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Editorial on the Research Topic
Dry eye disease syndrome

Dry eye is a complex multifactorial disease with significant morbidity and effects on
quality of life. In this Research Topic, the reader will find important advances in the
understanding of its pathophysiology, epidemiology, diagnosis, and novel treatments.

Beginning with an exquisite perspective by Soifer et al.,, presenting in a narrative
review proposing a subcategory of ocular surface inflammatory disorders (OSIDs) for
dry eye disease in which the role of inflammation, immune phenotypes and anti-
inflammatory therapies is very well-described. The reader will also find a review
performed by Asiedu regarding some molecular compounds as potential indicators for
meibomian gland dysfunction (MGD). This review of over 100 articles summarizes
the main lipids, proteins, carbohydrates, amino acids and enzymes with potential
relationships as biomarkers for MGD. DED is more prevalent in women than in men,
thus, a hormonal status has been associated with DED. Jiingert et al. described for
the first time the presence of prolactin (PRL), its receptor (PRLR) and the prolactin
inducible peptide (PIP) in the human lacrimal apparatus and in the ocular surface.
They showed that PIP levels are increased in reflex tears of DED patients with mixed
DED. This research opens the possibility of measuring PIP as a biomarker in DED. As
is well-known, DED is accompanied by an inflammatory response. To downregulate
the inflammatory environment, Yu et al. tested small molecules functioning as tyrosine
kinase (TrK) receptor agonists in a mouse DED model. Interestingly, they found that
TrK receptor agonists improve DED at inhibiting NFkB activation and upregulating
TNFAIP3 and EP4 anti-inflammatory proteins. This research emphasizes the necessity
to find novel efficacious molecules to accurately treat DED by selectively inhibiting the
inflammatory environment.

These very interesting manuscripts certainly contribute to the understanding of the
disease process and are escorted by remarkable work on its epidemiology. Diabetes
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mellitus (DM) is an increasing worldwide systemic disease
and its complications, in this context, Pan et al. described a
detailed picture of the association between DM and dry eye
disease (DED) in Taiwan. In this retrospective population-based
cohort study, they clearly identified diabetic neuropathy as a risk
factor for DED in DM, which increases with the worsening of
renal function in subjects with nephropathy. Additionally, they
demonstrated for the first time that there is a protective effect
to present DED in diabetic patients who use antihyperglycemic
drugs such as DPP4 inhibitor, GLP-1 agonist, SGLT-2 inhibitor,
and insulin monotherapy compared to subjects who only use
metformin. Additionally, a multicenter prospective cohort study
performed by Hao et al. concluded that air pollution could
affect DED by different mechanisms. Exposure to particulate
matter, ozone, nitrogen dioxide, and sulfur dioxide affected tear
film stability and produced ocular discomfort and changes in
cytokine levels. In addition, Singh et al. evaluated relationships
between tear film features and age and sex in a non-DED Indian
population. They found that tear meniscus height is slightly
affected by age but is independent of sex, NIBUT, and TO. In
this work, they propose that the notion that older people and
women are at risk of present DED is less likely to be related to
abnormalities in the tear film and could be associated with other
different factors.

Ocular surface imaging has revolutionized diagnosis and
disease monitoring but also elucidated the physiological process
related to dry eye. Jing et al. demonstrated using in vivo confocal
microscopy that the presence of oval cells and potentially
immature Langerhans cells in the corneal vortex and the
presence of these cell patterns were related to DED severity.
Due to the complexity of measuring tear film and DED severity,
Sanchez-Gonzélez, Capote-Puente et al., proposed a new non-
invasive method to accurately diagnose DED. The Ocular
Surface Analyzer (OSA) is a device that can be adjusted to
a slit lamp and is capable to measure different DED-related
parameters, such as conjunctival hyperemia, meniscus height,
lipid layer, NIBUT, and meibomian gland functions. The DEQ-
5 items questionnaire is also included as a part of the method
to make this device more accurate. Moreover, they compared in
a very detailed manner its advantages and disadvantages with
other methods currently used to diagnose DED and to measure
tear film. OSA is proposed as a precise and practical method to
be routinely used by ocular surface specialists. Garcia-Terraza
et al. performed an observational study and compared three
different devices for evaluating the ocular surface. They found
slight differences between all three equipment types when
comparing meibography images.

Dry eye treatment is rapidly changing, and novel targets and
therapeutic strategies are constantly described. Yun and Min
presented a study where skin temperature was evaluated before
and after intense light pulsed (IPL) treatments. The authors
concluded that IPL treatment decreased skin temperature,
indirectly producing a reduction in superficial telangiectasia.
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Moreover, MGD leads to tear film instability and causes
dry eye disease. Telangiectasia often coexists with MGD and
is the main sign of associated posterior blepharitis. In this
Research Topic, Tantipat et al. compared 0.05% bevacizumab
eye drops twice a day vs. a single intra-MG injection of 2.5%
bevacizumab to determine their safety and efficacy for MGD-
associated posterior blepharitis. In this open-label, observer-
blinded randomized controlled trial, the authors identified that
both treatments are equally effective and safe for treating MGD-
associated posterior blepharitis at 3 months. The authors also
recommend intra-MG injection as an appropriate treatment in
cases with severe lid margin telangiectasia or poor compliance
with topical eye drops. DED is also a consequence of systemic
drug administration like isotretinoin for acne vulgaris control,
and many drugs are currently used to treat DED such
as the topical administration of hyaluronic acid (HA). In
this Research Topic, Sanchez-Gonzalez, De-Hita-Cantalejo et
al. compared the efficacy of 0.4% HA vs. 0.4% HA plus
0.2% galacto-xyloglucan (HA-GX) obtained from tamarind
seed on the treatment of isotretinoin-induced DED. In this
prospective, single-blinded trial, the authors demonstrated that
both HA formulations are similarly effective. Moreover, HA-
GX increased the BUT and mean NIBUT compared to HA
alone. Keratoneuralgia treatments may vary and have different
responses. Wang et al. presented a study of cases who received
eye drops of autologous plasma rich in growth factors (PRGF)
for keratoneuralgia or corneal nerve pain, reporting no side
effects associated with this therapy. The authors concluded
that PRGF treatment is safe and could improve symptoms for
keratoneuralgia patients.

In summary, DED is an important health problem
worldwide, and the studies published in this special edition
make a significant contribution to the better understanding
of this entity and improve diagnostic and therapeutic
approaches for our patients. We are convinced that this
Research Topic will be of interest and of great value both
to scientists and clinicians. Finally, we would like to thank
all the authors, institutions, reviewers and editors for
their valuable time and efforts in improving this DED
special report.
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Meibomian gland dysfunction (MGD) is the leading cause of dry eye disease throughout
the world. Studies have shown that several molecules in meibum, including but
not limited to interleukins, amino acids, cadherins, eicosanoids, carbohydrates, and
proteins, are altered in meibomian gland dysfunction compared with healthy normal
controls. Some of these molecules such as antileukoproteinase, phospholipase A2, and
lactoperoxidase also show differences in concentrations in tears between meibomian
gland dysfunction and dry eye disease, further boosting hopes as candidate biomarkers.
MGD is a complex condition, making it difficult to distinguish patients using single
biomarkers. Therefore, multiple biomarkers forming a multiplex panel may be required.
This review aims to describe molecules comprising lipids, proteins, and carbohydrates
with the potential of serving various capacities as monitoring, predictive, diagnostic, and
risk biomarkers for meibomian gland dysfunction.

