the proteins were excluded to only include reliable data. 

However, for significantly down-regulated proteins in pSS patients, if there were missing data of 

10 or more patients, these proteins were included in the list as they were considered not 

expressed or very lowly expressed in most of the pSS patients to be detected.  

2.4.  Functional annotation and signaling pathway network analysis   

To classify the modulated enzyme, we used PANTHER Classification System 

(http://www.pantherdb.org/, accessed on 13 March 2022) [32] and the ‘enzyme classes’ available 

on UniProt (https://www.uniprot.org/, accession date: 03/03/2022). Gene ontology (GO) term and 

signaling pathway analysis were conducted [33][34] by using Cytoscape (version 3.9.1) and 

Metascape software (https://metascape.org/) (both were accessed in March 2022) [35][36]. 

2.5.  Cell culture 

Human corneal epithelial cell line (HCE) from RIKEN biobank - Tsukuba, Japan [37] was used to 
perform 3 experimental and cellular model of DED [38][39][40][41][42][43][44][45]. HCE cells 



9 
 

Figure 1. Workflow of the study. (1) Steps of the proteomic analysis from sample collection to identification 
and functional analysis of modulated proteins. Schirmer strips were collected from pSS patients and healthy 
controls (HCs). Samples were processed and injected into nano-liquid chromatography coupled to tandem 
mass spectrometry (nLC-MS/MS). Proteins were identified using MaxQuant software. (2) Several 
bioinformatic tools were used to reveal functional analysis of dysregulated proteins in order to choose 25 
targets of interest (TOI) based on the selected criteria. (3) TOI were further investigated in induced-HCE 
cells and extracts of the Schirmer strips collected from pSS patients.   
 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM)/F-12 (1/1) supplemented with 10% 

fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. All 

culture media components were purchased from Gibco - Paisley, UK. Cells were maintained at 

37 °C in a 5% CO2 atmosphere, and the culture medium was changed every other day. Sub-

confluent corneal epithelial cultures in 6-well plates were washed three times with PBS and 
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switched to a medium including 2% of FBS for 24 hours before exposure. Then, HCE cells were 

exposed to either hyperosmolar stress (500 mOsm/L) by adding the corresponding amount of 

sodium chloride (NaCl) into culture media or with one of the proinflammatory cytokines of IFN-γ, 

IL-1β, TNF-α, IL-17A at 10 ng/ml concentration 41for various time course until 4 and 24 hours.  

Characterization of the in vitro models was performed by investigation of mitogen-activated 

protein kinases (MAPKs) activation, the release of proinflammatory cytokines (IL-6, TNF-α and 

IL-1β) and expression of autophagy markers ATG5 and LC3B Western blotting was performed to 

investigate MAPKs (JNK1/2, ERK1/2, p38) activation and state of autophagy.  

2.6. Viability and apoptosis assay  

The cells were seeded in triplicate at a density of 5000-10,000 cells per well in 96-well, followed 

by the administration of the hyperosmolarity (500 mOsM) or 10 ng/ml of IL-1β, IL-17A, TNF-α, 

IFN-γ or 10 and 20 μM of berberine, ERK, JNK and p38 MAPK inhibitors for 4 and 24 hours. 

Subsequently, apoptosis and cell viability assays were conducted using the ApoLive-Glo Multiplex 

Assay Kit (Promega), adhering to the instructions provided by the manufacturer. 

2.7. ELISA 

 Enzyme-linked immunosorbent assays (ELISAs) were performed using commercial DuoSet 

ELISA Development kits (R&D Systems, Minneapolis, MN, USA). for proinflammatory cytokine 

release studies (IL-6, TNF-α and IL-1) from induced HCE cells. Human CXCL-17 ELISA Kit (# 

EH137RB, ThermoFisher) and human PRDX6 Sandwich ELISA Kit (#ABIN6958496, Antibodies) 

were used to analyze CXCL17 and PRDX6 levels in the supernatants of the HCE in vitro models, 

in the lysis of the HCE cells and extraction of ScS collected from 43 SSDE, and 10 HC. The 

protein quantity of each sample extracted from ScS was normalized to 25 μg before each ELISA 

test.  

2.8. Targets of Interest (TOI) Selection 

A set of TOI was selected to assess and validate among significantly modulated proteins detected 

in the proteomics analysis of SS patients as potential biomarkers. In order to determine these 

TOI, we focused on different criteria that proteins must have. These criteria come from a personal 

choice.  

 be significantly modulated in our study in SS patients (Fold change ≥1.5, p-value <0,05) 

 be involved in biological processes, such as oxidative stress, apoptosis, autophagy, 

cytoskeleton organization and inflammation.  
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 have important cellular functions involved in the disease pathophysiology 

 be described in the literature (State of art) 

 have available validation tools/methods 

 have comprehensive interaction networks with other proteins 

Based on these criteria, 25 TOI were selected (STable 1), among the important biological 

processes involved in the pathophysiology of this ocular surface disease. Additionally, I included 

cytoskeleton proteins, which have not yet been thoroughly investigated in DED and are strongly 

modulated in the SEP of our patients. Description of these TOI in the literature allowed us to 

choose the best candidates that can participate in the mechanisms of the disease.  

2.9.  Gene expression analysis  

Dry cell pellets of HCE cells and Schirmer strips were stored at −80 °C until analysis. The total 

RNA was extracted from HCE cells and Schirmer strips using the NucleoSpin® RNA extraction 

kit (Macherey Nagel, Neumann-Neander, Germany). The total RNA elution volume was 60 μL. 

The purity and the RNA concentration were measured using a NanoDrop (Thermo Scientific, 

Labtech, Uckfield, UK). Reverse transcription (RT) was performed with 600 ng RNA using 

multiscribe reverse transcriptase (TaqMan® Reverse Transcription Reagents, Applied 

Biosystems, Life Technologies) according to the manufacturer’s instructions. Primer and probe 

sets were obtained from Applied Biosystems. qRT-PCR was performed using the TaqMan 

Universal PCR Master Mix. Primers used to amplify specific gene fragments as follows: FLNB 

(Hs00963204_m1), CXCL17 (Hs01650998_m1), (MYH9 Hs00159522_m1), PRDX6 

(Hs00705355_s1), LACRT (Hs00264464_m1), TMSB4X (Hs03407480_gH), PLA2G2A 

(Hs00179898_m1), IL6 (Hs00174131_m1), TNFA (Hs00174128_m1) MUC1 (Hs00159357_m1), 

MUC4 (Hs00366414_m1), MUC16 (Hs01065175_m1) GAPDH (Hs02786624_g1) as a house 

keeping gene. The concentrations of each sample were adjusted to 5 ng/μl of cDNA. Gene 

expression of determined 25 TOI was performed using TaqMan customized plates. Later, 10 

modulated TOI was further investigated using probes purchased from Thermo Fisher. Gene 

expression analysis of TOI was performed using quantitative reverse transcription PCR (RT-

qPCR). Each assay was normalized by amplifying the housekeeping cDNA GADPH. Changes in 

mRNA expression were calculated according to the 2−ΔΔCT method (CT, cycle threshold), with 

ΔCT = CTtarget gene – CTGADPH and ΔΔCT = ΔCTstimulated − ΔCTcontrol.  

2.10. Western blot 
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Protein extraction from induced HCE cells or ScS samples was performed using RIPA buffer 

containing protease inhibitor cocktail (P2714; Sigma-Aldrich, St. Louis, MO, USA).  Total Protein 

content (TPC) was measured using a protein bicinchoninic acid assay kit (BCA-Thermo Fisher 

Scientific). Samples were diluted in 4X Laemmli buffer and heated at 95°C for 5-10 min before 

loading on the SDS-PAGE 12% (#1610747, Bio-Rad Laboratories). Each gel was loaded with 

prestained protein standard (#161-0394, Bio-Rad Laboratories). Resolved proteins were 

electroblotted onto nitrocellulose blotting membranes ( ref Sigma-Aldrich) and blocked with 5% 

skim milk (Sigma-Aldrich, Steinheim, Germany)  in PBS 1X 0,2% Tween solution for 1 h. Blots 

were incubated overnight at 4°C  with primary antibodies against CXCL17 (PA5-122056, 

Invitrogen), PRDX 6 (A4286, ABclonal), Phospho-Cofilin (ser3) (3311, Cell Signaling), Cofilin 

(5175, Cell Signaling), CAP1 (DF13310, Affinity), ACTB (3700, Cell Signaling), LC3B (83506, Cell 

Signaling), ATG5 (12994, Cell Signaling). The membranes were incubated with secondary 

antibodies for 1 h at room temperature. Chemiluminescence detection was performed using 

horseradish peroxidase-conjugated secondary antibodies and an Amersham (GE Healthcare) 

ECL kit. The images were acquired using the Fusion FX7 western blot and chemiluminescence 

imaging system. 

2.11. Fluorescence microscopic analysis using Arrayscan and confocal 
microscopy 

Immunofluorescence analysis was performed using HCE cells that were grown in the 

corresponding conditions of our in vitro models until 60-80 % confluence in 96-well for Arrayscan 

or on round 12 mm coverslips in 48-well plate for confocal microscopy imaging. Cells were fixed 

with freshly prepared 4% paraformaldehyde at room temperature and subsequently were 

permeabilized and blocked with 0.3% Triton X-100 and 5% donkey serum in PBS at room 

temperature for 1 hour and they were incubated with primary antibodies against CXCL17 (PA5-

122056, Invitrogen), Filamin B (DF13572, Affinity), TMSB4X (DF12334, Affinity), MYH9 (AF7797, 

Affinity), PRDX 6 (A4286, ABclonal), CAP1 (DF13310, Affinity) at the indicated dilutions described 

by the manufacturer at 4°C overnight. After 3 washes with PBS, they were incubated with 

secondary antibodies for 2 hours, which was followed by 10 minutes of DAPI incubation after 3 

washes. The 96-well plates were imaged with Thermo-Cellomics Arrayscan VTI HCS Reader 

(Thermofisher, Waltham, MA, USA) and analyzed for high-content quantitative analysis by 

system-provided algorithms HCS Studio Software (ThermoFisher; CellHealthProfiling 

bioapplications of Visual Studio software) to evaluate the mean intensity of markers of interest in 

DAPI positive cells. For each well, a central part of the well surface was analyzed which 
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corresponds to 16 scanned fields.  

The cover slips in 48-well plates were processed by the same workflow and in they were mounted 

on glass slides using a mounting medium containing an anti-photo- breeching reagent (3% 

DABCO, Wako Pure Chemical Industries, Ltd, Osaka, Japan). Fluorescent images of the sections 

were observed by an inverted Confocal Laser Scanning Microscope FV1000 (Olympus GmbH, 

Hamburg, Germany). 

Acquisitions were made with a fluorescent microscope (Arrayscan VTI HCS Reader, Thermo 

Fisher Scientific). Twenty-five/ Sixteen fields per well were analyzed and recorded by Arrayscan 

software (HCS iDev Cell Analysis Software, Thermo Fisher Scientific). Results are expressed as 

the mean signal intensity of treated cells and normalized using the signal intensity of the baseline. 

2.12. Statistical tests 

GraphPad Prism 9 (GraphPad Software) was used for data analysis and graphic representation. 

All values are reported as mean ± SEM/SD. Experiments were analyzed with the paired t-test to 

compare differences between two groups or one-way ANOVA to make comparisons among three 

or more groups, as indicated in the legends. p < 0.05 was considered statistically significant. The 

n and P values are indicated in the figures and the figure legends.  

