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Abstract: Although dry eye disease (DED) is one of the most common ocular surface diseases
worldwide, its pathogenesis is incompletely understood, and treatment options are limited. There is
growing evidence that complex interactions between the ocular surface microbiome (OSM) and tear
fluid constituents, potentially leading to inflammatory processes, are associated with ocular surface
diseases such as DED. In this study, we aimed to find unique compositional and functional features of
the OSM associated with human and microbial tear proteins in patients with DED. Applying whole-
metagenome shotgun sequencing of forty lid and conjunctival swabs, we identified 229 taxa, with
Actinobacteria and Proteobacteria being the most abundant phyla and Propionibacterium acnes
the dominating species in the cohort. When DED patients were compared to controls, the species
Corynebacterium tuberculostearicum was more abundant in conjunctival samples, whereas the family
Propionibacteriaceae was more abundant in lid samples. Functional analysis showed that genes of
L-lysine biosynthesis, tetrapyrrole biosynthesis, 5-aminoimidazole ribonucleotide biosynthesis, and
the super pathway of L-threonine biosynthesis were enriched in conjunctival samples of controls.
The relative abundances of Acinetobacter johnsonii correlated with seven human tear proteins,
including mucin-16. The three most abundant microbial tear proteins were the chaperone protein
DnaK, the arsenical resistance protein ArsH, and helicase. Compositional and functional features of
the OSM and the tear proteome are altered in patients with DED. Ultimately, this may help to design
novel interventional therapeutics to target DED.

Keywords: chromatography–tandem mass spectrometry; dry eye disease; ocular surface microbiome;
tear proteome; whole-metagenome shotgun sequencing

1. Introduction

Dry eyes and dry eye disease (DED) are considered one of the most common ocular
surface diseases worldwide, especially in people of advanced age, who have a prevalence of
up to 34% [1–3]. DED is characterized by ocular discomforts such as foreign body sensation,
burning sensation, itching, or chronic eye pain. It is also associated with reduced and/or
fluctuating vision, which may restrict activities of daily living such as driving, reading, or
watching television [4]. It is considered a serious public health issue and is associated with a
large economic burden [2], both in terms of direct and indirect healthcare costs. Despite this,
the current understanding of the pathogenesis of DED is incomplete, and treatment options
are limited to moisturizing eye drops, antibiotics, and crude immune modulators with
partially severe side effects. In 2017, the TFOS DEWS II Definition and Classification
Subcommittee aimed to create an evidence-based definition and classification system for

Int. J. Mol. Sci. 2023, 24, 14091. https://doi.org/10.3390/ijms241814091 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms241814091
https://doi.org/10.3390/ijms241814091
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-4147-5374
https://doi.org/10.3390/ijms241814091
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241814091?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 14091 2 of 15

DED. This led to the definition of a multifactorial ocular surface disease, with symptoms
originating from tear film instability and hyperosmolarity, ocular surface inflammation and
damage, and neurosensory abnormalities (Figure 1) [5].
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Figure 1. Symptoms and causes of dry eye disease (DED). There is a wide range of symptoms of
DED, including irritation, redness, blurry vision, tearing, light sensitivity, and mucus secretion (a).
Amongst other factors, meibomian gland dysfunction is a leading cause of DED, disrupting the tear
film lipid layer by affecting the rate of tear evaporation. A specific meibomian gland feature often
observed in patients with DED is shortened glands, i.e., glands that do not extend to their full normal
length (arrows in the meibography (b)).