Keywords: meibum, glands, lipids, interleukins, biomarkers

INTRODUCTION

The latest definition of meibomian gland dysfunction (MGD) as proposed by the MGD workshop
2011 is “Meibomian gland dysfunction is a chronic, diffuse abnormality of the meibomian glands,
commonly characterized by terminal duct obstruction and/or qualitative/quantitative changes in
the glandular secretion. It may result in alteration of the tear film, symptoms of eye irritation,
clinically apparent inflammation, and ocular surface disease” (1).

The postulated pathomechanism underpinning the most common form of MGD is obstruction
of the meibomian gland orifices as a result of hyperkeratinization of the ductal epithelium
perpetuating the blockade of the gland orifices, stagnation of the gland contents, cystic dilatation,
and then the miniaturization of the holocrine, secretory acini (2, 3). Researchers worldwide are
making attempts to understand the pathomechanisms associated with the insurgence of MGD and
the factors that make the condition chronic (4-7). Despite the increasing number of interventional
studies on MGD (8-10), only a few new treatments have emerged (11), not one fix for all. Still,
clinicians have to combine several treatments to address various aspects of this chronic condition
(12). Biomarkers may facilitate the much-needed and anticipated personalized treatment for MGD,
which is currently elusive. Current treatment options are often trial and error. Interventional
studies on MGD have suffered from the lack of validated and specific biomarkers obscuring
objectivity and endpoints’ reproducibility (12).

“A biomarker is defined as a characteristic that is measured objectively and evaluated as
an indicator of normal biological processes, pathogenic processes, or biological responses to a
therapeutic intervention” (13). Biomarkers aren’t universal and can be classified as diagnostic
biomarkers, monitoring biomarkers, predictive biomarkers, safety biomarkers, risk biomarkers,
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pharmacodynamic biomarkers, and others (14, 15). As reiterated
by the BEST Resource FDA-NIH Biomarker Working Group,
biomarkers should be objective, reproducible, and a continuous
measure (16). A biomarker is not an evaluator of how a subject
feels, functions, or survives (13). A surrogate endpoint, on the
contrary, is defined as “an endpoint that is used in clinical
trials as a direct measure of how a patient feels, functions, or
survives” (17). It is never intended to measure the clinical benefit
of primary interest in and of itself; instead, its intended to
foretell the clinical benefit or harm based on evidence. Besides
these, a biomarker should have excellent specificity, sensitivity,
reliability, and reproducibility, and, more importantly, be less
expensive (18).

In recent times, imaging of the meibomian glands via
meibography is commonplace and can be included in
interventional studies (19, 20), but may not be sufficient
for the diagnosis of MGD. Further work will be needed to
validate mechanisms of analysis, including the development
of automated systems and the correlation of meibomian
gland changes with clinical findings (4). Several studies have
endeavored to enrich the literature on various molecules
in meibum and tear film of MGD subjects compared with
controls. This review aims to describe molecules comprising
lipids, proteins, and carbohydrates with the potential of serving
various capacities as monitoring, predictive, diagnostic, and risk
biomarkers for meibomian gland dysfunction.

METHODS

Peer-reviewed articles were searched from PubMed and Embase
with no limitation on duration. For PubMed, the following
search strategy was used, incorporating Text Words (TW) and
Medical Subject Headings (MeSH), and combining appropriate
terms using Boolean logic operators: Biomarker: “biomarker’s”
[All Fields] OR “biomarkers” [MeSH Terms] OR “biomarkers”
[All Fields] OR “biomarker” [All Fields] meibomian glands:
“meibomian glands” [MeSH Terms] OR (“meibomian” [All
Fields] AND “glands” [All Fields]) OR “meibomian glands” [All
Fields]. The same approach was used in Embase-Ovid using
the same search strategy. Each articles title and abstract were
read to determine their eligibility for inclusion. Other papers not
appearing in the search were included by searching the reference
list of some important papers. Publications were included in the
current review if they were centered on molecules capable of
serving as biomarkers for MGD. A total of 111 articles were
related to the subject and were included in the review.

PROTEOMIC AND LIPIDOMIC ANALYSIS
OF MEIBUM

The lipid layer is the foundational bedrock for tear film
stability (21), which has made altered lipid layer thickness
(LLT) a good indicator of MGD (4, 18, 22). The functional
network analysis has created a platform for investigating the
main biological processes needed to reveal candidate biomarkers

(23). The studies of differential protein expression in complex
biofluids such as tear film require rapid, highly reproducible,
and accurate quantification (23, 24). Tear film proteomics
and lipidomics offer robust analytical apparatus for assessing
proteins and lipids involved in the pathogenesis of MGD. New
emerging proteomics technologies such as the Tags for Relative
and Absolute Quantitation (iTRAQ), the differential in-gel
electrophoresis (DIGE), stable isotope labeling with amino acids
in cell culture (SILAC), isotope-codes affinity tag (iCAT), absolute
protein quantitation (AQUA), mass spectrometric technology,
and label-free quantification (LFQ) have empowered research
scientists to use tear proteomics to compare changes within
normal tears allowing the elucidation of candidate proteins
involved in the pathogenesis of MGD (25, 26).

Using these analytical apparatus, it has become increasingly
feasible to determine the changes in these proteins and lipids
in the fundamental pathophysiological processes and issuing
potential candidate biomarkers (23). This is illustrated in
Figure 1 showing potential molecules that could serve as
biomarkers upon further research.

LIPIDS IN MEIBUM

The amount of meibum on the lid margin is more than the
amount required to form a 17-molecule thick lipid layer on
the tears’ surface (24). Studies suggest that if there are patent
meibomian gland orifices, it depend on the quality and not the
lipid quantity for a stable tear film (24). Meibum comprises
non-polar lipids (e.g., cholesterol esters, monoglycerides,
triglycerides, wax esters, diesters, diglycerides, free fatty acids,
and hydrocarbons) and polar lipids (e.g., w-hydroxy fatty acids,
sphingophospholipids, and glycerophospholipids) (18, 27-30).
The lipid layer of the tear film has a classic duplex structure,
comprising non-polar lipids (e.g., cholesterol esters, diesters, and
wax esters) that form a lipophilic layer at the air-lipid interface
and polar lipids (e.g., phospholipids) that differentiate the tear
film lipid layer from the muco-aqueous layer interface (31, 32).
It has been shown that there is significant variation in meibum
composition among normal subjects (33). Butovich et al. showed
high similarities of lipids in meibum between two different age
groups, with only minor changes in the specific lipid species
(34). The extent of the intergroup variability for tested lipid
species was comparable to the intragroup variability for the same
meibum components (34). No statistically significant differences
in the lipid esterification, elongation, and unsaturation patterns
were noted or documented. Aging itself seems to have only a
minor effect on meibogenesis in healthy individuals without
MGD or dry eye disease (34).

PROTEINS IN MEIBUM

More than 90 proteins have been identified in human
meibum. They comprise keratins (K1, 5, 6, 7, 9, 10, 13,
16), surfactant proteins (SP-B, SP-C), lipocalins, lactoferrin,
phospholipid transfer proteins, lipophillins, cytochrome ¢,
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farnesoid X laminin «-3 chain, lysozyme c, and proteoglycans,
which are considered significant protein constituents of
meibum (35).