3. Results 

3.1. Results of Proteomics Investigations 
3.1.1. Identification of significantly modulated molecular effectors in Schirmer strip sample 

from pSS patients  

The principal component analysis (PCA) showed clear proteome segregation between both 

groups, HCs and pSS patients (Fig. 2a) revealing significant modulations for 111 proteins. Among 

these proteins, 43 were up-regulated and 68 were down-regulated (Fig. 2b).  
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Figure 2. Proteome segregation and comparison of modulated proteins. (a) Principal component analysis 
(PCA) of healthy controls and PSS patients. PCA analysis displays significant protein segregation between 
both groups (red color; SS patients and green color; healthy controls). (b) Volcano plot distribution of 
dysregulated proteins in pSS patients, the x-axis represents log2 fold change and the y-axis represents –
log p-value of significantly regulated proteins. The green color symbolizes down –regulated, red color 
symbolizes up-regulated proteins.  

 

The most upregulated proteins in pSS patients were serotransferrin, serum albumin, protein 

S100-A9, protein S100-A8 and cytosol aminopeptidase with a fold change of 8.32, 6.65, 5.70, 

5.49, 4.67 respectively. Submaxillary gland androgen-regulated protein 3B (SMR3B), 

mammaglobin-B, calpain-1, elongation factor 1-alpha and phospholipid transfer protein were the 

most down-regulated proteins in SS patients with a fold change of 1833.9, 31.4, 21.4, 9.8, 9.7 

respectively. Natural occurring glycoproteins of lacrimal glands such as lacritin, clusterin and 

proline-rich protein-3 (SMR3B) and -27 were among the most down-regulated proteins. The 

dramatic decrease of these proteins justifies the dysfunction of LGs in pSS patients.  

Enzymes formed the major group of all modulated proteins, represented by 47 of them. Of 43 

upregulated proteins, 28 (65.1%) were enzymes and of 68 downregulated proteins, 19 were 

enzymes (27.9%). The classification of modulated enzymes revealed that all of the modulated 

isomerases, ligases and the majority of modulated hydrolases were up-regulated while the other 

two modulated classes, oxidoreductases and transferases were represented more by down-

regulated enzymes as shown in Fig. S1.  

3.1.2. Functional analysis of the modulated proteins 

Analysis of modulated proteins unveiled that the majority of up-regulated proteins had catalytic 
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activity and the majority of down-regulated proteins had binding activity (Fig. S2-a).  

The most representative subgroups of GO - biological processes concerned by the modulated 

proteins were involved in cellular processes, biological regulation and metabolic processes 

respectively (Fig. S2-b).  

Analysis of protein classes proved that major protein classes were formed by enzymes. The 

number of metabolite interconversion enzymes was close to each other in up- (n=12) and down-

regulated proteins (n=14) but protein modifying enzymes were represented dominantly in up-

regulated proteins (n=14) versus down-regulated proteins (n=4) as shown in Fig. S2-c.  

Metalloaminopeptidases such as LAP3, PEPD, RNPEP and endopeptidases such as PSMA4, 

PSMB1, PSMB4, PSMB8, PSMB9, PSMB10 were overexpressed in pSS patients.  Protein 

classification revealed that the most of cytoskeleton, calcium-binding, entire protein-binding 

activity modulators and scaffold/adaptor proteins were down-regulated (Fig. S2-c).  

GO enrichment analysis disclosed the most significant biological processes and enriched terms 

involving modulated proteins. These results highlight an overexpression of proteins that are 

involved in metabolic processes, localization, detoxification and response to stimulus (Fig. 3-a) 

and inversely a decrease in cellular processes, and biological adhesion (Fig. 3-b).  Endoplasmic 

reticulum (ER)- phagosome pathway was the most significant term in up-regulated proteins (Fig. 

3-c) while VEGFA-VEGFR2 signaling pathway, neutrophil degranulation and actin filament-based 

process were the most significant terms respectively in downregulated proteins (Fig. 3-d).  

Figure 3. Top-level Gene Ontology biological processes of (a) up-regulated and (b) down-regulated 
proteins. Enriched terms across (c) up-regulated and (d) down-regulated proteins, colored by p-values.  
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3.1.3. Dysregulation of cell metabolism and redox homeostasis  

Modulated proteins involved in the metabolism of glutathione, lipids and monosaccharides were 

mainly enzymes. Proteins involved in glycolysis were all enzymes formed by two dehydrogenases 

(ALDH3A1, AKR1A), one epimerase (GALM), and two isomerases (GPI and TPI1) which were all 

up-regulated. Proteins involved in glucose metabolism and the monosaccharide biosynthesis 

process are shown in Fig. 4. Of proteins involved in the lipid metabolism pathway, ALB, BDH2 

and DBI were up-regulated whereas PLA2G2A and PLIN3 were down-regulated. The majority of 

proteins involved in glutathione metabolism (GSS, GSR, LAP3) were also overexpressed, only 

PRDX6 was downregulated. Proteins involved in the oxidoreductase activity/detoxification 

pathway are also modulated. As to proteins involved in the cellular response to stress and 

hypoxia, the expression of enzymes such as PRXD1, 2 and 6 was reduced. Inversely, the 

regulation of proteasomes and enzymes like ALDH3A1 and GSR was increased. An imbalance 

reveals in oxidoreductase activity as both up and down-regulated proteins are involved (Fig. 4).  

3.1.4. Immune system 

In the innate immune system and adaptative immune system, 42 and 27 modulated proteins were 

involved respectively. The unique and common proteins involved in these two immune systems 

are shown in Fig. S3. Signaling pathways and their molecular effectors that are involved in the 

immune system are shown in Fig. S3. Up-regulated proteasome subunits: PSMA1, PSMA3, 

PSMA4, PSMA5, PSMA6, PSMA7, PSMB1, PSMB4, PSMB8, PSMB9, PSMB10 were involved 

in the majority of these signaling pathways as MAPK family signaling cascades, response to TNF, 

Interleukin-1 signaling, T cell receptor signaling and activation of NF-kappaB signaling. 

Interestingly, mucosal chemokine, C-X-C motif chemokine ligand 17 (CXCL17) was also 

downregulated in pSS patients. The list of all modulated proteins is presented in S Table 2. 
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Figure 4.  Representation of modulated proteins involved in (a) cytoskeleton organization, cellular junctions, 
(b) cellular response to stress and hypoxia, (c) metabolism of glucose, monosaccharides, lipids and 
glutathione and (d) apoptosis, programmed cell death and ferroptosis. The red color represents up-
regulated proteins and the green color represents down-regulation of the shown proteins  
 

Functional enrichment analysis of up-regulated enzymes showed that they were involved in 

apoptosis (CASP3 and 11 proteasomes), glycolysis (ALDH3A1, GALM, AKR1A1, GPI, TPI1) and 

glutathione metabolism (GSS, GSR. LAP3) (Fig. 4). Enzymes with metalloaminopeptidase activity 

such as LAP3, PEPD, and RNPEP were also overexpressed in pSS patients. Enrichment analysis 

of down-regulated enzymes disclosed that these enzymes (LPO, PRDX-1, 2, -6) were involved in 

cellular detoxification and peroxidase activity (Fig. 4).  

3.1.5. Cytoskeleton and cell-cell tight junction proteins 

Several dysregulated molecular effectors highlight an alteration in the morphology of cells and 

cell-cell junctions as actin-binding/cytoskeleton proteins: ACTB, CAP1, CLTC, CRIP1 FLNB, 

MYH9, MYL6, KRT19, TAGLN2, TMSB4X, TMSB10 and TUBB4B; non-motor actin-binding 

proteins: CFL1, CORO1A, GSN, PLS3, PFN1 and their regulators Rho GTPases effectors: 

CALM3, RAB7A, RAC1 were down-regulated. Additionally, molecular effectors which are involved 
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in cell-cell junction and cadherin/actin monomer binding and translocation of GLUT4 to the plasma 

membrane were decreased. (Fig. 4).  

3.1.6. Apoptosis/Programmed cell death/Ferroptosis 

Overexpression of proteins such as CASP3 and proteasome subunits which are involved in 

apoptosis and programmed cell death processes accompanied by downregulation of proteins 

such as EEF1A1, HSP90AB1, PLIN3 and TUBB4B that mediate autophagy process highlights a 

perturbation between regulators of these two processes. These proteins involved in cell death 

and regulation of cell death are shown in Fig. 4. Proteins with metalloaminopeptidase activity 

LAP3, PEPD, and RNPEP were also among the significantly upregulated proteins. These results 

indicate that proteins responsible for cell survival are decreased whereas proteins that take roles 

in apoptosis and cell death are increased in the SEP of pSS patients. We also compared the list 

of modulated proteins with 481 proteins/genes that are involved in SS in DisGeNET [46]. In our 

list, GSN, CALR, FLMB, ALB, PSMB8, PSMB9, CSTD, CASP3, S100A8, and S100A9 were 

common with this list.  

3.2. TOI Investigations in induced HCE cells and Schirmer strips collected from 
SS patients 

3.2.1. Viability and Apoptosis  

The viability of HCE cells induced with HO start to decrease even in the short exposure of 4h and 

further decreased after 24h. Additionally, TNFα, IL-1β and IFN-γ as well decreased the viability 

of the cells after 24h while IL17A did not change the viability of cells. Apoptosis was highly 

increased in the HO after 4h but decreased to lower levels than BL after 24 h probably due to 

activation of mechanisms in the cells that reduce apoptosis. TNFα and IL-1β increased the 

apoptosis in the cells after 24h (Fig. 5) 
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Figure 5. The relative comparison of cell viability (A) and apoptosis (B) in induced human corneal 
epithelial cells compared to baseline (BL). 

 

3.2.2. Stimulation of inflammatory mediators 

The inflammatory response of stimulated HCE cells was investigated by analyzing the release of 

cytokines, namely IL-6, IL-1β, and TNF-α, using ELISA. The supernatants of HO-induced HCE 

cells and cytokine-induced HCE cells were examined to assess the secretion of proinflammatory 

cytokines (IL-6, TNFα, IL-1β) induced by HO, IL-1β, TNFα, IL17A and IFN-γ. The results 

demonstrated that all the stimulations significantly increased the expression of IL-6. The HO and 

IL-1β stimulation increased the expression of TNF-α significantly. Notably, IL-1β exhibited a 

stronger ability to induce the expression of IL-6 and TNF-α compared to the other stimuli. 

However, IL-1β secretion was not observed in any of the stimulations. (Fig. 6). 
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Figure 6. Expression of proinflammatory cytokines (IL-6, TNFα and IL-1β) from studied experimental in 
vitro model of dry eye. Cytokine IL-6 was secreted from all models significantly higher versus the baseline. 
TNFα was expressed higher significantly only with hyperosmolar stress (HO) and IL-1β inductions. 
However, IL-1β was not expressed differentially in any of the models. Results are expressed as mean ± SD 
of fold change compared to control (Student t-test comparisons test. n = 6. *p < 0.05; **p < 0.01; ***p < 
0.001, ****p < 0.0001, ns; non-significant). 