The ocular surface is continuously exposed to irritants, allergens, and pathogens,
against which it can mount a prompt immune response resulting in inflammation. Since in-
flammatory processes result in damaged tissue associated with sight-threatening impair-
ment of the ocular surface, including DED, the mucosal immune system of the ocular
surface features a kind of unresponsiveness to potentially harmful antigens called immune
tolerance [6]. In the basal state, i.e., in the absence of an infection, dendritic cells with an
imprinted tolerogenic profile migrate to the lymph nodes where they present antigens
to naïve T cells, thus inducing a regulatory T cell (Treg) phenotype. These Treg cells can
circulate to the ocular surface, delivering inhibitory signals, effectively suppressing the local
inflammatory responses, and contributing to local homeostasis. However, environmental
factors such as antibiotics disturb the homeostatic ecosystem of microbes at the ocular
surface, resulting in an unbalanced state called dysbiosis. Many studies show associations
between dysbiosis of the intestinal microbiome and multiple eye diseases, including age-
related macular degeneration [7,8], retinal artery occlusion [9], and DED [10]. In addition to
the influence on the severity of DED [11], intestinal dysbiosis may result in the infiltration
of pro-inflammatory factors into the tissues of the ocular surface by mediating autoimmune
responses [12–17], thus playing an important role in immune homeostasis of the ocular
surface [10]. A previous study characterized the ocular surface microbiome taxonomically
and functionally [18]. The composition of this microbiome may play an essential role in the
induction of inflammatory processes inducing DED via disruption of the ocular immune
tolerance (Figure 2a).
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Figure 2. An imbalance in the ocular surface microbiome and the tear proteome, triggered by
environmental factors, contributes to dry eye disease (DED) by inducing inflammatory processes.
Antibiotics promote an imbalanced state in the ocular surface microbiome. This dysbiosis disrupts
mucosal immune tolerance via enhanced inflammatory cytokine production and decreased regulatory
T cell (Treg) differentiation, ultimately resulting in inflammation (a). Reactive oxygen species (ROS)
damage the tear lipid layer, leading to tear film instability and increased osmolarity that induces
inflammation (b). The induced chronic inflammatory processes are probably a key component in the
pathogenesis of DED. Associations between the two systems, i.e., potential interactions between the
ocular surface microbiome and the tear proteome in DED, have not been investigated so far and are
the subject of this study.

Furthermore, environmental factors such as UV light lead to the generation of reactive
oxygen species (ROS) that damage the tear lipid layer [19]. By quantifying the human
tear proteome, we previously identified tear proteins with an antioxidative effect, such as
lactoferrin and S100A proteins [18]. An imbalance between these antioxidative proteins
and ROS favors the development of tear film instability [19]. Together, this imbalance
may result in tear hyperosmolarity, a hallmark of DED, by inducing pro-inflammatory
pathways [20] (Figure 2b).

Since both the microbes at the ocular surface and the tear proteins could be key features
in the pathogenesis of DED by inducing inflammatory processes (Figure 2), in this study,
we characterized the ocular surface microbiome as well as the tear proteome of patients
with DED compared to healthy controls. Moreover, association studies were performed
between the ocular surface microbiome and the tear proteome and the metadata used for
group assignment to identify the factors leading to the chronic inflammatory processes
observed in DED. This approach allows for identifying the factors decisively contributing
to DED and associations between DED and the microbiome. Therefore, the results may
set a basis for identifying new therapeutic targets for DED and perhaps for associated
eye diseases.

2. Results
2.1. Demographic Data

In total, 20 lid and 20 conjunctival swabs were sequenced from 20 eyes of 10 partic-
ipants suffering from DED compared to 10 participants with no signs of DED. The two
groups were similar in sex and age at the time of collection (Table 1).
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Table 1. Characteristics of study participants.

Feature DED (n = 10) CTRL (n = 10) p Value DED vs. CTRL

Males (n) 7 8 1.0 1

Age (years) 69.6 ± 11.3 69.7 ± 4.2 1.0 2

OSDI© score 13.8 ± 12.4 7.8 ± 7.7 0.2 2

Osmolarity (mOsmol/L) 306.3 ± 30.4 298.8 ± 15.0 0.5 2

Slit lamp score 17.6 ± 1.6 2.9 ± 1.9 <0.0001 2

Schirmer’s test ll (mm) 14.4 ± 7.0 16.7 ± 6.0 0.4 2

1 Fisher’s exact test; 2 Welch’s t-test; data are mean ± SD; CTRL, controls; DED, dry eye disease; OSDI©, Ocular
Surface Disease Index©.