LIPIDS AND FATTY ACIDS AS
CANDIDATE BIOMARKERS FOR
MEIBOMIAN GLAND DYSFUNCTION

Many investigators have found significant differences such as
fatty acid composition between the meibum obtained from
normal subjects and that obtained from subjects with blepharitis
or dry eye disease (36-38). In meibum synthesis and subsequent
release into the tear film, basal meibocytes move during their
maturation, from the basal compartment of the acinus toward
its center (39) and eventually toward the entrance of the
ductule, which simultaneously occurs with the production and
accumulation of lipids. MGD is a complex disease that involves
several inflammatory pathways that contribute to the vicious
cycle of the disease (40). Terminal duct obstruction, a core
mechanism of MGD, usually creates an elevated intraglandular
pressure and acinar epithelial stress that instigate the release of
proinflammatory mediators such as cytokines and the subsequent
clinically apparent inflammation seen in MGD (40).

One feature of obstructive MGD is that terminal ducts
are obstructed, which leads to prolonged intraglandular
accumulation of lipids with extensive enzymatic changes, leading
to increased lipid mediators in the meibum (41, 42). The result
of these enzymatic changes is an elevated concentration of lipid
mediators in tears (41). In fact, researchers found that a tear film
panel comprising 5-hydroxyeicosatetraenoic acid, leukotriene

B4, and 18-hydroxyeicosapentaenoic acid was predictive of
reduced meibum expressibility (41).

In MGD, the meibomian glands secrete abnormal lipids that
cause excessive evaporation of the tear fluid. Linoleic acid is
commonly associated with meibomian sterol and wax esters (43),
and the elevated free linoleic acid concentration in the meibum of
patients with MGD may be the reflection of increased content of
linoleic acid chains within the non-polar lipids. The linoleic acid
occurs as a free molecule or as an ester moiety, and its increment
in meibum is responsible for the disruption of tight molecular
packing within the tear film’s lipid layer, which makes the lipid
layer lose the ability to mitigate aqueous tear evaporation (44).

Although linoleic acid occurs in the normal meibum, elevated
linoleic acid is associated with MGD (42). Arita et al. reported
that the relative amount of linoleic acid in meibomian gland
secretion is associated with the severity of plugging of gland
orifices and telangiectasia in patients with MGD (42). It is
postulated that altered n-6 polyunsaturated fatty acids such as
linoleic acid play a vital role in the etiopathogenesis of MGD (42,
45, 46). Arita et al. concluded that linoleic acid is involved in
the pathogenesis of telangiectasia and plugging in MGD and is,
therefore, a potential biomarker for MGD diagnosis.

Prostaglandin E2 (PGE2) levels are higher in the tears of
patients with MGD than healthy controls (47, 48). To support
the fact that PGE2 may differentiate MGD from normal eyes, one
study reported that intense pulse light (IPL) treatment changed
the concentration of PGE2 in the tears of patients with MGD
compared with the control eyes, with the mean concentration
of PGE2 being significantly decreased in the treated MGD eyes
with a corresponding improvement in clinical signs compared
with healthy controls (47). PGE2 may be elevated in other ocular
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surface diseases aside MGD, and it could be explored as a
potential monitoring biomarker for ocular surface inflammation.
This could help decipher whether a particular MGD treatment
would be effective even before clinical signs and symptoms
are ameliorated.

There are around 34 cholesterol esters with carbon numbers
ranging from 14 to 34 detected in human meibomian gland
epithelial cells. Notwithstanding prevailing conditions, human
meibomian gland epithelial cells exhibit a cholesterol ester profile
that is around 14.0% saturated, 60.6% monounsaturated, and
25.4% polyunsaturated (49). At the ocular surface in healthy
people, the quantity of cholesterol esters is lesser than wax
esters (50). Considerably, large differences in cholesterol ester
expression are noted in several donors with normal meibum, who
have stable tear films (50, 51) implying that cholesterol esters
are not likely to confer tear film stability. In MGD, however,
it is evident that the cholesterol ester expression decreases, and
its molar ratio with wax esters drops further (38, 50). The tear
film cholesterol esters have ideal characteristics that permit them
to be potent mediators of phase transition and subsequently
meibum viscosity (52). Due to the increase in saturation (five
times) of cholesterol esters relative to wax esters (53), a decrease
in cholesterol esters may inversely affect the meibum’s melting
point, thereby increasing its viscosity. This assertion has been
confirmed biophysically, biochemically, and clinically in patients
with MGD (2, 49).

Cholesterol esters with the number of carbons >24 are not
present in culture media, serum, epithelial cells, or other tissues
except the sebaceous glands making them promising molecules
with the potential for distinguishing disease states as diagnostic
biomarkers (49). One study has intimated that cholesterol esters
with the number of carbons >24 are potential lipid biomarkers of
human meibomian gland epithelial cells (49). Meibomian glands
epithelial cells are less differentiated and regenerated in MGD
(3, 49).

It is evident that cholesterol esters as a functional group of
molecules are not the preview of any specific tissue; however,
cholesterol esters with ultra-long-chain fatty acids are limited
to or present only in meibomian and sebaceous glands (49).
To further support the argument that cholesterol esters are
potential biomarkers, recent studies by Borchman et al. (50) and
Shrestha et al. (38) demonstrated that cholesterol esters (exact
species not specified) are reduced in adults with meibomian gland
dysfunction (54).

Analysis of human meibum from a patient with MGD and
age- and gender-matched subjects revealed severely reduced
reservoir of normal meibomian lipids such as cholesteryl
esters and wax esters in meibum and tears as well as their
distorted molecular profiles (55). Furthermore, a three times
increase in free cholesterol to cholesteryl esters ratio and
over 20 times increase in the triglycerides fraction over the
norm were also observed (55). The pattern did not change
during a 1-year period when the patient with MGD was
examined three times.

Many a meibum-derived (O-acyl)-omega-hydroxy fatty acids
(e.g., 118:2/30:1, 18:1/26:1) have been demonstrated to be linked
with tear film thinning, intimating that (O-acyl)-omega-hydroxy
fatty acids play vital roles in precorneal tear film stability.

However, the biophysics of (O-acyl)-omega-hydroxy fatty acids
that makes them potent in mitigating tear film evaporation
remains elusive in the current literature. Most of these (O-acyl)-
omega-hydroxy fatty acids have one or more double bonds in
their acyl chain moiety, and hence, it may be plausible that
the degree of unsaturation could be a characteristic of (O-acyl)-
omega-hydroxy fatty acids aiding them in their functional roles.

MGD manifests with differential expression of specific (O-
acyl)-omega-hydroxy fatty acids in the tear film and meibomian
secretion. It is suggested that (O-acyl)-omega-hydroxy fatty acids
are involved in the changes occurring in the biochemical profile
of the lipid layer of tears in individuals with MGD. It has
been unequivocally shown that all (O-acyl)-omega-hydroxy fatty
acids except 18:2/16:2 in meibum and tears are lesser in MGD
compared with healthy controls (56). This implies that (O-acyl)-
omega-hydroxy fatty acids may be a potential source of molecules
to identify biomarkers. A recent study sought to differentiate
between wax esters, cholesterol esters and (O-acyl)-omega-
hydroxy fatty acids. The abundance of the human precorneal tear
film and meibum-derived wax esters and cholesteryl esters were
absolutely independent of MGD disease status and precorneal
tear film thinning (evaporation) (57). Apparently, the researchers
suggest that altered wax esters and cholesteryl esters do not
contribute significantly to alterations in tear film dynamics in
MGD (57), as shown in the case of (O-acyl) w-hydroxy fatty
acids (58).