 

3.2.3. Mitogen-activated protein kinases (MAPKs) activation under hyperosmolar stress 

Hyperosmolarity induction resulted in JNK1/2 phosphorylation quickly, just after 15 minutes and 

remained highly phosphorylated until 3 hours compared to baseline (Fig. 7) ERK1/2 started to 

phosphorylate at the 6th hour strongly (Fig. 7). JNK1/2 starts to phosphorylate very early, from 

15mn or before and keeps phosphorylated even after 6 h.  At 6 h, ERK1/2 phosphorylates strongly 

with HO induction.  
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Figure 7. Representative Western blot analysis showing the levels of phosphorylated-JNKs (p-JNK1, p-
JNK2), total JNKs (JNK1, JNK2), phosphorylated -ERKs (p-ERK1, p-ERK2) and total ERKs (ERK1, ERK2) 
in the human corneal epithelial cell line (HCE) inducted with hyperosmolar stress between 15 minutes and 
24 hours (n=4).  

 

3.2.4. Expression of autophagy markers  

Protein expression investigations of autophagy markers ATG5 and LC3B in induced HCE cells 

by HO after 24 h showed that both markers remained downregulated during 4 h of HO induction 

and then start to increase, probably as a response to increased inflammatory cytokines and 

starvation stress (Fig. 8).  

Figure 8. Representative Western blot analysis that shows protein expression levels of ATG5 and LC3B in 
the human corneal epithelial cell line (HCE) inducted with hyperosmolar stress (n=4). 
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3.2.5. Transcriptional modulations of genes involved in various cellular processes  

In the second part, gene expression analysis of the 25 targets of Interest (TOI) was conducted 

using TaqMan customized plates (Thermo Fisher) in human cornea epithelial cells (HCEs). 

Among these TOI, the modulated ones (PLA2G2A, CXCL17, LACRT, PRDX6, TMSB4X and 

FLNB) were detected and then experiments were repeated at least three times (n=3).  More TOI 

were dysregulated in the cells induced by HO (Fig. 9-a). IL-1β increased the expression of MYH9 

specifically after 24h and IFN-γ increased the expression of CXCL17 after 4h and 24 h (Fig. 9-

b/9-c).    

Figure 9. PLA2G2A and CXCL17 gene expression in HCEs stimulated with HO, IFN-γ, IL-17A, or TNF-α. 
Results are expressed as mean ± SD of fold change compared to control (ANOVA with Tukey's multiple 
comparisons test. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001). 

 

3.2.6. Protein expression analysis of TOI  

Protein expression analysis of some TOI was performed by Arrayscan, immunocytochemistry and 

Western blot (Fig. 10). Protein expression of CXCL17 and LACRT was confirmed in the tear 

samples collected by capillary tubes from healthy subjects (Fig. 10-a). However, these two 
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proteins were not detected in the cell lysates of in-vitro models which can be due to very low 

expression in HCE or the CXCL17 can be secreted entirely to the supernatant. LACRT expression 

is very low in conjunctival cells. It is mainly secreted in the lacrimal gland (Eye Proteome Atlas). 

PRDX6 could be detected both in the ScS samples and lysis of HCE cells CFL, which 

downregulated in the pSS patients in the proteomic analysis, did not modulate in the induced HCE 

cells. Interestingly, the phosphorylation of this protein was reduced under HO in the HCE cells 

(Fig. 10-a). The activity of cofilin is inhibited by phosphorylation after the induction with HO. 

High throughput imaging of induced HCE cells using Arrayscan showed that all TOI investigated 

were down regulated in the short exposure of HO (4 h). Interestingly, longer HO exposure (24 h) 

increased the protein expression of CXCL17 and PRDX6 (Fig. 10-b). Confocal microscopy 

images of HCE cells induced by HO for 24 h also confirmed the over-expression of CXCL17 and 

PRDX6 (Fig. 10-c). 
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 Figure 10. Protein expression of TOI in induced HCE cells and human specimens (Schirmer strip and 
tears). (a) Western blot images of Lacritin, CXCl17, PRDX6 in human specimens and expression of Cofilin 
and PRDX6 in induced HCE cells. (b) Protein expression of TOI in non-stimulated and HO-stimulated HCE 
cells during 4 and 24 h (Arrayscan, n=6) (c) Protein expression of PRDX6, CXCl17, TMSB4X and MYH9 in 
the non-stimulated HCE cells and HO, IL-1β, IFN-γ-induced HCE cells for 24 h. The images were obtained 
using laser scanning confocal microscopy at 60X magnification. Scale bar= 50μm.  

3.2.7. Detection and modulation of transcripts in Schirmer strips collected from SS patients 
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The gene expression of CXCL17 was increased in the pSS patients but other TOI did not 

modulate significantly compared to the HC as shown in Fig.11 

Figure 11. Gene expression analysis of the TOI and inflammatory cytokines in SS patients versus HC. 
Statistical analyses between the two groups were performed using the nonparametric Mann-Whitney test. 
The data are shown as mean±SEM.  

 

3.2.8. Expression of PRDX6 and CXCL17 in Schirmer strips collected from SS patients and 

in induced HCE cells 

Two TOI, PRDX6 and CXCL17 that were highly modulated in the induced HCE cells, were finally 

explored in a larger group of patients using ELISA. Both TOI were detected significantly higher in 

the HC versus SS patients. Supernatants of HCE cells treated with HO also exhibited a higher 

level of CXCL17 versus baseline (BL) whereas IFN-γ treatment did not change the protein 

expression of CXCL17 in the induced-HCE cells. In the cell lysis of HCE that were treated with 

HO, higher levels of PRDX6 were observed compared to the untreated cells (Fig. 12).  
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Figure 12. Validation of CXCL17 and PRDX6 in Schirmer strips collected from healthy controls, SS patients 
and in supernatants (CXCL17) and cell lysis (PRDX6) of HCE cells treated with/without hyperosmolarity 
(H0, 500 mOsM). Statistical analyses between the two groups were performed using the nonparametric 
Mann-Whitney test and between more than two groups using ordinary one-way ANOVA. The data are 
shown as mean±SEM.  
  



27 
 

4. Discussion 

Despite significant progress made in understanding the disease mechanism of Sjögren's 

syndrome (SS) and the development of innovative target therapies, there is still no effective 

therapy available [47]. As a result, there is a growing demand among experts for new biomarker 

candidates that can facilitate early diagnosis, improved patient stratification, and personalized 

treatment options [48]. 

In this particular study, we aimed to identify differentially expressed proteins in the Schirmer strip-

extracted proteome (SEP) of patients with pSS. By utilizing the powerful mass spectrometry 

technology, timsTOF Pro, we aimed to uncover the underlying biological processes and signaling 

pathways associated with the disease pathology and also describe potential new candidate 

biomarkers. Through this comprehensive proteomics approach, we successfully identified a 

substantial number of significantly modulated proteins between pSS patients and healthy controls 

(HCs). 

The proteomic analysis found that cytoprotective mechanisms in the OS of patients with pSS were 

altered. Several tear glycoproteins naturally present in the lacrimal glands, including lacritin, 

clusterin, and proline-rich proteins -3 (SMR3B) and -27, were significantly downregulated in pSS 

patients. These proteins play crucial roles in maintaining OS homeostasis. For example, SMR3B 

is involved in inhibiting endopeptidase and regulating pain perception [49]. Decreased levels of 

lacritin and clusterin disrupt the barrier function of OS epithelial cells, impair cytoprotective 

properties, and hinder wound healing [50][51]. Reduced lacritin levels have been observed in pSS 

patients, and its therapeutic potential has been demonstrated in ADDE [52][53].  Similarly, 

clusterin protects cells and tissues from stress-induced damage, epithelial cell death, and barrier 

disruption, while also suppressing autoimmune responses [54]. The decrease in these 

cytoprotective proteins in the lacrimal glands may disrupt OS homeostasis, making it more 

vulnerable to damage. 

Several enzymes involved in oxidoreductase activity were differentially modulated and displayed 

an alteration in the balance of the pro-oxidant and antioxidant systems in our study. At 

physiological levels, reactive oxygen species (ROS) regulate the migration of immune cells, 

angiogenesis, and destruct pathogens. However, excessive ROS amount disrupts the normal 

regeneration process, leading to a chronic inflammatory phase as excessive levels of ROS 

generally induce pro-inflammatory cytokine secretion and matrix metalloproteases [55]. In SS 

patients elevated levels of oxidative stress biomarkers have been indicated in previous studies 

[56][57][58]. Likewise, human corneal epithelial cells (HCEs) exposed to hyperosmolar (HO) 
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stress induces ROS production as the balance between oxidative enzymes (e.g., HMOX1, COX2) 

and antioxidant enzymes (e.g., SOD1, GPX1) is disrupted [59][60][56]. The inflammatory process 

also overproduces ROS which leads to lipid peroxidation, proteins and DNA damage and their 

permanent function alteration [61]. In the conjunctival epithelium of dry eye patients with SS 

(SSDE), the expression of antioxidant enzymes (e.g., CAT, GPx, SOD) is considerably decreased 

[62]. Besides the role of antioxidant enzymes in redox regulation, they also exhibit inhibitory 

capacity in apoptosis as they circumvent the damage caused by ROS  [63].  

Oxidative stress plays an important role in the pathogenesis of DED and induces inflammation 

which is the core mechanism of DED [64][65]. Oxidative stress leads to multifocal inflammation 

and LG fibrosis which results in a decreased level of tear volume [64][66][67]. Interestingly, pro-

inflammatory cytokines such as TNF-α, IL-1β and IFN-γ induce both intracellular and extracellular 

ROS production in eye tissues [68]. TNF-α increases ROS mitochondrial production; IL-1β 

induces ROS production through NADPH oxidase, and IFN-γ induces ROS via both mitochondrial 

and NADPH oxidase [68].  

The literature review shows an interplay between oxidative stress and inflammation. ROS 

generates important inflammasome activating signals through mitogen-activated protein kinases 

(MAPK) and extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) [69]. Inflammasome-

dependent proinflammatory cytokine production requires inhibition of autophagy to increase the 

net amount of mitochondrial ROS (mtROS) within the cell. Upon accumulation of mtROS, NLRP3 

inflammasome is activated  [70]. In SS patients, there are high amounts of inflammasome 

activation-related proteins in the sera of patients which correlate positively with disease severity 

[71]. Inflammation and oxidative stress seem to induce each other in such a vicious circle. 

Therefore, treatment and reduction of inflammation might decrease ongoing oxidative stress and 

its destructive effect on cell metabolism. Following the expression level of these antioxidant 

enzymes on the OS at the beginning and during disease progression could represent an important 

aspect. 

PRDX6 was one of the downregulated antioxidant enzymes in our proteomic study. This enzyme 

has both phospholipase A2 and peroxidase activities, playing a crucial role in the decomposition 

of phospholipid hydroperoxides [72][73]. Besides its critical role in maintaining cellular 

homeostasis against increased ROS, PRDX6 displays various important characteristics that 

separate it from peroxiredoxins which include the utilization of GSH as a primary physiological 

reductant for its peroxidase activity and the ability to bind phospholipids [74][75]. Dysregulation in 

the PRDX6 expression may results in the alteration of cellular metabolism and mitochondrial 
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function [73]. The expression of PRDX6 showed similarity with PLA2G2A both in pSS patients 

and HO-induced HCE cells suggesting its phospholipase activity.  

HO stress leads to inflammation and epitheliopathy in the OS [76]. The imbalance in the protective 

immunoregulatory and proinflammatory pathways commences the self-perpetuating vicious cycle 

of inflammation which is the core mechanism of the pathogenesis in DED [77][78]. HO stress 

activates stress-associated MAPKs which subsequently initiates the downstream induction of the 

transcription factors NFκB and activator protein 1 that initiate the production of proinflammatory 

cytokines, chemokines, and MMPs [79]. Indeed, in our study, the majority of modulated proteins 

were molecular effectors that were involved in innate, adaptative immune systems such as NFκB, 

MAPK family signaling cascade and IL-1 signaling. Protein-protein interaction network showed 

that up-regulated proteins interreact with hypoxia-inducible factor (HIF-1α), NF-Kappa-B 

Transcription Factor P65 (RELA) and CD40 which involves in the hypoxia and inflammation (Fig. 