2.2. Taxonomical and Functional Characterization of the Ocular Surface Microbiome in Dry
Eye Disease

Because sequencing libraries from negative controls failed quality and quantity con-
trols for sequencing, it could be assumed that no contaminations were sequenced. In total,
1.5 billion 100 bp paired-end reads with an average insert size of 350 bp were generated,
with an average of 36.6 ± 7.8 (s.d.) million reads per sample. Most of these reads were of
human origin, as expected and described in previous studies. After trimming and filtering,
we kept about 96.4 million non-human, high-quality reads with an average of 2.4 million
reads per sample. We identified 229 taxa, most bacteria (93.2%). While the phyla Actinobac-
teria (64.8%) and Proteobacteria (23.4%) dominated the ocular microbiome composition
(Figure 3), Actinobacteria (63.1%) was the most abundant class, and Propionibacterium
(31.9%), Agrobacterium (22.4%), and Corynebacterium (21.2%) were the most abundant
genera in the cohort. The dominating species, Propionibacterium acnes, was found in
75% of the samples.
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Figure 3. Taxonomic characterization of the ocular surface microbiome. Relative microbiota abun-
dances at the phylum level from lid samples in all study subjects (a) and averaged for study groups (b).
Relative microbiota abundances at the phylum level from conjunctival samples in all study subjects
(c) and averaged for study groups (d). CTRL, control (n = 10); DED, dry eye disease (n = 10).
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When applying a principal component analysis (PCA) with the health status as a
grouping variable, the DED group could not be separated from the controls based on
differences in microbial abundances (for lid samples p = 0.055, conjunctival samples p = 0.75;
PERMANOVA analysis where the n repeat = 10,000, Figure 4a). However, using PCA,
the DED group was separated from healthy controls based on differences in relative
abundances of functional profiles from lid samples (p = 0.050) but not from conjunctival
samples (p = 0.30; PERMANOVA analysis where the n repeat = 10,000, Figure 4b).
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Figure 4. The distinct taxonomical and functional composition of the ocular surface microbiome
between DED patients and healthy controls. (a) The principal component analysis (PCA) of taxo-
nomical feature abundance did not individually separate DED patients from controls in all samples
(p = 0.36) or lid samples (p = 0.055) and conjunctival samples (p = 0.75). (b) The PCA of functional
feature abundance did not individually separate DED patients from controls in all samples (p = 0.059)
or lid samples (p = 0.30). However, in conjunctival samples, the PCA of functional feature abundance
separated patients from controls (p = 0.050, PERMANOVA, n repeat = 10,000). The relative abun-
dances of taxa (c) and pathways (d) associated with DED (Mann–Whitney test). Mean values and
standard deviations are shown.

To further examine features of the ocular surface microbiome in DED patients, we
compared the relative abundances of microbial taxa between patients and controls, demon-
strating that in conjunctival samples, the species Corynebacterium tuberculostearicum
(p = 0.0106) was more abundant in DED patients compared to controls, whereas in lid sam-
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ples, the family Propionibacteriaceae (p = 0.042) was more abundant in patients compared
to controls (Welch’s t-test, Figure 4c). Furthermore, ocular microbiomes of conjunctival sam-
ples from controls were enriched in genes of L-lysine biosynthesis (p = 0.017), tetrapyrrole
biosynthesis (p = 0.026), 5-aminoimidazole ribonucleotide biosynthesis (p = 0.0064), and of
the super pathway of L-threonine biosynthesis (p = 0.017, Mann–Whitney test, Figure 4d).

2.3. Associations between the Ocular Surface Microbiome and Clinical Metadata

We used multivariate association by linear models (MaAsLin) to examine whether
relative abundances of microbial taxa and pathways were associated with clinical metadata
used for group assignment. This approach ensures that only factors associated with the
given feature are included in the model, implying that all associations found have been
corrected for all other confounding factors.

Although further investigation is needed, when applying this model to the functional
features, it seems that L-arginine biosynthesis in the conjunctiva increases in patients with
tear hyperosmolarity (Table 2). For taxonomic features, however, no associations were
found with the metadata, neither in the lid nor in conjunctival samples.

Table 2. Relationship between tear osmolarity and L-arginine biosynthesis in the conjunctiva.

Osmolarity
(mOsmol/L)

L-arginine
Biosynthesis (%)

267 0
286 0
288 0
288 0
289 1.58
289 0
295 0
297 0
300 0
305 0
312 0
335 1.76
354 1.62
365 1.56

Tear hyperosmolarity is defined via a referent of 316 mOsmol/L.