Researchers sought the differences in meibomian fatty acid
composition in patients with MGD, aqueous deficient dry eye,
and healthy subjects (36, 37). Meibomian fatty acids underwent
transmethylation and were analyzed via gas chromatography and
mass spectrometry. Meibomian fatty acids were not different
between dry eye and healthy controls but were different in
patients with MGD, in whom there was a substantial elevation
in the levels of branched-chain fatty acids and lower levels of
saturated fatty acids, especially lower levels of palmitic (C16)
and stearic (C18) acids (37). Meibomian fatty acid composition,
especially the increased branched chains, could be a biomarker
for MGD (37, 59). To further support increased branched chains
as a potential biomarker, one study compared treatment with
minocycline along with lid hygiene and treatment with lid
hygiene only (60). It was revealed that a significant reduction in
branched-chain meibomian fatty acids occurred in minocycline-
treated patients compared with lid hygiene only patients, which
also correlated with an increase in tear breakup time (60).

The lipid structural order can be considered lipid fluidity;
however, fluidity may have a supplemental mobility component
(61). When lipids are ordered, the hydrocarbon chains are
closely packed, which amplifies van der Waals interactions
between hydrocarbon chains and subsequent frans rotamer
conformation of carbons (61). When lipids are disordered,
their trans rotamers are traded for more gauche rotamers (61).
Besides, the hydrocarbon chain becomes less close and robust,
diminishing the van der Waals interactions between hydrocarbon
chains. The peak height ratios and saturation contribute to a
higher meibum lipid order that accompanies meibomian gland
dysfunction and dry eye (61). Hence, the hydrocarbon order
contributes to an unstable tear film and may be a biomarker
for MGD (61).
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PROTEINS AND AMINO ACIDS IN TEARS
AND MEIBUM AS CANDIDATE
BIOMARKERS

Amino Acids

Amino acids are the building blocks for many transmitter
molecules such as neuropeptides and are likely to be upregulated
or downregulated when the ocular surface integrity is insulted
or when ocular surface homeostasis is interrupted. Tear
compounds, including phenylalanine and isoleucine, are elevated
in dry eye-associated MGD (DE-MGD) (62). Simultaneously,
glycoproteins (not an amino acid) and leucine are decreased
in the tears of patients with DE-MGD compared with healthy
controls (62). Furthermore, cysteine, valine, arginine, and
tryptophan were significantly higher, while leucine and glycine
were markedly lower in the tears of patients with DE-MGD
than that of the healthy normal controls (62). The observation
of tear upregulation of arginine, valine, cysteine, phenylalanine,
isoleucine, and tryptophan in the patients with DE-MGD may
be due to the vital roles of these molecules in several signaling
pathways of ocular surface disease. One cannot rule out the
plausibility that a major process such as neuropeptide hydrolysis
by neuropeptidase can occur, releasing these amino acids into
tears to convert these molecules into others. It is known that
phenylalanine overexpression occurring in the tears of patients
with DE-MGD shows the proinflammatory response in DE-
MGD, as suggested by several authors (62-64). Also, arginine is
speculated to modulate T-cell metabolism and cell survival via
gene expression (65). Since MGD is associated with clinically
apparent inflammation, it may not be surprising that amino acids
such as arginine and phenylalanine involved in ocular surface
inflammation are significantly higher in the DE-MGD tears (62).
These molecules provide important avenues to research and
discover important MGD biomarkers.

RECEPTOR AND STORAGE PROTEINS

Studies have made it clear that aging human meibomian
glands exhibit reduced meibocyte differentiation and cell
cycling, which is traditionally linked with the pathogenesis
of MGD (66). It has been shown that altered peroxisome
proliferator-activated receptor-y (PPARy) signaling leads to
acinar atrophy and is involved in the pathogenesis of age-
related hyposecretory MGD (66). A lack of PPAR-y could
contribute to the potential of age-related atrophic processes of the
meibomian glands.

Intracellular lipids, after being made via a PPAR-y-dependent
pathway, are kept inside specialized compartments that contain
the storage molecule referred to as adipophilin or the associated
molecule adipose differentiation-related protein (ADRP) (67).
ADRP enhances the uptake of long-chain fatty acids, and
the presence of these fatty acids promotes and upregulates
its production. It implies that in the case of altered meibum
production, ADRP production reduces, making it a potential
candidate biomarker for MGD (66).

CYTOKINES AS POTENTIAL
BIOMARKERS OF MEIBOMIAN GLAND
DYSFUNCTION

Meibomian gland dysfunction is associated with clinically
apparent inflammation, and interleukins may be key
players in initiating and sustaining inflammation in MGD.
The proinflammatory cytokine IL-1f is an inducer of
hyperkeratinization in cultured meibomian gland ducts
(68). Matrix metalloproteinase-9 levels are increased in the
tear film of patients with MGD (69). The activity of matrix
metalloproteinase-9, a zinc and calcium ion-dependent enzyme,
activates the precursor IL-1f in the extracellular environment
(70), a perpetuator of hyperkeratinization in the meibomian
glands. This is consistent with the hypothesis put forth by
Jester et al. in an expert review that “inflammation-induced
hyperkeratinization of the duct caused by the development of
dry eye cannot be ruled out as a consequence of environmentally
induced changes in meibomian gland function and lipid
quality” (71).

Several reports have highlighted increased tear inflammatory
cytokines such as IL-17 and IL-6 in patients with dry eye disease
owing to MGD (47, 72, 73). IL-6 and IL-17A are reduced in the
tears from patients with MGD after intense pulse light treatment,
and the levels of both IL-6 and IL-17A in the tears correlated
with meibomian gland yield secretion score: meibomian glands
yielding liquid secretion (MGYLS), meibomian glands yielding
clear secretion (MGYCS), and meibomian gland yield secretion
score (MGYSS) at the pre-treatment baselines (47). However,
the correlation analysis between the IL-17A and IL-6 and
SPEED/OSDI showed no statistical significance. Furthermore,
the change in the concentration of IL-6 in tear film correlated
with the change in the values of meibomian glands yielding
clear secretion (MGYCS) after IPL treatment. This change
suggests that the improvement in meibomian glands yielding
clear secretion (MGYCS) is likely to result in a difference in the
concentration of IL-6 after IPL treatment (47). It has been noted
that the reduced rate of IL-6 level was higher than that of IL-
17A (—84 vs. —52% at the end of the study) (74) suggesting that
IL-6 may be involved in improving the meibomian gland signs
after IPL treatment (47). Furthermore, studies have shown that
IL-8 levels are different between healthy controls and patients
with MGD (75). In an MGD group, IL-10 levels were significantly
lower than that found in the aqueous deficient dry eye among
Sjogren syndrome patients (75). Studies have shown an increased
IL-6, TNF-a, corneal staining, and meibomian gland loss in
patients with MGD (76). In contrast, lipid layer thickness was
negatively correlated with IL-2 and IL-4 in patients with MGD
(76). Researchers have also shown a significant increase in the
expression of IL-6 and TNF-a in the tear fluid of the dry eye
patients with MGD when compared with dry eye patients without
MGD (76). In one study, subjects were divided into two groups:
Group I had no or minimal MGD, and group II had grades 2-4
MGD; mean IL-2, IL-6, and tumor necrosis factor (TNF)-a levels
in group II were higher than those of group I (77). This indicates
increasing interleukin levels with worsening MGD (77). To
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further affirm the potential utility of interleukins as a monitoring
biomarker in MGD, clinical outcomes and tear cytokine levels
in patients with MGD were assessed in a clinical trial. The
trial consisted of two groups comprising those treated with oral
minocycline and artificial tears (Group 1) versus artificial tears
only (Group 2). Patients in group 1 showed statistically significant
improvement in all clinical signs and symptoms after 1 month
and 2 months of treatment compared with group 2. In addition,
there was a statistically significant reduction in IL-6, IL-1p, IL-
17a, TNF-a, and IL-12 after 2 months of treatment in group 1
compared with group 2 (78).