S4). Alteration in the expression of these molecular effectors probably maintains the inflammatory 

response on the OS.  

Interestingly, the mucosal chemokine CXCL17 which accelerates inflammatory responses and 

displays anti-inflammatory effects on LPS-activated macrophages [80] was down-regulated in 

pSS patients. CXCL17 activates its receptor GPR35 (CXCR8) by inducing a rapid increase in the 

level of intracellular calcium ions [81].  This chemokine is expressed in mucosal surfaces such as 

the respiratory tract, esophagus, glandular stomach, vagina and salivary glands [82]. It is also 

called ‘dual chemokine’ for its high levels of basal expression comparable to its induced 

expression level after disruption of homeostasis and it has been reported that it is overexpressed 

in different inflammatory or autoimmune pathologies [83][84]. In a homeostatic state, this molecule 

displays anti-inflammatory properties and regulates peripheral T lymphocyte homeostasis while 

in the presence of microbial infections, it probably attracts macrophages and dendritic cells to 

protect the ocular surface. The reason it was down-regulated in the SEP of SS patients, might be 

due to the excessive cell death of conjunctival goblet cells besides dysfunction of LG. Indeed, 

human eye transcriptome atlas shows that the its gene is mainly expressed in the lacrimal gland 

and conjunctival cells in healthy eyes [85].  As this molecule is secreted in mucosal surfaces, it 

might be secreted by goblet cells as well. Further validations and cohort studies are required to 

elucidate the role of this novel chemokine on the OS.  

A significant portion of dysregulated proteins in pSS patients were found to be enzymes that are 

involved in apoptosis, glycolysis and glutathione metabolism pointing out an alteration in the 

cellular metabolisms. Glutathione-related enzymes are vital components of the OS homeostasis, 
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as they defend OS against chemicals and oxidative stress preventing lipid peroxidation-related 

membrane damage, and inflammatory processes that result in DED [58][80]. Their increase might 

show evidence of increased oxidative stress and they probably compensate for other defense 

mechanisms such as decreased oxidoreductases and peroxiredoxins. Peroxidases, named 

lactoperoxidase, myeloperoxidase, peroxiredoxins and glutathione peroxidase are expressed in 

the acinar cells of the lacrimal glands (LGs) and secreted to tears [86]. The reduction of acinar 

cells (atrophy) in the LGs might justify the reduction of the proteins and enzymes secreted from 

these cells [87]. 

The antioxidant defense system on OS composes of enzymatic and non-enzymatic molecules. 

The main enzymatic antioxidants formed by SOD, CAT, GPX and PRDX as primary antioxidants 

and TKT, G6PD, GSS and selenoproteins as secondary antioxidants. These antioxidants 

contribute to endogenous and exogenous free radical scavenging [88]. Both glutathione-redox 

cycle enzymes glutathione reductase (GSR) and glutathione synthetase (GSS) were upregulated 

in pSS patients with other important antioxidant enzymes, transketolase (TKT) in this study. 

Inversely, peroxiredoxins (peroxiredoxin 1, 2, 6) were down-regulated. Compensatory up-

regulation of glutathione-dependent antioxidants (GSR, GSS) and TKT seems an essential 

reaction to fix the pro-oxidant/anti-oxidant imbalance.  

Glycolysis is another dysregulated cellular process in pSS patients. Mitochondrial dysfunction 

may increase glycolysis, [89].  Increased expression of glycolysis-related enzymes may be a 

response to reduced mitochondrial respiration on the OS of pSS patients [89][90]. Cellular 

metabolism can change from mitochondrial respiration to glycolysis under hypoxic conditions to 

maintain ATP levels [91]. Upregulation of enzymes such as TKT and GPI, observed in pSS 

patients could be due to hypoxia, which promotes the pentose phosphate pathway and glycolysis 

[92].  

The mitochondrial dysfunction and cytoskeleton alteration may explain the increase in apoptosis. 

Indeed, the molecular effectors involved in the defective intrinsic pathway for apoptosis pathway 

(CAPN1, CAPN2, CASP3, PRDX1, PRDX2, YWHAB, YWHAE, YWHAZ) were dysregulated in 

our study. Apoptosis is a physiological state at a normal level to take the roles in epithelial renewal 

and corneal wound healing [93]. However, an excessive level of apoptosis on the OS may lead 

to epithelial degeneration and goblet cell loss. Subtypes of apoptosis are formed by (i) intrinsic 

pathway (mitochondrial pathway), (ii) extrinsic pathway (triggered when the cell receives death 

signals from the other cells) and (iii) cytotoxic CD8+ T-cell mediated pathway and all of them 

involve activation of caspases as the final tool [94].  
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Excessive generation of ROS and oxidative stress have been linked to structural and functional 

changes in mitochondria, leading to mitochondrial dysfunction [95]. Furthermore, ROS produced 

within mitochondria can trigger the upregulation of inflammatory cytokines through distinct 

signaling pathways [70]. Notably, structural alterations in the epithelial mitochondria of pSS 

patients may contribute to chronic inflammation and disrupted cellular bioenergetics [71]. 

Moreover, ROS can initiate mitochondria-mediated apoptosis [93], and various stimuli, such as 

hypoxia, radiation, toxins, viral infections, and free radicals, can induce intrinsic apoptosis  [96]. 

The intrinsic apoptosis pathway involves mitochondrial outer membrane permeabilization, 

triggered by factors like hypoxia, metabolic stress, endoplasmic reticulum stress, and DNA 

damage [97]. These stimuli lead to the permeabilization of the inner mitochondrial membrane 

integrity and disruption of the mitochondrial permeability transition pore, resulting in the release 

of pro-apoptotic proteins from the intermembrane space into the cytoplasm [98]. In pSS patients, 

there is a reported cross-talk between mitochondrial dysfunction and the immune 

microenvironment in salivary glands [90], and this interplay may also extend to lacrimal glands. 

Consequently, both ROS and inflammation hold the potential to induce mitochondrial dysfunction.  

The alteration in the expression of cytoskeleton proteins was remarkable in pSS patients. In our 

study, motor and non-motor skeleton proteins, the actin-binding proteins were down-regulated in 

pSS patients. The cytoskeleton plays vital roles in cell structure and intracellular organization 

[99][100]. Many essential actions of the immune system including phagocytosis, migration, 

secretion, activation and cell-cell interaction are dependent on cytoskeletal mobilization [101].  

The interferons which are signatures of this autoimmune disease may play their role in the 

disruption of the cytoskeleton of the OS epithelial cells as p38 MAPK activation by IFN-γ causes 

actin rearrangement and alters cell morphology [102][103]. However, another possibility, is the 

dysfunctional cytoskeleton resulting from oxidations on actin and actin-binding proteins such as 

cofilin, plastin and gelsolin due to altered redox metabolism in the cells should not be discarded 

[104]. Indeed, signaling molecules that orchestrate actin cytoskeletal dynamics, such as Rho 

GTPases, kinases and tyrosine phosphatases are modulated by redox regulation [104]. HO stress 

also induces remodeling of the actin cytoskeleton [60], probably due to ROS production as a 

result. Key actin-binding proteins such as cofilin, gelsolin, myosin 6, coronin-A and filamin-B were 

down-regulated in our proteomic study. Actin machinery proteins, such as β-thymosins, gelsolin, 

e-tropomodulin, filamin and coronin-1 play important roles in apoptosis and some of them are 

important substrates for caspases [105].  

Cofilin plays a critical role in severing and depolymerizing actin filaments, which is vital for 
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maintaining the cytoskeleton, facilitating cell division, and ensuring cell viability [106]. Additionally, 

Cofilin demonstrates antiapoptotic properties and has the potential to translocate into the nucleus, 

possibly enhancing transcriptional processes. However, it is important to note that Cofilin's 

functionality can be compromised by oxidative stress, making it highly susceptible to changes in 

the microenvironment [107].  Activation of Cofilin is facilitated by actin-interacting protein-1 (Aip1) 

and cyclase-associated protein-1 (CAP1), the latter of which was also found to be downregulated 

in our proteomic study [106]. 

Execution caspases activate endonucleases and proteases that degrade the cytoskeletal and 

nuclear proteins in the cytoplasm. Caspase-3, the most important of the executioner caspases, is 

activated by any of the initiator caspases (caspase-8, -9, -10) [96]. Activated caspase-3 cleaves 

gelsolin which is a key substrate and plays an important role in actin polymerization. Afterward, 

cleaved gelsolin fragments are involved in the cleavage of actin filaments in a calcium-

independent manner which induces disruption of the cytoskeleton, intracellular transport, cell 

division, and signal transduction [108].  

Cytoskeletal remodeling is a quick response to hyperosmolar stress that initiates several adaptive 

responses in cells to survive mechanical trauma. Besides that, the cytoskeleton is an important 

regulator of gene transcription [109]. Indeed, our HO in vitro model increased the gene expression 

of cytoskeleton proteins such as TYMBX4, FLNB and other TOI which involves in different 

biological functions such as inflammation (PLA2G2A, CXCL17), cryoprotection (LACRT) and 

ROS cleavage (PRDX6). Besides changing the gene expression of some TOI, it has also 

increased the activity of actin-modulating protein cofilin 1 by dephosphorylating it.  

Exploration of the TOI in induced cells revealed new insights into their role in the initiation and 

maintenance of the DED pathophysiology. The downregulated TOI in the proteomic investigation 

(in SSDE patients) were found to be upregulated in induced-HCE cells as a response to acute 

inflammatory or hyperosmotic stress, a part of cell survival mechanisms. Indeed, HO treatment 

resulted in a significant increase in gene and protein expressions of several TOI such as CXCL17 

and PRDX6 and PLA2G2A. Protective cell survival mechanisms observed in these acute in vitro 

models might be impaired in chronic stages of DED. These in vitro models reflect an early 

response formed by cell-survival mechanisms rather than the state of chronic DE pathology. 

Decreased protective mechanisms in DE patients might deteriorate the OS homeostasis and 

modulatory feedback.  

Moreover, exploration of the protein expression of CXCL17 and PRDX6 in a large number of ScS 

collected from SS patients showed high specificity of these two TOI, particularly CXCL17. The 
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decrease of these two proteins in the OS of pSS patients might cause detrimental effects, as they 

might be a very important component responsible for ROS homeostasis and immunomodulation. 

Besides antioxidant activity, PRDX6 has phospholipase activity also.   

Conclusion 

The results of this study disclosed and supported the inflammatory evidence in the disease 

mechanism of pSS. The changes in SEP of pSS patients justify the evidence of increased 

oxidative stress and altered cytoskeleton and cell metabolism. Disruption of the mitochondrial 

membrane could be the starting point that activates caspase and protease activation which results 

in the degradation of nuclear and cytoskeletal protein and the ultimate step in apoptosis. The 

involvement of cytoskeletal proteins in this catabolic progress deserves a significant focus. These 

proteins might possess characteristic features of potential biomarkers for DED.   