2.4. Functional Classification of the Tear Proteome in Dry Eye Disease

In a previous study, we quantified 2172 human protein groups that were mainly
involved in the following biological processes: cell–cell adhesion, proteolysis, oxidation-
reduction process, antimicrobial humoral response, and innate immune response according
to Gene Ontology (GO) term analysis [18]. Among this tear proteome, 112 proteins were
different in quantity between DED patients and controls (Welch’s t-test, p≤ 0.05) (according
to the mean of the across-samples normalized MaxQuant calculated protein group label-
free quantification (LFQ) values). Using the DAVID bioinformatics tool [21,22], functional
classification revealed that these proteins are mainly involved in the molecular function of
“protein binding” (54%) as well as in biological processes such as “negative regulation of
endopeptidase activity” (14%), “innate immune response” (12%), and “complement activa-
tion” (11%). These activities mostly take place in the cellular components “extracellular
exosome” (26%), “cytoplasm” (20%), and “cytosol” (17%) (Figure 5b). The top 20 proteins
between the case and controls (Figure 5a) were used for association studies between the tear
proteome and the ocular microbiome. We applied MaAsLin to examine whether relative
abundances of the microbiome’s taxonomic and/or functional features were associated
with the quantities of the tear proteins. This approach revealed a positive correlation
between the steroid receptor RNA activator 1 with the two pathways L-valine biosynthesis
and pyrimidine deoxyribonucleotides de novo biosynthesis ll. For taxonomic features,
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correlations between the class Gammaproteobacteria and lower taxonomic ranks, down
to the species Acinetobacter johnsonii, and the following tear proteins were found: COP9
signalosome complex subunit 3, ATP-dependent RNA helicase, Ras suppressor protein,
steroid receptor RNA activator, isoform 2 of oligoribonuclease, charged multivesicular
body protein, and mucin-16 (Figure 5c).
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cation (LFQ) values of the top 20 tear proteins between DED patients and controls. The mean of log10
values and standard deviations are shown. CTRL, control (n = 10); DED, dry eye disease (n = 10).
(b) Functional classification of the significantly different tear proteins in DED patients compared to
controls based on the Gene Ontology (GO) categories cellular components, molecular functions, and
biological processes (DAVID bioinformatics tool). (c) Significant associations between taxonomic
features of the ocular surface microbiome and the top 20 significantly different tear proteins between
DED patients and controls (−log(qval)×ign(coeff), MaAsLin2).
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To further assess the role of the ocular microbiome in host physiology, we iden-
tified tear proteins derived from ocular surface microbes. Bacterial tear proteins from
Acinetobacter johnsonii, Acinetobacter sp., Agrobacterium radiobacter, Agrobacterium
sp., Campylobacter ureolyticus, Corynebacterium accolens, and Cutibacterium acnes were
detected. The three most abundant proteins were the chaperone protein DnaK, the arsenical
resistance protein ArsH, and helicase (Table 3).

Table 3. Bacterial proteins in human tears.

Taxonomy Protein Nb. of Samples

Acinetobacter johnsonii Arsenical resistance protein ArsH 18
Acinetobacter sp. DNA-binding response regulator 2

Agrobacterium radiobacter Polyribonucleotide nucleotidyltransferase 2
Agrobacterium radiobacter Molybdopterin biosynthesis protein 1

Agrobacterium sp. Chaperone protein DnaK 19
Agrobacterium sp. Anthranilate synthase 8
Agrobacterium sp. Uncharacterized protein 3
Agrobacterium sp. Phage tail protein 1
Agrobacterium sp. Membrane fusion protein (MFP) 7
Agrobacterium sp. DEAD/DEAH box helicase 8

Campylobacter ureolyticus Cytochrome c biogenesis protein 4
Corynebacterium accolens Bifunctional RNase H/acid phosphatase 15

Cutibacterium acnes Helicase 17
Cutibacterium acnes Ribonuclease Y 10

Number of samples the protein was detected in (with a total number of n = 20).

3. Discussion

DED is a multifactorial ocular surface disease with symptoms originating from tear
film instability and hyperosmolarity, ocular surface inflammation and damage, and neu-
rosensory abnormalities [6,23]. Treatment options used in DED are moisturizing eye drops,
antibiotics, and more aggressive immune modulators that can have serious side effects.
However, specific treatment strategies to promote a healthy ocular surface microbiome,
which in turn may alleviate DED, are currently unavailable, mainly due to the lack of
knowledge of the composition of the ocular surface microbiome (OSM) and the role of
its bacteria. In our study, we provided evidence that patients with DED have an altered
composition of the OSM, and we also provided data on the tear proteome profile of patients
with DED compared to non-DED individuals.