TEAR PROTEINS AS POTENTIAL
BIOMARKERS FOR MEIBOMIAN GLAND
DYSFUNCTION

Meibomian gland dysfunction is associated with changes in
protein constituents in the meibum and subsequently the tear
film. In an investigation, it was revealed that several proteins were
downregulated in both dry eye and MGD, including prolactin
inducible protein (PIP), zinc-a-2-glycoprotein (AZGP1), galectin
7 (LEG7), cystatin S (CST4), actin cytoplasmic 1 (ACTB),
lactotransferrin (LTF), cystatin SN (CST1), and mammaglobin-
B (SG2A1) (74). However, the magnitude of the downregulation
for each pathology was distinct. For instance, LCN1, PIP, LTF,
and SG2A1 were substantially reduced in dry eye, while AZGP]I,
LEG7, CST4, CST1, and ACTB were diminished in MGD (74).
In the dry eye and MGD, these proteins’ expression levels were
decreased compared with healthy controls (74). These proteins
are secreted by the lacrimal glands. They have also been detected
in the meibomian gland secretions (35, 79).

Similarly, galectin 7 and cytoplasmic 1 were reduced in dry eye
and MGD compared with healthy controls but significantly worse
in patients with MGD (18, 21). Another protein, mammaglobin
b (SG2Al), is produced less in evaporative dry eye (80).
Glycoprotein is the most abundant protein found in normal
tears. It was considerably lower in patients with DE-MGD (62).
Furthermore, the changes in the levels of annexin A1, clusterin,
and alpha-1-acid glycoprotein 1 were different between MGD
and healthy controls (23).

Tear lactoferrin levels are not associated with meibomian
gland atrophy but are associated with MGD (81). It is suggested
that MGD may adversely temper with the palpebral apparatus,
which could incite inflammation in ancillary lacrimal glands
and impact lactoferrin secretion (81). The lacrimal gland is
the primary source of tear lactoferrin, and it is a known
biomarker for aqueous deficiency (81). Posterior lid margin
redness and telangiectasias that occur in MGD are also markers
of inflammation (7), which may seep inflammatory mediators to
affect the accessory lacrimal glands of Krause and Wolfring. This
phenomenon has entrenched the idea that inflammation impacts
adversely on the function of the accessory lacrimal glands.
Furthermore, lactoferrin has been found in meibomian secretions
based on proteome analysis (35), implying that abnormal
meibum secretion may partially account for the reduction in
tear lactoferrin concentration, because not all the detected

tear lactoferrin may be due to the lacrimal glands. However,
additional work is necessary to understand the relationship
between MGD and tear lactoferrin levels.

The most overexpressed proteins in the MGD appear to
be annexin-al, clusterin, alpha-1-acid glycoprotein 1, and
lactoperoxidase. Lactoperoxidase had its lowest concentration
in patients with dry eye compared with healthy controls
and patients with MGD. These molecules are involved in
oxidative stress, apoptosis, immune response, and keratinocyte
differentiation, which points to the principal processes involved
in the health and disease of the meibomian glands (82).
A panel of thioredoxin, immunoglobulin heavy constant
gamma 1, phospholipase A2, serpin family A member 1,
secretory leukocyte peptidase inhibitor, and lactoperoxidase
could unequivocally distinguish between dry eye disease and
MGD (82). Thioredoxin plays roles in immune response,
cell-cell signaling, cell proliferation, and redox mechanisms
(83). Immunoglobulin heavy constant gamma 1 and secretory
leukocyte peptidase inhibitor are also involved in immunological
activities (82, 84), while phospholipase A2 is implicated in
the inflammation, immune responses, and lipid catabolism
(85). Serpin family A member 1 plays roles in acute-phase
response and platelet activation (86), and secretory leukocyte
peptidase inhibitor is involved in the defense response (87). Tear
proteins are altered in MGD and may be a potential source of
biomarkers for MGD.

Lipocalin 1 is a primary protein found in the tear film.
It can remove phospholipids and fatty acids from the ocular
surface, especially the cornea (88). Studies have shown that its
concentration is reduced in tear samples from patients with MGD
and dry eye (89).

Studies have shown that lipocalin deficiency is associated with
MGD (89). It has been reported that tear lipocalin can bind
various lipophilic compounds, including fatty acids, arachidonic
acid, fatty alcohols, glycolipids, retinol, phospholipids, and
cholesterol, with a particular affinity for phospholipids and
insoluble long-chain fatty acids (90). In one study, it was shown
that mean tear lipocalin concentration in patients with MGD was
substantially reduced compared with concentrations in normal
controls (89). This may not be the result of decreased tear
secretion since the same volume of tears was collected from all
patients, and the total tear protein concentration was not different
between patients with MGD and normal controls (89). These
findings indicate that decreased tear lipocalin concentration in
tears is involved in the pathogenesis of MGD meaning that not
only changes in the meibomian glands is responsible for the
clinical signs and symptoms in MGD (89).

KERATINS AS CANDIDATE
BIOMARKERS FOR MEIBOMIAN GLAND
DYSFUNCTION

Hyperkeratinization is a key feature of obstructive MGD making
keratins a potential source of molecules to research and discover
important biomarkers of obstructive MGD. It has also been
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shown that MGD excreta included a 10% increase in the quantity
of detectible ductal cytokeratins (91).

Keratins predominantly come from the shedding of
keratinized epithelial cells lining the meibomian gland ducts
(25). It has been noted that keratin mixes into the tear film’s
lipid layer and can destabilize the lipid layer in vitro (25,
92). Keratin 10 and keratin 1 are considered to be essential
keratinization markers because they are present in terminally
differentiated keratinocytes (93). To confirm whether the
ductal epithelias hyperkeratinization is responsible for the
meibomian glands’ ductal obstruction, some researchers
studied the expression patterns of Keratin 10 and keratin
1 in the four donors meibomian glands (93). The study
finding suggested that the central ductal epithelia’s abnormal
differentiation and proliferation may be responsible for the
ductal obstruction. This study also showed that ductal epithelial
abnormal differentiation and proliferation alone, barring any
conspicuous hyperkeratinization, can obstruct the meibomian
glands (93). The decline in acinar cell proliferation and
renewal was purported to be the underpinning instigator
of meibomian gland atrophy with aging (93). This evidence
shows that overexpression of hyperproliferative keratins in
meibum may be potential biomarkers to detect obstructive MGD
accurately (93). Again, other researchers have demonstrated
that cytokeratins CK1, CK10, CK13, CK14, and CKI19 may
be candidate biomarkers within human eyelid tissue to
uncover the meibomian gland ducts’ keratinization around the
mucocutaneous junction (54, 94).