Protective cell survival mechanisms observed in the induced HCE cells might be impaired in 

chronic stages of DED. In particular, decreased CXCL17 and PRDX6 in DE patients might have 

a detrimental effect on the OS immune homeostasis. Further research and validation studies are 

needed to confirm the diagnostic or prognostic value of CXCL17 and PRDX6 and their potential 

application in clinical settings. 
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Supplementary Data 
Table S1. List of selected targets of interest (TOI) and the corresponding fold change and 

biological processes of each protein are provided. The TOI are ranked according to their biological 

process and their fold change in SS patients. 

 

  

Numbe
r  

UniProt 
ID Protein name Gene 

name 

Fold 
chang
e 
(SS/HC 

Biological processes 

1.  P14555 Phospholipase A2  PLA2G2
A 5.76 Defense/immunity 

2.  Q6UXB
2 

VEGF coregulated 
chemokine 1 CXCL17 2.30 Defense/immunity 

3.  P55058  Phospholipid transfer 
protein PLTP 9.68 Defense/immunity 

4.  P00390 Glutathione reductase GSR 2.93 Detoxification of ROS 

5.  P30041 Peroxiredoxin-6 PRDX6 2.91 Detoxification of ROS 
6.  P32119 Peroxiredoxin-2 PRDX2 2.89 Detoxification of ROS 

7.  Q15181 
Inorganic 
pyrophosphatase PPA1 3.95 Phosphate metabolism 

8.  P06744  Glucose-6-phosphate 
isomerase GPI 2.31 Glycolysis 

9.  P29401 Transketolase TKT 2.25 Pentose phosphate pathway 
10.  P68104 Elongation factor 1-alpha 1 EEF1A1 9.77 Autophagy 
11.  O60664  Perilipin-3 PLIN3 3.67 Autophagy 

12.  P07384 Calpain-1 catalytic subunit CAPN1 21.37 Degradation of extracellular 
matrix 

13.  P06396 Gelsolin GSN 9.00 Cytoskeleton 
14.  P07737 Profilin-1 PFN1 4.98 Cytoskeleton 
15.  P13797 Plastin-3 PLS3 4.84 Cytoskeleton 
16.  P23528 Cofilin-1 CFL1 3.13 Cytoskeleton 
17.  P62328 Thymosin beta-4 TMSB4X 2.74 Cytoskeleton 
18.  P37802 Transgelin-2 TAGLN2 2.68 Cytoskeleton 
19.  P31146 Coronin-1A CORO1A 2.62 Cytoskeleton 

20.  P63000 Ras-related C3 botulinum 
toxin substrate 1 RAC1 2.52 Cytoskeleton 

21.  P35579 Myosin-9 MYH9 1.87 Cytoskeleton 
22.  O75369 Filamin-B FLNB 1.73 Cytoskeleton 
23.  Q13421 Mesothelin MSLN 6.19 Cell adhesion 
24.  Q9GZZ8 Lacritin LACRT 8.16 Cytoprotective 

25.  O00299 Chloride intracellular 
channel protein 1 CLIC1 3.13 Ion channel 
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Table S2. List of selected dysregulated 111 protein in pSS patients with dry eye disease. 
Protein 
IDs 

Protein names Gene 
names 

Fold 
change 
(HS/ SS) 

Fold 
change 
(SS/ HS) 

P Value (HC 
vs SS) 

P02787 Serotransferrin TF 0.12 8.32 0.00023080 
P02768 Serum albumin ALB 0.15 6.65 0.00008516 
P06702 Protein S100-A9 S100A9 0.18 5.70 0.00027086 
P05109 Protein S100-A8  S100A8 0.18 5.49 0.00037043 
P28838 Cytosol aminopeptidase LAP3 0.21 4.67 0.00021370 
P30838 Aldehyde dehydrogenase ALDH3A1 0.23 4.43 0.00027504 
P27797 Calreticulin CALR 0.31 3.26 0.00031318 
P01860 Ig gamma-3 chain C region IGHG3 0.32 3.09 0.00359519 
P00390 Glutathione reductase GSR 0.34 2.93 0.00012365 
O00764 Pyridoxal kinase PDXK 0.36 2.79 0.00074556 
P63313 Thymosin beta-10 TMSB10 0.36 2.79 0.00052093 
Q96C23 Aldose 1-epimerase GALM 0.36 2.75 0.00059475 
P62328 Thymosin beta-4 TMSB4X 0.37 2.74 0.00053754 
P42574 Caspase-3 CASP3 0.38 2.66 0.00011840 
P48637 Glutathione synthetase GSS 0.38 2.61 0.00018456 
P28062 Proteasome subunit beta type-8 PSMB8 0.40 2.49 0.00013839 
O75368 SH3 domain-binding glutamic acid-

rich-like protein 
SH3BGRL 0.41 2.43 0.00023600 

P28065 Proteasome subunit beta type-9 PSMB9 0.42 2.36 0.00088767 
P40306 Proteasome subunit beta type-10 PSMB10 0.43 2.32 0.00054328 
P06744 Glucose-6-phosphate isomerase GPI 0.43 2.31 0.00084557 
P29401 Transketolase TKT 0.44 2.25 0.00494600 
P12955 Xaa-Pro dipeptidase PEPD 0.46 2.19 0.00124080 
P60174 Triosephosphate isomerase TPI1 0.46 2.16 0.00299186 
O14818 Proteasome subunit alpha type-7 PSMA7 0.46 2.16 0.00129292 
P25786 Proteasome subunit alpha type-1 PSMA1 0.46 2.16 0.00093440 
P60900 Proteasome subunit alpha type-6 PSMA6 0.47 2.15 0.00039056 
Q9BUT1 3-hydroxybutyrate dehydrogenase 

type 2 
BDH2 0.48 2.09 0.00055237 

P25789 Proteasome subunit alpha type-4 PSMA4 0.48 2.08 0.00084380 
P0DP25 Calmodulin-3 CALM3 0.49 2.03 0.00096595 
Q9BRA2 Thioredoxin domain-containing 

protein 17 
TXNDC17 0.49 2.03 0.00132211 

Q9H4A4 Aminopeptidase B RNPEP 0.50 2.01 0.00602622 
P20618 Proteasome subunit beta type-1 PSMB1 0.50 2.00 0.00370620 
Q13630 GDP-L-fucose synthase TSTA3 0.51 1.97 0.00420753 
P40925 Malate dehydrogenase MDH1 0.51 1.96 0.00100893 
P07108 Acyl-CoA-binding protein DBI 0.51 1.94 0.00320379 
Q9Y5Z4 Heme-binding protein 2 HEBP2 0.52 1.92 0.00206108 
P62937 Peptidyl-prolyl cis-trans isomerase A PPIA 0.52 1.91 0.00142717 
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P28070 Proteasome subunit beta type-4 PSMB4 0.54 1.87 0.00144392 
P28066 Proteasome subunit alpha type-5 PSMA5 0.55 1.83 0.00283940 
Q96FV2 Secernin-2 SCRN2 0.55 1.81 0.00227354 
P25788 Proteasome subunit alpha type-3 PSMA3 0.55 1.81 0.00452421 
Q15365 Poly(rC)-binding protein 1 PCBP1 0.57 1.76 0.00461226 
P14550 Alcohol dehydrogenase  AKR1A1 0.57 1.75 0.00292546 
P51149 Ras-related protein Rab-7a RAB7A 1.50 0.67 0.00453181 
O75369 Filamin-B FLNB 1.73 0.58 0.00052091 
Q8N474 Secreted frizzled-related protein 1 SFRP1 1.82 0.55 0.00185107 
P35579 Myosin-9 MYH9 1.87 0.54 0.00300722 
O14745 Na(+)/H(+) exchange regulatory 

cofactor NHE-RF1 
SLC9A3R1 1.89 0.53 0.00014052 

Q5SRE7 Phytanoyl-CoA dioxygenase domain-
containing protein 1 

PHYHD1 1.96 0.51 0.00017890 

Q8NCL4 Polypeptide N-acetylgalactosaminyl 
transferase 6 

GALNT6 1.96 0.51 0.00095344 

Q00610 Clathrin heavy chain 1 CLTC 2.03 0.49 0.00038426 
P02671 Fibrinogen alpha chain FGA 2.13 0.47 0.00161941 
P31946 14-3-3 protein beta/alpha YWHAB 2.13 0.47 0.00353338 
Q14118 Dystroglycan DAG1 2.16 0.46 0.00012098 
P50238 Cysteine-rich protein 1 CRIP1 2.20 0.45 0.00450403 
O43175 D-3-phosphoglycerate 

dehydrogenase 
PHGDH 2.25 0.44 0.00001946 

O43852 Calumenin CALU 2.26 0.44 0.00548433 
P60660 Myosin light polypeptide 6 MYL6 2.28 0.44 0.00276618 
Q6UXB2 VEGF coregulated chemokine 1 CXCL17 2.30 0.43 0.00006332 
P13489 Ribonuclease inhibitor RNH1 2.33 0.43 0.00150763 
P04792 Heat shock protein beta-1 HSPB1 2.33 0.43 0.00085535 
P19971 Thymidine phosphorylase TYMP 2.35 0.43 0.00015689 
P68371 Tubulin beta-4B chain TUBB4B 2.47 0.40 0.00061893 
P63000 Ras-related C3 botulinum toxin 

substrate 1 
RAC1 2.52 0.40 0.00000053 

Q01518 Adenylyl cyclase-associated protein 1 CAP1 2.54 0.39 0.00039744 
P31146 Coronin-1A CORO1A 2.62 0.38 0.00005682 
P37802 Transgelin-2 TAGLN2 2.68 0.37 0.00007722 
P21964 Catechol O-methyltransferase COMT 2.81 0.36 0.00000249 
P07339 Cathepsin D CTSD 2.85 0.35 0.00007738 
P32119 Peroxiredoxin-2 PRDX2 2.89 0.35 0.00027981 
P30041 Peroxiredoxin-6 PRDX6 2.91 0.34 0.00217190 
P29373 Cellular retinoic acid-binding protein 2 CRABP2 2.93 0.34 0.00000008 
Q9NR45 Sialic acid synthase NANS 3.00 0.33 0.00000002 
P62258 14-3-3 protein epsilon YWHAE 3.04 0.33 0.00009808 
Q96S96 Phosphatidylethanolamine-binding 

protein 4 
PEBP4 3.04 0.33 0.00157582 

P23528 Cofilin-1 CFL1 3.13 0.32 0.00156244 
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O00299 Chloride intracellular channel protein 
1 