3.1. The Role of the Human Ocular Surface Microbiome in Dry Eye Disease

We showed that the family Propionibacteriaceae and the species Corynebacterium tubercu-
lostearicum were more abundant in DED patients compared to controls. Bacteria of the genus
Corynebacterium, which are Gram-positive, aerobically growing rods, frequently colonize hu-
mans’ skin and mucosal surfaces. Corynebacterium tuberculostearicum is a lipophilic, catalase-
positive, and CAMP-negative corynebacterial species only characterized in 2004 [24]. It has
been shown that Corynebacterium tuberculostearicum elicits inflammation via the canonical
NF-κB pathway and can upregulate the expression of TLR2, another inflammatory medi-
ator [25]. Propionibacteriaceae are Gram-positive, anaerobic rods associated with human
infections, including corneal infections, and are often found in acne vulgaris patients.
Intradermal infections of Propionibacteriaceae generate ROS and nitric oxide and induce the
synthesis of pro-inflammatory cytokines. Since an imbalance of these ROS and antioxida-
tive tear proteins favors the development of tear film instability [18,19], as observed in
DED, Propionibacteriaceae may be a key player in the interaction between the tear proteome
and the OSM in DED. Moreover, it seems that both Corynebacterium tuberculostearicum and
bacteria of the family Propionibacteriaceae are involved in inflammatory processes through
the upregulation of pro-inflammatory cytokines that may be associated with DED.
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In this study, we used whole-metagenome shotgun sequencing to characterize the
OSM. Compared to 16s rRNA sequencing, the former allows the identification of viruses,
archaea, and eukaryotes in addition to bacteria and a more reliable functional profiling [26].
Compared to controls, the conjunctiva of DED patients was decreased in genes of L-lysine
biosynthesis, tetrapyrrole biosynthesis, 5-aminoimidazole ribonucleotide biosynthesis, and
the super pathway of L-threonine biosynthesis. It has been shown that L-lysine controls
viruses by interfering in the formation of viral capsid proteins and DNA [27]. Since more
viruses are present in non-DED individuals, upregulated L-lysine biosynthesis may reflect
a viral control in the OSM of these individuals.

Moreover, a competitive antagonism exists between L-lysine and L-arginine, an es-
sential amino acid for some viruses [27]. Although further investigation is needed, the
increased L-arginine biosynthesis in the conjunctiva of patients with tear hyperosmolarity
may further support the above hypothesis that in patients with higher osmolarity levels
(i.e., DED patients), more L-arginine is present as no suppressive L-lysine is needed for viral
control. Although more investigation is needed, we speculate that L-lysine is important
in maintaining the homeostasis of the OSM via the prevention of a viral overload, and its
antagonist, L-arginine, is a marker for enhanced tear osmolarity in DED.

3.2. The Role of the Human Tear Proteome in Dry Eye Disease

Apart from the ocular surface microbiome, the tear proteome may be a key player
in the pathogenesis of DED. Analyzing the tear proteome, we identified 112 proteins that
differed between DED patients and controls. This is in keeping with the presumption that
DED has a large inflammatory component, and many of these proteins were associated
with innate immunity and the complement system.

Phospholipase Ds belong to an important class of enzymes involved in inflammation.
Their subtypes are present in the human ocular surface epithelium, where they may be
involved in pterygium pathogenesis [28]. Since there was a lack of expression of the
specific subtype phosphatidylinositol–glycan specific phospholipase D in the controls of
our cohort, this enzyme may be a promising candidate for DED biomarker search with
potential involvement in inflammatory processes, as observed in DED.