CELL MORPHOLOGY AND
IMMUNOHISTOCHEMISTRY

Meibomian gland dysfunction can impair ductal epithelial cells
and subsequently ocular surface epithelial cell morphology and
immunohistochemical properties. This makes cell morphology
and immunohistochemistry potential avenues to explore
candidate biomarkers for MGD. One study recruited 40 healthy
subjects and stained (19 soft contact lens wearers and 21
non-contact lens wearers) their lid margin with lissamine
green (95). Impression cytology of the upper lid margin of
both eyes was collected, fixed, and stained with periodic acid
Schiff (PAS) and hematoxylin for cell morphology analysis and
immunocytochemistry (95).

Immunocytochemistry following PAS/hematoxylin staining
indicated transition in epithelial cell morphology in the
marginal conjunctival epithelium, mucocutaneous junction, and
squamous epithelium, close to the meibomian gland ducts (95).
The authors concluded that impression cytology combined with
histochemistry and immunocytochemistry staining would be
vital in assessing the lid margin region’s epithelial cells, including
the areas adjacent to the meibomian gland openings. Impression
cytology and clinical tests could be useful diagnostic biomarkers
for MGD and lid wiper epitheliopathy (95).

Studies have also demonstrated that T helper-17-mediated
neutrophil influx plays a role in the obstruction of meibomian
glands in the murine model of allergic eye disease (AED) and
provided evidence for the association between tear neutrophils

and MGD severity (96, 97). Utilizing the experimental model of
AED and examining human samples with MGD and blepharitis,
it became evident that aggregated neutrophil extracellular
traps were an etiopathological factor instigating obstructive
MGD in mice and humans (97). It has also been shown
that ocular discharge from patients with blepharitis contains
aggregated neutrophil extracellular traps (97). Besides, MGD-
affected human meibomian glands’ ducts are highly congested
with aggregated neutrophil extracellular traps. Furthermore,
the tear film of patients with MGD has increased neutrophil
chemoattractants (C5a, IL-6, IL-8, and IL-18) (97). Blocking
aggregated neutrophil extracellular traps formation with peptidyl
arginine deiminase type 4 (PADI4) effectively ameliorates MG
damage (97). The detection of the neutrophil extracellular traps
(NETs) with immunofluorescence analysis of ocular surface
discharge has shown the potential role of neutrophil extracellular
traps as a biomarker for meibomian gland obstruction (97).

In one study, investigators explored the reliability and utility
of in vivo corneal confocal microscopy (IVCM)-based immune-
cellular metrics of palpebral conjunctival in subjects with
MGD (98). Compared with controls, people with MGD had
higher conjunctival epithelial immune cells and intraglandular
immune cells (98). Both conjunctival epithelial immune cells
and intraglandular immune cells negatively correlated with
tear breakup time (98). It was apparent in the study that
conjunctival epithelial immune cells and intraglandular immune
cells increased in highly symptomatic patients with MGD that
have minimal corneal staining (98). Conjunctival epithelial
immune cells and intraglandular immune cells may provide
reliable and clinically relevant metrics of inflammation in
symptomatic MGD (98).

TEAR ENZYMES AS CANDIDATE
BIOMARKERS FOR MEIBOMIAN GLAND
DYSFUNCTION

Enzymes are important in meibum synthesis; however, in MGD
a couple of enzymes may be upregulated or downregulated due
to the changes in meibum or stasis of gland content. A recent
study on tears proteomic analysis showed different sets of
proteins that differentiate between MGD and dry eye comprising
antileukoproteinase, phospholipase A2, and lactoperoxidase
(23). Another study recruited three groups comprising MGD,
aqueous deficient dry eye groups, and normal healthy controls.
Transforming growth factor-2 and matrix metalloproteinase-9
were expressed significantly higher in both patient groups than
in controls. However, Sjogren-related dry eye patients showed a
higher expression than the MGD group (99). Again, Solomon
et al. discovered that tear film matrix metalloproteinase-9’s
activity levels were significantly higher in patients with MGD
than in healthy controls (69). Furthermore Moon et al. conducted
a retrospective case series study with a total of 48 eyes of 24
patients with a diagnosis of moderate to severe MGD undergoing
a single session of lid debris debridement using the BlephEx
combined with meibomian gland expression (100). There were
significant improvement in the ocular surface staining scores,
lid margin findings (lid thickness and telangiectasia), tear

Frontiers in Medicine | www.frontiersin.org

May 2022 | Volume 9 | Article 873538


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

Asiedu

Candidate Molecular Compounds

breakup time, meibomian gland function, and symptoms (100).
This was accompanied by substantial matrix metalloproteinase-
9 immunoassay positivity rate reduction from 4 weeks after
treatment (100). This supports the potential use of matrix
metalloproteinase-9 as a monitoring biomarker in MGD.

The basis for the increased programmed cell death of Cu, Zu-
superoxide dismutase-1 knockout meibomian glands’ cells is due
to the increased apoptosis instigated by cytokines such as IL-6,
in addition to the mitochondrial ultrastructural changes (101).
Investigation into the alterations of meibomian glands in Cu, Zu-
superoxide dismutase-1 knockout mice showed a buildup of large
lipid droplets and oxidative stress marker staining in the acinar
epithelium, indicating the vital roles of reactive oxygen species in
the pathogenesis of MGD and the fact that Cu, Zu-superoxide
dismutase-1 absence could signal the presence of MGD (101,
102). Tear and serum IL-6 and TNF-a levels increased in the
10- to 50-week-old Cu, Zu-superoxide dismutase-1 knockout
mice (101). This implies that reactive oxygen species may have
a potential role in the pathogenesis of MGD.

Despite the vital role of the meibomian secretion, its
biosynthesis and the roles of specific lipid constituents remain
elusive in the current literature. There is considerable evidence
that the genetic deletion of Acyl-CoA: wax alcohol acyltransferase
2 (AWAT?2) instigates meibomian gland obstruction (103). The
constituents of meibomian lipids isolated from Acyl-CoA: wax
alcohol acyltransferase 2 negative mice showed the absence
of wax esters, but rather an upsurge and overproduction of
cholesteryl esters (103). Although the number of fatty acids
remained unchanged, an approximately 8 times higher quantity
of cholesteryl esters occurs in the meibum (103). The increase
in cholesterol esters alters meibum viscosity, melting point, and
phase transition. In another study, researchers created single
and double knockout mice for the two acyl-CoA wax alcohol
acyltransferases (Awatl and Awat2) and studied their ocular
surface changes and meibum components (104). Awat2 knockout
mice and Awatl and Awat2 double knockout mice expressed
severe dry eye with MGD, whereas Awatl knockout mice had
only mild dry eye (104). This implies that measuring Awat2 levels
could be a good indicator of MGD. It has become increasingly
known that the ablation of several key genes of meibogenesis
pertaining to omega oxidation, fatty acid elongation, and
esterification into wax esters resulted in predictable changes in
the meibum lipid profiles and caused severe abnormalities in
meibomian gland morphology and physiology.