CLIC1 3.13 0.32 0.00146736 

Q06323 Proteasome activator complex 
subunit 1 

PSME1 3.17 0.32 0.00003201 

Q8WUM4 Programmed cell death 6-interacting 
protein 

PDCD6IP 3.40 0.29 0.00000003 

P04083 Annexin A1 ANXA1 3.65 0.27 0.00041671 
O60664 Perilipin-3 PLIN3 3.67 0.27 0.00000001 
Q06830 Peroxiredoxin-1 PRDX1 3.69 0.27 0.00169547 
P50395 Rab GDP dissociation inhibitor beta GDI2 3.84 0.26 0.00000295 
Q6MZM9 Proline-rich protein 27 PRR27 3.85 0.26 0.00007530 
Q15181 Inorganic pyrophosphatase PPA1 3.95 0.25 0.00000043 
Q8NBJ4 Golgi membrane protein 1 GOLM1 4.09 0.24 0.00002020 
P80303 Nucleobindin-2 NUCB2 4.26 0.23 0.00003819 
Q02818 Nucleobindin-1 NUCB1 4.42 0.23 0.00026589 
P63104 14-3-3 protein zeta/delta YWHAZ 4.68 0.21 0.00073341 
P22079 Lactoperoxidase LPO 4.80 0.21 0.00419757 
P13797 Plastin-3 PLS3 4.84 0.21 0.00000000 
Q14697 Neutral alpha-glucosidase AB GANAB 4.87 0.21 0.00000289 
P07737 Profilin-1 PFN1 4.98 0.20 0.00037272 
P08238 Heat shock protein HSP 90-beta HSP90AB1 5.03 0.20 0.00000000 
O00391 Sulfhydryl oxidase 1 QSOX1 5.18 0.19 0.00000012 
P17655 Calpain-2 catalytic subunit CAPN2 5.43 0.18 0.00000000 
P26447 Protein S100-A4 S100A4 5.46 0.18 0.00000260 
P08727 Keratin, type I cytoskeletal 19 KRT19 5.48 0.18 0.00000026 
P14555 Phospholipase A2 PLA2G2A 5.76 0.17 0.00000005 
Q13421 Mesothelin MSLN 6.19 0.16 0.00000915 
P60709 Actin ACTB 6.33 0.16 0.00026000 
P31949 Protein S100-A11 S100A11 6.47 0.15 0.00000510 
P17931 Galectin-3 LGALS3 6.94 0.14 0.00182233 
P10909 Clusterin CLU 7.55 0.13 0.00018939 
Q9GZZ8 Extracellular glycoprotein lacritin LACRT 8.16 0.12 0.00012060 
P06396 Gelsolin GSN 9.00 0.11 0.00156492 
P55058 Phospholipid transfer protein PLTP 9.68 0.10 0.00000000 
P68104 Elongation factor 1-alpha 1 EEF1A1 9.77 0.10 0.00000549 
P07384 Calpain-1 catalytic subunit CAPN1 21.37 0.05 0.00000000 
O75556 Mammaglobin-B SCGB2A1 31.36 0.03 0.00000010 
P02814 Submaxillary gland androgen-

regulated protein 3B 
SMR3B 1833.94 0.00 0.00000000 
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Figure S1. Classification of modulated enzymes based on their enzyme class. Up-regulated 

proteins are represented in red color and down-regulated ones in green color. The total number 

of enzymes in each class is shown between brackets after the name of each class.   
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Figure S2. Molecular functions (a), biological processes (b) and protein classes (c) of modulated 

proteins. Data was retrieved from Panther software.   

  

 

 

Figure S3. Representation of modulated proteins involved in innate and adaptative immune 

system. 
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Figure S4. Protein-protein interaction network of up-regulated proteins. Proteins in red color are 
linked proteins detected by Reactome plugin in Cytoscape 3.9.1. <-, catalyzed by; -, complex or 
predicted; |-, inhibited by 
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DISCUSSION  
A consistent increase in the overall prevalence and incidence of dry eye disease (DED) has been 

observed across diverse demographics. These findings emphasize the pressing need for research 

endeavors and therapeutic advancements to effectively tackle this prevalent condition [418]. A large 

number of studies have been published during the last decade in the field of biomarker research for 

DED. These studies have greatly contributed to our understanding of disease by investigating 

potential biomarkers that may serve essential roles in diagnosing DED accurately, assessing disease 

severity, monitoring treatment effectiveness, and predicting disease progression [65][223][368][419] 

[420]. 

Recent advancements in sensitive proteomic techniques, such as mass spectrometry (MS), have 

made tears an important source of biomarkers. With just 1-5 mL of tears, multiple repeat studies and 

individual sample comparisons are now possible. MS techniques have also enabled the detection of 

a wide range of proteins in tears. These developments highlight the valuable role of tear analysis in 

biomarker research for ocular health and disease [310]. The collection of tear fluid is commonly done 

using two methods: the capillary tube method and the Schirmer strip (ScS) method. However, overall, 

the ScS method offers several advantages over the capillary tube method [129][309]. In this project, 

ScS were primarily utilized for collecting tear fluid from human subjects. Consequently, significant 

attention was dedicated to optimizing the sample processing steps specifically for protein extraction 

from the ScS.  

Tear sample collection, storage, and post-collection processing have emerged as significant 

challenges in comparing the outcomes of biomarker studies [416][414]. Indeed, protein recovery from 

the strips is protein-dependent, with varying retention rates for different tear proteins [414]. Different 

studies have shown that extended storage of tear samples at various temperatures may lead to 

decreased total protein concentration [421]. Furthermore, an increase in storage time was found to 

lead to the deterioration of particular cytokine analytes [422]. 

In this project, various parameters such as volume, temperature, and time were conducted to optimize 

the protein extraction processing from ScS. The impact of elution buffers and the addition of 

surfactants on total protein recovery and the number of identified proteins were also explored. Indeed, 

these parameters may change the results of the proteomic and biomarker investigations as the 

composition of the proteins may vary significantly [416]. 

Tear biomarker investigations hold immense potential for early disease detection, accurate diagnosis, 

and improved treatment prognosis. In order to integrate tear analysis into routine healthcare delivery, 

it is essential to optimize and standardize the methods of collection, storage, and processing. By 

establishing uniform and consistent techniques, researchers can enhance data comparability across 

different research groups, fostering collaboration and advancing our understanding of tear-related 
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conditions [5][78][416]. 

In Article-1, we showed differences between the proteome profile of the SEP and tears collected by 

the capillary tube. Indeed, in SEP, we were able to detect proteins involved in the cytoskeleton such 

as beta-actin and actinin-4 while in capillary tears, they could not be detected. Our study demonstrated 

that the choice of extraction protocol for the ScS has a significant impact on several aspects of tear 

fluid analysis. Specifically, we observed variations in the total protein quantity, the number of identified 

proteins, and the types of proteins identified. Notably, the inclusion of a surfactant in the extraction 

process led to an increase in the number of identified proteins, particularly intracellular proteins. These 

findings highlight the necessity of establishing a standardized protocol for the pre-analytical 

processing of ScS to ensure consistent and accurate results across different studies. In addition to a 

single standardized protocol, implementing customized protocols tailored to specific parts of the ScS 

or other tear collection methods may offer a more optimal approach for tear fluid analyses. It is 

important to recognize that different regions of the ScS, such as the bulb, may require distinct 

processing methods to obtain accurate and reliable results for certain analyses. By adopting 

customized protocols based on the specific needs of the analysis, researchers can ensure that the 

pre-analytical processing of ScS samples is appropriately adapted, leading to more precise and 

informative outcomes. 

 In contrast to previous studies that analyzed the entire ScS [90][423][424], we characterized the 

healthy human tear proteome separately for the bulb and rest region of the strip. This approach 

allowed us to uncover potential differences between these two parts of the ScS and gain a more 

comprehensive understanding of the tear proteins (Article-2). Our study showed that this approach 

can increase the yield of detection of proteins as they decrease the complexity of samples by reducing 

the concentration of the major tear proteins [101]. By analyzing the two parts of the strip separately, 

we observed a significant increase (49%) in the number of identified proteins compared to analyzing 

the strip as a whole. This approach allowed us to identify proteins that were specific to each region, 

such as MUC5AC, which was only detected in the bulb of the strip. These findings highlight the 

importance of considering different regions of the ScS when studying tear proteome composition. 

Our investigations concerning pre-analytical processing (Article-1) showed that cellular proteins such 

as actins could not be detected in the capillary tears but in the ScS extracts, including the rest of the 

strip. This data reinforces the fact that the proteome composition of the rest of ScS, which is thought 

to contain only tear fluid proteins, is not similar to tear fluid. Besides composition, the abundance of 

some tear proteins collected by the capillary method and the rest of the strip can be different. Indeed, 

our results showed that the concentration of major tear proteins was not the same among different 

samples, namely, the rest of the strip, dipped strip and capillary tears as shown in Article -1. 

In parallel, analysis of healthy human tear proteome revealed that enzymes constituted the major 
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protein class. Some of these enzymes such as myeloperoxidase were specifically detected only in 

the bulb of the ScS. The number of detected metabolite interconversion enzymes, which convert one 

small molecule to another, was higher in the bulb compared to the rest of the strip or the whole strip. 

These enzymes probably stemmed from conjunctival cells collected by the bulb. Therefore, the bulb 

can be the ideal part of enzyme investigations as it can enable the detection of both tears and 

intracellular enzymes of the superficial conjunctival cells. Cytoskeleton proteins as well can be 

included in this category as they were detected with higher spectral counts in the bulb in the MS 

analysis. Our findings in Article-2 highlight that the bulb and the rest of the strip show proteome 

differences due to cellular presence in the bulb. However, besides the bulb, there is evidence of 

cellular proteins in the rest of the strip to a lesser extent. During storage and processing, the possible 

release of intracellular content from disrupted cells (due to freezing and thawing processes) may 

distribute throughout the strip through capillary forces. Therefore, if cellular components are not of 

interest for the analysis, removing the bulb from the rest of the strip just after collection and storing it 

separately is recommended. 

Investigation of tear proteome in Article-2 confirms the fact that enzymes were the major protein class 

in the tears. Therefore, we focused on enzymes subsequently (Article-3) to profile and characterize 

in detail the OS enzymes. Previous studies on this topic have provided only limited insight into the 

enzymes present on the OS, offering only limited profiling based on proteomic analyses [89][424]. In 

comparison, our "in silico'' study provides a broader investigation and classification of OS enzymes in 

healthy subjects, using the universally accepted nomenclature. Our study elucidated the role of OS 

enzymes in maintaining homeostasis by revealing their signaling pathways and biological processes. 

To achieve this, we have incorporated the most extensive proteomic studies with accessible and 

available data to maximize the inclusion of enzymes. Our in silico analysis reports new, essential data 

on OS enzymes while also comparing the enzyme profiles obtained via the two most popular methods 

of tear collection, capillary tubes and ScS. This comprehensive analysis enhances our knowledge of 

OS enzymes, their possible role in the metabolism of ophthalmic medications, ocular defense and 

general homeostasis of the OS. Additionally, this analysis has demonstrated the involvement of a 

large number of enzymes in mucin and glycocalyx homeostasis, which are vital components of innate 

immunity. Indeed, the glycocalyx, along with tight junctions present in the apical cell layers of the 

conjunctival and corneal epithelia, functions as a robust physical barrier with immunomodulatory 

properties. Together, they play a vital role in protecting and regulating the immune response of the 

OS [425][426][427]. The biosynthesis of glycans involves a complex interplay of glycosyltransferases, 

glycosidases, and glycan-modifying enzymes. These enzymes work together to assemble and modify 

monosaccharide components, resulting in a diverse range of glycan structures. Several studies have 

shed light on specific glycosylation pathways at the OS, including the biosynthesis of mucin-type O-

glycans and N-glycans on proteins. However, many other pathways of glycosylation in the OS remain 
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largely unexplored and require further investigation [428]. The comprehensive list of these enzymes 

might help explore all the enzymes involved in these pathways. Additionally, enzymes, particularly 

proteases, might be possible drug targets. Scientists intend to develop various enzyme inhibitors to 

treat OSD [429][430]. Indeed, enzyme activity is particularly susceptible to pharmaceutical 

manipulation and they are highly druggable proteins [431]. The list of identified proteases might be 

helpful also for the prediction of the metabolism of ocular drugs and xenobiotics. The created enzyme 

list displayed the complete landscape of the biological processes and signaling pathways and the 

related role of these enzymes in the homeostasis of OS. 