Mucin-16 is a membrane-associated mucin found on the apical membranes of the
human cornea and conjunctiva epithelial cells. In addition to the classical mucin-associated
functions, including maintaining hydration and lubrication of the epithelial surface and
forming a disadhesive barrier, mucins have signaling functions. In human corneal epithelial
cells with knocked down mucin-16 expression, the adherence of Staphylococcus aureus to
epithelial cells, and the penetration of agents, such as the Rose Bengal dye used to diagnose
DED, into epithelial cells were increased [29]. This indicates that mucin-16 may prevent
the adhesion of both pathogens and agents. Moreover, several studies indicated that the
extracellular domain of mucin-16 has been released into the tear film. It has been shown
in vitro that this mechanism of shedding is induced via pro-inflammatory cytokines that
are known to be upregulated in cases of dry eyes [30,31]. This is in agreement with the
upregulation of mucin-16 in tears of DED patients compared to controls in our cohort and
suggests a role of mucin-16 shedding in DED. The negative correlation between mucin-16
in tears and Acinetobacter johnsonii further supports this hypothesis since, in addition to
pro-inflammatory cytokines, bacterial components may influence mucin-16 release into the
tear film [30].

This correlation between tear components and members of the OSM reflects the
influence and association of the tear proteome and the OSM in inflammatory processes,
as observed in DED. To further substantiate the interaction of these systems in DED, we
screened for tear proteins produced via bacteria of the OSM with a potential impact on
DED. The three most abundant bacterial tear proteins were the chaperone protein DnaK,
the arsenical resistance protein ArsH, and the helicase bacterial protein. The chaperone
protein DnaK is a protein expressed via bacteria during stress. When infecting the host,
the host’s defense mechanisms trigger stress in the pathogens, by which these pathogenic
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bacteria respond with a rapid acceleration in the rate of expression of heat shock as well as
DnaK proteins. For example, the DnaK chaperone machinery of Salmonella enterica has been
shown to be involved in the bacterial invasion of epithelial cells and might also be involved
in the invasion of other tissues. Furthermore, it has been shown that the chaperone protein
DnaK inhibitors display anti-bacterial activity [32].

The arsenical resistance protein ArsH is involved in the bacterial response to oxidative
stress. Recent research has shown that ArsH can act as an organoarsenic reductase and
thereby play a role in arsenic metabolism and toxicity in bacteria [33]. Unfortunately, very
little is known about bacteria expressing the ArsH protein, mostly found in soil, in relation
to the human microbiome.

The helicase bacterial protein, found to originate from Cutibacterium acnes in our
study, is another interesting protein that merits further discussion. Helicase proteins are
dedicated enzymes that play a role in unwinding DNA duplexes to provide a single-
stranded template to DNA polymerases for strand synthesis [34]. As the process of DNA
replication is one of the most basic functions, this could be a prime target for antibiotic
development. The helicase–primase interaction in bacteria is understudied and not yet a
target for antibiotic development, in contrast to better-known DNA replication processes.
Known antibiotics, like the bactericidal fluoroquinolone class of antibiotics that interferes
with the DNA gyrase and topoisomerase IV activities, target the DNA replication machinery,
but no other marketed drugs target other components [35]. All of these proteins may
represent targets for novel therapeutic approaches for DED.

Limitations of this study include the limited number of patients and the lack of uniform
diagnostic criteria for DED [36]. This is further complicated by the fact that there is a disso-
ciation between signs and symptoms [37] and a patient’s perception of these symptoms [38].
According to the patient’s specific characteristics and disease severity, the sensitivity and
specificity of the available diagnostic tools vary significantly [36]. Therefore, the most
accurate diagnosis can be reached by combining the results of different tests as assessed in
this study. In total, 80 patients were examined, but only the 10 patients with the highest
DED score (DED patients) and the 10 patients with the smallest DED score (control group)
were selected for group assignment and further analysis.

3.3. Conclusions

We performed a taxonomical and functional profiling of the OSM and a functional char-
acterization of the tear proteome, revealing the importance of both systems and their associ-
ations in DED and facilitating the development of novel strategies for associated diseases.

4. Materials and Methods
4.1. Study Design and Recruitment

This study was reviewed and approved by the Ethics Committee of the Canton of Bern
(ClinicalTrials.gov: NCT04656197). The procedures followed the tenets of the Declaration
of Helsinki and the International Ethical Guidelines for Biomedical Research involving
Human Subjects (Council for International Organizations of Medical Sciences).