There is considerable evidence of cholesterol ester-depleted
meibum losing its integrity in the formation of thin and
continuous lipid devoid of high fragmentation in mice (105).
These observed manifestations can be interpreted as evidence of
its lost ability to form the tear film lipid layer and as a result
not able to mitigate corneal nociceptors’ firing (105). However,
the mechanism of these observed changes in mice needs further
clarification requiring additional work in future experiments.
This change in meibum caused by sterol O-acyltransferase 1-
ablated mice mirrored many exact characteristics of human
MGD. Ablating sterol O-acyltransferase 1 resulted in almost all
loss of cholesterol esters in meibum and gradual mass gathering
of their precursor—free cholesterol—in large quantities, virtually

replacing very, extremely, and ultra-long cholesterol esters and
becoming the main components of abnormal meibum (105).
Apart from the “ductal centric” hypothesis that comprises
epithelial hyperkeratinization causing obstructed meibomian
gland orifice and promoting stasis of meibomian gland contents,
there is also “meibocyte centric” hypothesis that involves
mechanisms or processes that modulate differentiation and
renewal of meibocytes that affect meibum quality, meibum
synthesis, and acinar atrophy without any ductal epithelium
changes (3). Simply put, loss of meibocyte differentiation
impacts the ability of meibocytes to synthesize meibum leading
to a hyposecretory MGD. Meibocytes transit through the
acinus, from the basal compartment to the disintegrating
compartment, which is crucial for normal meibomian gland
function (106), because continuous basal meibocyte renewal
is needed for normal meibomian gland function. During
this process, the meibocytes go through maturation stages
(basal, differentiating, mature, and hypermature) that can be
differentiated morphologically (2). Hence, markers of meibocyte
differentiation could serve as a biomarker for MGD.

There is evidence that leucine-rich repeats and
immunoglobulin-like ~domains protein 1 (Lrigl) and
deoxyribonuclease-2 (DNase2) serve as biomarkers for

human meibomian gland progenitor and differentiated cells,
respectively. Lrigl is present in the meibomian gland basal
epithelial cells in the acinar periphery (107). DNase2 is also
present in the differentiated epithelial cells of the meibomian
gland central acinus (107). It is postulated that Lrigl and DNase2
could be biomarkers for progenitor and differentiated cell
populations in the human meibomian glands. The reason for
this line of argument is that Lrigl is a biomarker for proliferating
progenitor cells in the pilosebaceous unit and that these
precursor cells become differentiated into meibomian epithelial
cells (meibocytes) (107). Furthermore, lysosomal DNase2 is
noted for activating the nuclear degeneration and holocrine
secretion of sebocytes (107). It has been shown that DNase2
is produced only in the lipid-containing differentiated cells of
the human meibomian glands (107). This evidence suggests
that Lrigl and DNase2 may serve as candidate biomarkers for
MGD (107).

CADHERINS AS CANDIDATE
BIOMARKERS FOR MEIBOMIAN GLAND
DYSFUNCTION

Cadherins (subtypes of classical cadherins, E-, N-, and
P-cadherin) are cell surface glycoproteins involved in
calcium-dependent heterotypic and homotypic cell-cell adhesion
(54). In one study, it was demonstrated that N-cadherin occurs
in all layers of the cells in the skin epidermis, mucocutaneous
junction, and conjunctiva (108). It is also present in the acini and
ductal epithelium of the meibomian glands (54, 108). Concerning
MGD, the epithelium around the eyelid margin and the
mucocutaneous junction are tissues of particular interest because
confirmed knowledge of their interactions is fundamental in
this condition’s noticeable pathological changes (54). These
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pathological changes, including keratinization of the meibomian
glands, are believed to be the main pathomechanism for MGD
making cadherins a potential group of molecules to search for
candidate biomarkers. When cadherin was studied to investigate
the control of cell adhesion in human meibomian gland epithelial
cells using the new human ex vivo slice culture model, it
was demonstrated that cell adhesion is maintained differently
in meibomian gland cells and that E-cadherin is essential for
meibomian gland function (108).

Lipid synthesis and secretion were unaffected in meibomian
glands from desmoglein-3-deficient mice; hence, an ex vivo slice
culture model of human eyelids was established to permit studies
in a favorable physiological environment (108). E-Cadherin is
essential for meibomian gland function, which is revealed in
studies using the new human ex vivo slice culture model (108).
Most meibocytes expressed desmosomal cadherins, including
desmocollins, desmoglein (Dsg), and E-cadherin (Ecad), as
the primary adhesion molecule of the adherens junction (AJ)
(108, 109).

CARBOHYDRATES AND OTHER
MOLECULES AS A POTENTIAL SOURCE
OF BIOMARKERS FOR MEIBOMIAN
GLAND DYSFUNCTION

It has been demonstrated that glucose concentration is
significantly higher in the DE-MGD tears than in healthy controls
(62). This is consistent with the reported increase in the frequency
of MGD in patients with diabetes compared with patients without
diabetes (110). Simultaneously, acetate, a metabolite of glucose
metabolism, is significantly reduced in the tear film from the
patients with DE-MGD than healthy controls (62, 66). Acetate
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Purpose: To investigate age- and sex-related differences in tear film parameters of
normal Indian population and study interparametric relationships.

Methods: Healthy subjects with no ocular disease (median ocular surface disease
index = 0) were subjected to an automated evaluation of tear meniscus height (TMH),
non-invasive tear breakup time (NIBUT) using Keratograph 5M (OCULUS GmbH,
Wetzlar, Germany), and tear osmolarity using the TearLab Osmolarity System (TearLab
Corporation, California, USA). A mixed-effects model with random intercepts at the
patient level was used to evaluate the relationships between explanatory (age, gender,
and tear osmolarity) and outcome variables (TMH and NIBUT).

Results: A total of 237 subjects (474 eyes; 150 males) were enrolled with a mean
age of 40 + 17 years (range, 10-78 years). The mean values (+ standard deviation)
of TMH, NIBUT, and tear osmolarity were 0.34 £+ 0.07mm, 10.95 4+ 2.02 s and 289.0
+ 5.8 mOsm/L, respectively. Age had a significant positive relationship with TMH (p <
0.0001; 0.002 mm/year; r = 0.12), but there was no effect on NIBUT (p = 0.26) and
tear osmolarity (p = 0.27). There were no sex-based differences in tear film parameters.
Interparametric relationship revealed no significant association between TMH and NIBUT
(o = 0.12) or tear osmolarity and TMH (p = 0.83) or tear osmolarity and NIBUT values
(o = 0.48).

Conclusions: In a normal Indian population, TMH is weakly affected by age and is
independent of sex, NIBUT, and tear osmolarity. Tear breakup time and osmolarity show
no significant age- and sex-related variation.