Although the distribution of the seven enzyme classes was largely similar between TF and SEP, the 

analyses of enzymes that were SEP-specific or TF-specific revealed important differences between 

the percentage and number of each enzyme class. For instance, isomerases (EC 5) and ligases (EC 

6) of SEP proportionally and numerically outnumbered the enzymes detected in the TF. No specific 

isomerase was identified in TF, whereas, this enzyme class formed 5.6% of specific enzymes of SEP. 

These enzymes are probably intracellular enzymes of the superficial epithelial cells of the conjunctiva 

that attach to the bulb of the ScS. Indeed, most isomerases, including those involved in processes 

like glycolysis, function within the cytoplasm of cells. Thus, analyzing SEP allows for the inclusion of 

these intracellular enzymes in the analysis, making it advantageous for studying cytoplasmic and 

organelle-specific enzymes. 

This in silico analysis of OS enzymes, to our best knowledge, is the first publication that compiled 

different proteomics studies that analyzed tears of healthy controls using MS technology. Our study 

may lead to new ideas to create a human tear proteome atlas by merging all the available tear 

proteomic data. 

After optimizing and investigating various pre-analytical methods and conducting a comprehensive 

characterization of the tear proteome in different parts of the ScS and in-depth analysis of OS 

enzymes, this project ultimately focused on biomarker investigations using ScS collected from SSDE 

patients. The aim was to discover significant changes in tear proteins of these patients using a non-

targeted proteomic approach which has been successfully applied to studying DED to gain a deeper 

understanding of the biochemical alterations associated with the condition and identify potential 

disease-associated biomarkers [20][339][432]. Proteomics investigations have uncovered several 

relevant proteins involved in the pathophysiology of DED that may form a panel of biomarkers to 

provide a more accurate diagnosis [4][25][26]. Indeed, over the years, numerous potential biomarkers 

have been suggested for primary Sjogrens’s syndrome (pSS) patients, which results in severe DED. 

Recently, identifying biomarkers capable of characterizing distinct subsets of pSS and predicting or 

rapidly assessing treatment response has emerged as a priority in pSS research. Nevertheless, while 

these biomarkers show promise, it is essential to validate their reliability through larger studies [433]. 
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The progression of numerous "biomarker candidates" often stalls at the discovery phase, and the 

biomarker development pipeline faces challenges in addressing the pre- and post-analytical variability 

that contributes to this bottleneck. To mitigate this issue, significant attention is given to understanding 

and controlling the various pre- and post-analytical factors that can influence the outcomes of 

proteomics experiments [434]. Interstudy variation highlights the importance of detailed reporting on 

study methodology, including subject characteristics, quality control, processing, and analysis 

methods. By enhancing the advancement of objective metrics, biomarker research offers a significant 

opportunity to drive progress in clinical research and enhance patient care in DED [24]. Indeed, 

despite significant progress in dry eye biomarker research and the identification of several potential 

markers, none of them have been validated for routine clinical use. Further research and validation 

studies are necessary to determine the clinical utility of these candidate molecules and their potential 

integration into everyday clinical practice [433]. 

This thesis project focused on the investigation of potential candidate biomarkers for pSS (or SSDE) 

patients. Proteomic analysis of ScS samples from SSDE patients revealed over a hundred 

dysregulated proteins. Notably, there was a significant decrease in proteins involved in the 

cytoskeletal organization (TMSB4X, MYH9), anti-inflammatory responses (PRDX6, CXCL17), and 

cellular protection (glycoproteins such as CLU and LACRT), while proteins associated with apoptosis 

(CASP3) and inflammation (S100A8, S100A9) were found to be overexpressed. These findings 

suggest a dysregulated cellular environment that promotes cell death, compromises cellular 

protection and disrupts cell structure. 

Restoring the expression of dysregulated tear glycoproteins or using recombinant glycoproteins in 

DED treatment may offer the potential for reversing these pathological processes and restoring 

cellular homeostasis [435][436][437]. These proteins have vital functions in the homeostasis of the 

tear film. For instance, LACRT promotes basal tearing, while lipocalin-1 acts as a lipid sponge, 

preventing interference and carrying essential substances. These tear proteins offer promising 

avenues for therapeutic interventions [436]. 

Homeostasis sustained by the glycosylation is disrupted in DED which results in reduced wettability 

and reduced tear secretion that synergically caused detrimental effects [124]. Besides that, 

immunomodulatory proteins such as CXCL17 [438], which is also mainly secreted by LG and 

conjunctival cells (Human Eye Transcriptome Atlas), are reduced causing further OS deterioration of 

homeostasis. The complete treatment of SSDE patients may not be fulfilled by just using 

immunomodulatory agents such as cyclosporin. Additionally, these reduced glycoproteins (LACRT 

and CLU) should be replaced by protein therapy or their regeneration should be achieved somehow. 

Indeed, glycosylated tear proteins have the potential as biotherapeutics for OS health [436]. 

Recombinant or synthetic glycoproteins can return the OS to a near homeostatic state and repair 

corneal damage in DED patients [436][439][440]. 
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These findings of our study align with previously reported studies, supporting the pathways and 

mechanisms that have been reported in SSDE. These include chronic inflammation, oxidative stress 

and apoptosis [54][185][184]. This study's key strength lies in its emphasis on the role of cytoskeleton 

proteins in intrinsic apoptosis occurring on the OS of patients with pSS, providing a detailed 

description of the potential involvement of various actin-binding proteins in apoptosis. Actin 

cytoskeleton dynamics play crucial roles in cellular mechanisms by facilitating intracellular trafficking 

processes, particularly in the biogenesis and transport of vesicular cargoes. Additionally, the 

interaction between the actin cytoskeleton and membrane-cytoskeleton scaffolds plays a vital role in 

macroautophagy, a process involved in the recycling and degradation of cellular components [441]. 

Cytoskeleton proteins, which play a role in cell morphology and actin dynamics were dysregulated in 

SSDE patients which might be due to altered levels of interferons as they can disrupt the cytoskeleton 

of OS epithelial cells through p38 MAPK activation and actin rearrangement [442][443]. However, 

another possibility, is the dysfunctional cytoskeleton resulting from oxidations on actin and actin-

binding proteins such as cofilin (CFL1) due to altered redox metabolism in the cells should not be 

discarded [444]. The actin machinery proteins are involved in apoptosis and can be targeted by 

caspases [445]. 

Down-regulation of cytoskeleton proteins might affect other important cellular processes such as 

extracellular vesicle formation, cell motility, and localization of these cytoskeleton proteins to the 

nucleus to intervene in transcription and cytokinesis [441]. Indeed, cytoskeleton proteins such as 

CFL1, an antiapoptotic protein, can translocate into the nucleus and enhance transcriptional 

processes, but it is sensitive to oxidative stress and microenvironmental changes [446]. Cyclase 

Associated Actin Cytoskeleton Regulatory Protein 1 (CAP1), one of the major proteins that regulate 

the actin cytoskeleton, CFL1 function and cell adhesion, might play an important role over the 

dysregulated cytoskeleton proteins as they are involved in important cellular functions from 

cytokinesis to endocytosis, cell adhesion and morphogenesis [447][448]. Downregulation of CAP1 

may also contribute to cofilin inactivation [125]. Indeed, the knockdown of these proteins in HeLa cells 

has led to cytoskeletal and actin morphological changes as larger cell size [447]. Rac Family Small 

GTPase 1 (RAC1), an important cytoskeletal modulator, was also decreased in SSDE patients. RAC1 

depletion leads to F-actin disassembly and subsequent CFL1 phosphorylation which inactivates its 

action [449]. The absence of an actin cytoskeletal regulator may cause malfunctions such as 

autoimmunity, autoinflammatory disease and immunodeficiency [448]. 

These actin-binding proteins and cytoskeleton proteins were proposed as biomarker candidates for 

the evaluation of apoptosis in the OS of pSS patients, representing a novel approach. Moreover, the 

sampling of these proteins from the superficial conjunctival epithelial cells collected by ScS is 

relatively convenient, and alterations in this specific set of proteins can reflect apoptotic processes. 

The increased apoptosis on the OS of SSDE patients might be also due to the destruction of cell-cell 
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junctions and extracellular matrix. Activated CASP3 in the apoptotic process leads to the degradation 

of cytoskeletal and nuclear proteins in the cytoplasm [199]. For instance, the cytoskeleton protein 

gelsolin (GSN), involved in actin polymerization, is cleaved by CASP3, resulting in its fragmentation. 

This fragmentation disrupts the cytoskeleton and impacts cellular processes such as intracellular 

transport, cell division, and signal transduction [450]. Interestingly despite the downregulation of the 

majority of cytoskeleton proteins in SSDE patients included in this study, other cytoskeleton proteins 

such as thymosin beta-4 (TMSB4X) and -10 (TMSB10) were among upregulated proteins. Both 

proteins are involved in adherent junction stability and epidermal planar cell polarity. Indeed, depletion 

of TMSB4X has resulted in defective cytoskeleton and adherent junctions in the epidermis [451]. 

TMSB4X promotes cell migration, and wound healing, and possesses anti-inflammatory properties. It 

inhibits apoptosis and has demonstrated effectiveness in promoting wound healing in different models 

of corneal injury. Moreover, TMSB4X has been found to suppress the activation of the transcription 

factor NF-κB induced by TNF-α stimulation [452]. Despite the presence of detrimental processes 

observed in the proteome of patients with SS, there is evidence indicating the existence of ongoing 

cell survival mechanisms. 

In addition to the dysregulated proteins involved in the cytoskeleton and apoptosis, overexpressed 

glycolytic enzymes might suggest the presence of hypoxia in the OS. Furthermore, it is hypothesized 

that mitochondrial dysfunction may lead to an increase in glycolysis in conjunctival epithelial cells, as 

inhibition of mitochondrial respiration has been shown to induce glycolysis in cell metabolism and vice 

versa [453]. Mitochondrial dysfunction has been proposed as a contributing factor to the pathogenesis 

of pSS, as damaged mitochondria generate more ROS compared to healthy mitochondria [201]. ROS 

generation and oxidative stress lead to mitochondrial dysfunction [454]. Indeed, structural alterations 

in epithelial mitochondria of pSS patients have been observed, potentially contributing to chronic 

inflammation and altered cellular bioenergetics [195]. ROS can also initiate mitochondria-mediated 

apoptosis through caspases and nitric oxide [196]. The cross-talk between mitochondrial dysfunction 

and the immune microenvironment has been reported in the salivary glands of pSS patients and may 

also occur in LG [201]. Therefore, both ROS and inflammation have the potential to induce 

mitochondrial dysfunction. The close relationship between ROS production, lipid peroxidation-related 

membrane damage, and inflammatory processes in DED is well-established [186]. 

Additionally, metabolic alterations and changes in cellular ATP levels can have significant impacts on 

cytoskeleton organization and dynamics. Fluctuations in ATP levels can disrupt the integrity of 

epithelial barriers and lead to the disassembly of peri junctional actin filaments. It is noteworthy that 

inflammation often results in decreased cellular ATP levels due to factors such as tissue ischemia 

and mitochondrial respiration defects [455]. However, the specific causal relationships between 

altered energy metabolism, ATP depletion, disassembly of the actomyosin cytoskeleton, and the 

disruption of epithelial barriers during mucosal inflammation in vivo require further investigation for a 
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comprehensive understanding. Future research is needed to elucidate these connections and shed 

light on the underlying mechanisms [455]. 

Subsequent investigations of TOI in the induced HCE cells showed that HO exposure caused a 

significant dysregulation in gene expressions of TOI selected from the proteomic analysis of ScS. 