The prospective observational (single-center) cross-sectional study was performed
between October and December 2019. A total of 20 patients aged 60 and above attending
routine follow-ups in daily clinical practice at the Department of Ophthalmology of the
University Hospital Bern (Inselspital), Switzerland, were recruited. After receiving oral and
written information, all participants gave written informed consent before study enrolment.
Exclusion criteria were a history of recent (last 3 months) ocular surgery and systemic or
topical antibiotics within the last three months. Smokers and participants wearing contact
lenses or using systemic immunomodulators and corticosteroids or medical eye drops
(except moisturizing eye drops) were excluded. After verifying that no exclusion criteria
were met and written informed consent was given, one representative eye was randomly
chosen for inclusion.
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4.2. Assessment of Dry Eye Disease

The cohort was divided into two study groups: the dry eye disease group and the
healthy control group. In order to assign the subjects to the study groups, objective and
subjective assessment of DED was performed using the Ocular Surface Disease Index©
(OSDI©, Allergan, Inc., Dublin, Irland) questionnaire, the TearLab Osmolarity Test, slit
lamp examination, and a Schirmer’s Test II.

The OSDI© is a valid and reliable questionnaire to evaluate the severity of dry eye
disease [14]. It consists of 12 questions assessing dry eye symptoms, vision-related function,
and environmental triggers in the past week of the patient’s life.

To measure tear film osmolarity, the TearLab Osmolarity Test was performed according
to the manufacturer’s protocol at https://www.tearlab.com/resources.net accessed on
25 June 2023. Tear hyperosmolarity is defined by a referent of 316 mOsmol/L and values >
316 mOsmol/L and is indicative of DED [15].

Slit lamp examination was performed without fluorescein, as fluorescein may alter
the microbial representation on the ocular surface. The examination was carried out by
the same clinician for all study subjects to ensure consistency. The status of the eyelid
margins, the conjunctiva, and the cornea were evaluated. Any present swelling of the
eyelid was documented. Furthermore, redness and debris of the eyelid were assessed
with a scoring range from 0 to 3 according to the rating scale used by Hosseini et al. [16].
Meibomian glands were examined for hyperemia, thickened lipid secretion, keratiniza-
tion, and present chalazion, whereas conjunctivae were examined for swelling, erythema,
papillae, and follicles. Erythemas were graded from 0 to 3 (0 = none: no injection present,
1 = mild: superficial localized injection, 2 = moderate: superficial general diffuse injection,
and 3 = severe: superficial marked diffuse injection). Furthermore, whether the injection
was conjunctival, pericorneal, ciliary, or mixed was documented. For corneal changes, a
grading scale from 0 to 3 was applied (0 = normal, 1 = sparse density, 2 = moderate density,
and 3 = high density and overlapped lesions).

Schirmer’s Test II was conducted to measure the baseline tear secretion under local
anesthesia with 1% tetracaine (Théa, Schaffhausen, Switzerland) using tear strips (Haag-
Streit, Köniz, Switzerland). A reading of less or equal to 10 mm wetting was considered
dry eye.

To obtain an overall DED score for group assignment, the following grading system
was applied: for the OSDI© questionnaire: severe = 1, moderate = 0.5, and mild = 0.25;
TearLab Osmolarity: values > 316 mOsmol/L = 1; slit lamp examination: points were
equal to the grading system; Schirmer’s Test: values ≤ 10 mm = 1. Participants with a
DED score ≤ 6 were assigned to the control group, and participants with a score ≥ 16 were
assigned to the DED group.

For a selected subgroup, meibography was performed using the LacryDiag Ocular Sur-
face Analyzer (Quantel Medical, Cournon-d’Auvergne, France) according to the protocol
described in [39].

4.3. Sample Collection

Wet tear strips from Schirmer’s Test II were collected in a 0.5 mL Protein LoBind
tube (Eppendorf, Schönenbuch, Switzerland) punctured at the bottom with a cannula.
This tube was then put into a larger 2 mL Protein LoBind tube (Eppendorf, Schönenbuch,
Switzerland) and centrifuged at maximum speed for 5 min. The extracted tear fluid was
stored at −80 ◦C until further analysis via nano liquid chromatography–tandem mass
spectrometry (nLC-MS/MS; see below).

After assessment of DED, two separate sterile cotton swabs (Applimed SA, Châtel-St-
Denis, Switzerland) were used to obtain swabs from the tarsal conjunctiva and lower eyelid
margin, respectively. The swabs were then placed separately into a 2 mL DNA LoBind Tube
(Eppendorf, Schönenbuch, Switzerland) and stored at 4 ◦C until further analysis on the
same day. For negative controls, sterile cotton swabs without (n = 2) tetracaine and with one
drop of 1% tetracaine (n = 2), respectively, were processed as a lid and conjunctival swabs.

https://www.tearlab.com/resources.net
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4.4. DNA Extraction and Metagenomics DNA Sequencing

The DNA was extracted using the E.Z.N.A.® MicroElute Genomic DNA Kit (Omega
Bio-Tek, Norcross, GA, USA) according to the manufacturer’s protocol with an integrated
RNA digestion step using 100 mg/mL RNAse (Qiagen, Hombrechtikon, Switzerland).
DNA was stored at −20 ◦C until further analysis.

The DNA samples were brought to the Next Generation Sequencing Platform of the
University of Bern, Switzerland, for metagenomic shotgun sequencing. The Nextera DNA
Flex Library Preparation kit (Illumina, San Diego, CA, USA) was used for library prepara-
tion for sequencing following standard pipelines of the Illumina NovaSeq 6000 sequencing
system. To exclude low-quality and human reads, the 150 bp paired-end reads were quality
filtered using Trimmomatic v.0.32 [40] and mapped to the human reference genome hg19
using Bowtie2 v.2.2.4 [41]. For taxonomical annotation, the Metagenomic Phylogenetic
Analysis tool v.2.6.0 (MetaPhlAn2) and the marker database v.20 [42] were applied with
default settings. The relative abundances of each taxonomic unit were calculated using
Bowtie2 for alignment, followed by normalization of the total number of reads in each
clade by the nucleotide length of its marker. For functional annotation, the HMP (Human
Microbiome Project [43]) Unified Metabolic Analysis Network (HUMAnN2 v.0.11.0 [44])
was used with default settings. To provide a functional annotation of the taxonomical
profiles from MetaPhlAn2, HUMAnN2 was run for each sample separately as described in
Zysset-Burri et al. [9], ending up in a set of pathways including their abundances.

4.5. Nano Liquid Chromatography–Tandem Mass Spectrometry (nLC-MS/MS)

Tear fluid was processed as described in (11). Protein in-gel digestion was performed
according to the description in (37). An aliquot of 5 µL from each digest was analyzed
via nLC-MS/MS on an instrumental setup consisting of an EASY-nLC 1000 chromato-
graph coupled with a QExactive HF mass spectrometer (ThermoFisher Scientific, Reinach,
Switzerland) as described (11).

Mass spectrometry data were processed with MaxQuant/Andromeda version 1.6.1.0 [45]
using default settings for peak detection, a strict trypsin cleavage rule, allowing up to
three missed cleavages, variable oxidation on methionine, acetylation of protein N-termini,
deamination of asparagine and glutamine, and fixed carbamidomethylation of cysteines,
respectively. A match between runs was used with a retention time window of 0.7 min
between neighboring gel fractions but not between samples. The SwissProt human protein
sequence database (version 2019_02) was used to interpret fragment spectra with an initial
mass tolerance of 10 ppm on the precursor and 20 ppm for fragment ions, respectively.
Protein identifications were accepted if at least two razor peptides per protein group were
identified at a 1% false discovery rate (FDR) cutoff.

4.6. Statistical Analysis

Demographics were compared among groups applying either Fisher’s exact test (for
sex) or Welch’s t-test (for age, OSDI© score, osmolarity, slit lamp score, and Schirmer’s
Test ll, Table 1). R software (version 3.6.1) was used to perform other analyses. To provide
a global analysis of microbial and pathway abundances between groups via PCA, the R
package ade4 [46] was used. The PCA was performed using scaled values on the relative
abundances of microbes (identified via MetaPhlAn2) and microbial pathways (identified via
HUMAnN2). A visualization of the individual samples grouped by patients and controls
as well as by lid and conjunctiva is provided in Figure 4A,B. A p-value for group separation
was provided by applying a permutation multivariate analysis of variance (PERMANOVA)
using the R package vegan [47] (with 1000 permutations). In order to examine whether
relative abundances of microbial taxa and pathways were associated with clinical metadata
and/or quantities of the tear proteins, the MaAsLin R package [48] was applied. Significant
associations were considered below a q-value threshold of 0.25 and N 6= 0 in at least 50% of
the samples after adjusting for FDR (Benjamini–Hochberg).
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