Hyperosmolarity and inflammatory microenvironment might affect the expression of cytoskeleton 

proteins and associated pathways during the disease [456]. Downregulated molecular effectors in 

SSDE patients were overexpressed in these in vitro models as a response to acute inflammatory or 

hyperosmotic stress, a part of cell survival mechanisms that might be impaired in chronic stages of 

DE. HO induction increased the expression of more TOI compared to all other inflammation models 

after 24h, suggesting it may reflect better the DED pathophysiology in vitro. A particular interest was 

conducted in two main dysregulated cellular effectors, CXCL17 and PRDX6. Both are upregulated 

under acute hyperosmolarity stress but were downregulated in the samples from SSDE patients 

probably due to chronic hyperosmotic stress/inflammation stress. The loss of these proteins may 

cause detrimental effects as cell survival mechanisms are altered. This finding highlights the 

deficiency of these proteins on the OS may contribute to the pathogenesis of DED.  

One of these proteins, the mucosal chemokine CXCL17, exhibits anti-inflammatory effects and 

regulates peripheral T lymphocyte homeostasis in the homeostatic state [438][457]. Our hypothesis 

suggests that the excessive cell death of conjunctival goblet cells in pSS patients, coupled with the 

loss of LG function, may lead to a substantial decrease in CXCL17 levels. Indeed, these specialized 

epithelial cells found in multiple mucosal surfaces, play a critical role in maintaining barriers by 

producing and releasing mucus. However, their functions extend beyond barrier maintenance as they 

also secrete antimicrobial proteins, chemokines, and cytokines such as CXCL17, demonstrating their 

vital contributions to innate immunity and immune responses throughout the body [458]. 

Further investigation was conducted on another protein of interest, PRDX6, in both induced cells and 

ScS collected from SSDE patients. PRDX6 is an enzyme known for its dual functions as both a 

phospholipase A2 and peroxidase. It plays a critical role in the breakdown of phospholipid 

hydroperoxides, contributing to cellular antioxidant defense mechanisms [459][460]. Indeed, PRDX6 

plays a critical role in maintaining cellular homeostasis by safeguarding cells against oxidative stress 

and participating in cellular signaling processes [461]. When PRDX6 is knocked out in the human 

hepatocarcinoma cell line (HepG2PRDX6-/-) by the CRISPR/Cas9 technique, it was observed that the 

absence of PRDX6 leads to a deceleration in cell division and alters cellular metabolism and 

mitochondrial function. Consequently, cell survival becomes reliant on glycolysis, which produces 

lactate for ATP generation, as well as on AMPK-independent autophagy to obtain necessary 

components for biosynthesis. PRDX6 serves as a critical component linking redox homeostasis and 

proliferation [460]. The decrease of PRDX6 levels in the OS of SSDE patients may have resulted in 

mitochondrial dysfunction and consequently a loss in the ability of cell proliferation and defense 
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mechanism against ROS. 

Future Perspectives for Biomarker Investigations in Dry Eye Disease 

In parallel with the selected molecular effector investigations, the expression analysis of membrane 

mucins such as MUC1, MUC4, and MUC16 was performed. The gene expression of MUC1 and MUC4 

exhibited a significant increase in HCE cells exposed to HO, IL-1β, and IFN-γ. However, HO and IL-

1β decreased MUC16 gene expression significantly in induced cells. Interestingly, IL-1β induction 

increased the expression of MUC1 and MUC4 significantly after a short exposure (4 h), but not after 

24 h (Fig. 23). Nevertheless, induction with proinflammatory cytokines such as IL-17A and TNF-α did 

not modulate the expression of these mucins (data not shown).   

MUC1 and MUC16 help maintain immune homeostasis at the OS by limiting TLR-mediated innate 

immune responses [426]. This might explain why they were overexpressed with HO and inflammatory 

stress in the induced cells. Inversely, MUC16 was downregulated by these stimulations. MUC16 is a 

multifunctional molecule associated with the actin cytoskeleton and plays a crucial role in the OS 

glycocalyx. Its expression contributes to the formation of a disadhesive protective barrier, 

safeguarding the epithelial surface [462]. The cytoplasmic domain of this largest membrane-bound-

mucin binds to the actin cytoskeleton and interacts with OS protrusions such as microplicae and 

microvilli [463]. Besides, in vitro, investigations have shown that MUC16 binds to E-cadherin and β-

catenin complexes [464]. MUC16 is believed to play a major role in the wettability of the OS [242]. 

The dysregulation of MUC16, caused by HO and some inflammatory mediators such as IL-1β in DED, 

might be a starting point for the alteration of the OS integrity. Further investigation to study the 

crosstalk among dysregulated membrane mucins, cytoskeleton, and cellular tight junctions and their 

relation with reduced wettability might provide new insights to better understand the pathophysiology 

of DED.  

  

Figure 23. Gene expression of MUC1, MUC4, and MUC16 in HCE cells exposed to HO and proinflammatory 
cytokines: IL-1β and IFN-γ. Results are expressed as mean ± SD of fold change compared to control (ANOVA 
with Tukey's multiple comparisons test. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001). 
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Moreover, investigations into target proteins of interest (TOI) revealed dysregulation in gene 

expressions, particularly in response to hyperosmolarity and inflammation. Notably, the proteins 

CXCL17 and PRDX6 exhibited altered expression patterns, potentially impacting cell survival 

mechanisms and immune homeostasis. The dysregulation of these proteins highlights their potential 

role in the pathogenesis of SSDE. Furthermore, the analysis of membrane mucins, including MUC1, 

MUC4, and MUC16, demonstrated significant changes in gene expression in response to various 

factors. 

Additional investigations are needed to understand the effect of CXCL17 on mucosal homeostasis, 

expression of membrane-bound mucins, and wettability alteration. CXCL17 shows promise as a 

potential biomarker, as it was consistently downregulated in all the SS patients in our proteomic 

analysis and ELISA assay. Its high secretion levels make it easier to detect compared to other 

cytokines with lower expression levels. Exploring the relationship between membrane-bound mucins, 

CXCL17, and ocular surface glycocalyx could provide new insights into the interplay between mucosal 

immunity, wettability, and tight junctions. 

Further validation of CXCL17 and PRDX6 in a larger number of patients suggests that these proteins 

might pose the characteristic of potential biomarkers to diagnose and follow the progression and 

respond to the treatment in DED patients. These findings and conclusions should now undergo 

validation through wide cohort studies. While the research conducted so far has provided valuable 

insights, it is essential to confirm and extend these findings through studies involving larger and 

diverse cohorts to establish the robustness of these potential biomarkers and their implications in the 

diagnosis and management of DED. By conducting comprehensive studies on a broader scale, we 

can strengthen the scientific evidence and improve the clinical applicability of these findings. 

A thorough evaluation of PRDX6's role in ROS and lipid metabolism on the ocular surface should be 

conducted using in vivo knockdown models. Additionally, investigating the interactions between 

PRDX6 and other peroxiredoxins would provide further insights. Knocking out other peroxiredoxins in 

in vivo models may induce compensatory mechanisms that increase PRDX6 expression. The 

phospholipase activity of PRDX6 and its similarity to PL2G2A in our in vitro model suggests their 

regulation through shared signaling pathways and mechanisms. Knockdown studies of these proteins 

in both in vitro and in vivo models can elucidate their role in disease initiation and progression. 

Developing knock-out conjunctival/corneal epithelial cells and mouse models lacking CXCL17 and 

PRDX6 would facilitate in-depth studies to uncover the roles of these proteins in oxidative stress, 

mucosal barrier integrity, and immunomodulation, leading to more robust results and conclusions. 

The research conducted over the past decade has highlighted the vulnerability of the OS epithelial 

glycocalyx to disruption in pathological conditions. Impaired glycosylation of transmembrane mucins 

has been observed in OSD, suggesting that mucin glycan antibodies could serve as novel tools for 
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biomarker discovery in the field of ophthalmology. Additionally, recent advancements have shed light 

on the negative impact of epithelial glycocalyx disruption on the interaction between mucins and 

CXCL17. Other components of the ocular surface epithelial glycocalyx, including proteoglycans, 

glycosaminoglycans, and glycosphingolipids, remain relatively understudied. Further exploration of 

these components holds significant clinical implications for the diagnosis and treatment of OSD [381]. 

In summary, the complexity and heterogeneity of the DED and the involvement of the various lacrimal 

functional unit components show that the term single biomarker may not be realistic for the diagnosis 

and monitoring of the progress of DED. Instead, a panel of biomarkers that reflect different signaling 

pathways and biological processes involved in the disease would be a more feasible approach. 

An important point that should be highlighted in the field of biomarker investigation and particularly by 

using OS samples is that high variations among patients and their signs and symptoms show that 

each patient should be approached with personalized options in the future. Emerging novel 

technologies have the potential to revolutionize the analysis of the tear film proteome in patients with 

DED. These advanced techniques may offer the ability to rapidly identify and analyze molecular 

changes occurring in the tear film, providing valuable insights for ophthalmologists to tailor 

personalized treatment options. Increasing use of artificial intelligence in all biomedical research 

including ophthalmology might enable fast analysis of complex omics data and decide the best 

personalized treatment options for each patient. 
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CONCLUSION 
This study first, focused on improving sample preparation and optimization of pre-analytical methods. 

Multiple approaches for biochemical investigations of tear fluid were conducted, shedding light on 

the pleiotropic nature of the Schirmer strip (ScS). The effect of surfactants in protein extraction and 

identification with mass spectrometry was demonstrated. Surfactants were shown to increase both 

protein yield and the number of identified proteins. GO cellular component analysis confirmed that 

surfactants increased the number of identified intracellular proteins from ScS. 

Secondly, the study characterized healthy human tear samples in different parts of ScS using the 

timsTOF Pro. A holistic view of the main proteins that are present in ScS samples, from both cellular 

and soluble components, was achieved. Investigating two portions of the strip separately enabled 

the identification of additional proteins. Enzymes constituted the largest protein group among the 

identified proteins. The dataset created from this study contributes to the understanding of the tear 

proteome and the description and comparison of multiple signaling pathways associated with the 

ocular surface. Subsequently, a comprehensive tear proteomic dataset was generated, identifying 

1010 enzymes. Comparisons between the enzymatic profiles of capillary tubes and ScS tear 

collection methods were conducted. A complete profile of OS enzymes was described in detail 

Lastly, the study revealed important proteome changes in the Schirmer strip samples collected from 

Sjögren's syndrome patients. These changes suggest alterations in cellular metabolism, 

cytoskeleton, and other molecular entities with homeostatic properties, such as lacritin and CXCL17, 

which protect the OS. Diminished levels of these proteins highlight the need for novel formulations 

containing a combination of recombinant proteins for DED treatment. The study supports the 

inflammatory evidence in the disease mechanism of SSDE and emphasizes the potential role of 

cytoskeletal proteins as biomarkers for DED. 

Furthermore, we showed that protective cell survival mechanisms observed in induced human 

corneal epithelial cells might be impaired in chronic stages of DED. The decreased levels of CXCL17 

and PRDX6 in dry eye patients may have a detrimental effect on OS immune homeostasis. Further 

research and validation studies are needed to confirm the diagnostic or prognostic value of CXCL17 

and PRDX6 and their potential application in clinical settings.  

In summary, this study addressed the standardization of sample preparation, explored tear proteomic 

analysis, characterized enzymatic profiles, and identified proteome changes in SSDE. The findings 

contribute to our understanding of tear fluid composition, potential diagnostic markers, and 

therapeutic targets, aiming to improve the diagnosis and treatment of DED.  
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