Keywords: non-invasive tear break up time, tear meniscus height, tear osmolarity, tear film parameters,
meibography

INTRODUCTION

With the introduction of non-invasive diagnostic modalities, dry eye disease (DED) diagnosis relies
on an objective assessment of tear film characteristics (1). The variation in tear film parameters
according to age and sex needs to be understood as higher incidence of DED is reported in older
individuals and more in women (2, 3). The age and sex-based differences in the prevalence of DED
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have been attributed to the age-related changes in tear film
dynamics and lacrimal gland atrophy. However, these differences
have not been uniformly observed across the published literature.
Many studies have reported no effects of age on the tear film
in normal individuals, whereas few have found it otherwise
(4-14). There is still a lack of conclusive evidence explaining
the dry eye symptomatology correlation with increasing age
and female sex. The studies with proper methodology, where
the effect of age and gender on tear physiology have been
investigated in extensive population-based studies, are scarce and
mainly from the European or American continent. However,
normative data for these parameters have shown variation among
different populations, and the values from one population where
the machine has been developed are taken as a reference for
making a DED diagnosis. Also, it is not easy to draw any
comparison between existing studies as different instruments like
tearscope, evaporimetry, and gamma scintigraphy for measuring
tear stability, have been utilized across studies. With the
introduction of non-invasive diagnostic machines that provide
a comprehensive, objective assessment of tear film and lack
subjective bias, we have tried to explore them to address age-
and gender-related changes in the tear film. This study aims
to investigate the age and sex-based differences in tear film
parameters in a large cohort of the normal Indian population and
study their interparametric relationship.

METHODS
Study Subjects

This study followed the tenets of the Declaration of Helsinki
and was approved by the Institutional Ethics Committee. This
prospective study enrolled 237 healthy subjects belonging to
10-78 years of age (N = 40 per decade; except last decade)
recruited from hospital staft volunteers. After obtaining informed
consent, the ocular surface disease index (OSDI) questionnaire
was filled for every participant. Criteria for labeling normal was
OSDI < 13, no ocular symptoms (asked verbally), and no ocular
staining (slit lamp examination). Excluded were the individuals
who underwent ocular surgery, had lid abnormalities (such as
ectropion, entropion), contact lens wearers, or taking any ocular
/systemic medications known to affect the tear film, ocular injury,
or other ocular diseases such as ocular infection, allergy, or any
systemic autoimmune disease.

Automated Tear Film Parameters

Measurements

The tear film was assessed using the Oculus Keratograph 5M
(OCULUS GmbH, Wetzlar, Germany) and TearLab Osmolarity
System (TearLab Corporation, California, USA). The controlled
environment chamber (CAE internal dimension of 6/ x 5 x
8, temp range of 25 + 1.0°C, humidity range of 44 % 5.0%,
and display LCD 200 lux) was used for maintaining similar
environmental conditions. The measurements were taken by the
single observer (S.S.) following the TFOS DEWS II Diagnostic
Methodology article report on the same day between 10:00
and 16:00. The assessment was carried out in the following
order: Ocular surface disease index questionnaire (OSDI), tear

osmolarity, tear meniscus height (TMH), and non-invasive tear
breakup time (NIBUT). There was randomization of the eye
to be tested first and a 5-min interval was kept between every
measurement. The other eye was tested 20 s (s) after the first while
evaluating NIBUT.

Statistical Analysis

Readings from both eyes of each individual were included in
analysis. A mixed-effects model with random intercepts at the
patient level was used to evaluate the relationships between age,
gender, and tear osmolarity and outcome variables of TMH and
NIBUT. Normality distribution for each group and the total
sample was analyzed through Shapiro-Wilk test based on the
sample size. Correlations between the tear film parameters and
the age and gender were analyzed using the binomial logistic
regression for predicting the tear film metrics to that of the
statistically significant correlations. The p-value < 0.05 was
considered statistically significant.

RESULTS

A total of 276 participants took part in the investigation, out
of which 237 fulfilled the OSDI criteria (<13). A total of 474
eyes of 237 healthy subjects, 150 males (63.29%) and 87 females
(36.7%), were analyzed. The mean age was 40 & 17 years (10-80
years). There were 9.7% (23/237) diabetics in the whole cohort,
and 53% (126/237) had refractive errors (presbyopes, myopes).
There were no differences noted in tear film parameters between
emmetropes vs. individuals with refractive errors (p = 0.61). The
participants were divided into six age-based groups (10-20, 21-
30, 31-40, 41-50, 51-60, 61-80 years). The age-wise distribution
of different parameters in both sexes is summarized in Table 1.
Figure 1 shows the distribution of evaluated tear film parameters
across different decades of life from the current study and the
effect of age, sex on tear film parameters.

Tear Osmolarity

The mean tear film osmolarity of the healthy subjects was
289 £ 58 mOsm/L (range, 256-309). The tear osmolarity
did not show any decade-wise variation (P 0.27) or
differences between males and females (P 0.69). Also,
tear osmolarity did not correlate with the TMH or NIBUT
values (P = 0.83; P = 0.48). When considering the normal
distribution of the mean value, 90% of the mean values were
>270 mOsm/L.

Tear Meniscus Height

The mean TMH of the healthy subjects was 0.34 £ 0.07 mm
(range, 0.11-0.61). A positive binomial regression trendline
was observed with age. Every l-year increase in age led to
an increase of 0.002mm in the TMH value (P < 0.0001).
There were no differences between males and females (P
0.83). The TMH values slightly negatively correlated
with the NIBUT though they could not reach statistical
significance (P = 0.69). The TMH values were independent of
tear osmolarity.
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TMH, Tear meniscus height; mm, millimeters; NIBUT, Non-invasive tear break up time; mOsm/L, milliosmoles/Liter.

Non-invasive Tear Breakup Time

The mean NIBUT of the healthy subjects was 10.95 + 2.02s
(range, 5.03-18.51). No differences were observed in NIBUT
values with age (P = 0.26) or between males and females (P =
0.48). The NIBUT values had no correlation with the TMH (P =
0.12) or tear osmolarity values (P = 0.48).

DISCUSSION

Understanding physiological changes in tear film parameters in a
normal population is significant in studying the pathophysiology
of DED in the elderly population. The current study investigated
the age and gender effect on tear film parameters measured in
a non-invasive manner using Keratograph 5M. In the Indian
population, TMH increases with age but does not correlate with
NIBUT. NIBUT and tear film osmolarity show no significant age-
or sex-related variation.

Many studies have proposed a reduction in tear production
with age secondary to age-related atrophy of the lacrimal gland
(5). Their conclusion uses invasive tests like the Schirmer test
and fluorophotometry for estimating tear volume. Measuring
Schirmer is different from the TMH, which is observed at the
lower eyelid tear meniscus. TMH measured using OCT shows
an age-related decline in normal individuals with a 1% decline
per year (15, 16). We observed an increase in TMH values with
increasing age, which was also reported by Patel et al. (17).
The increase in TMH was noted more after 30 years of age in
females and 50 years of age in males (Table 1). Although not
statistically significant, higher average TMH values were noted
in females compared to males in the 31-50-year age group.
With age, the increase in TMH could be due to a reduction in
the inferior forniceal volume or eyelid laxity, contributing to
reduced tear outflow from the lacrimal system. We measured
TMH values before NIBUT, which requires eyelid opening and
induces reflex tearing (18). No gender-based variations were
found in our cohort (17). Also, TMH values were unaffected
by NIBUT readings. Golding et al. (19) reported a positive
correlation between tear breakup time and TMH; poor TMH was
associated with low tear breakup time values in DED subjects.
It is in contrast to the findings of Patel et al. (17) where TMH
values measured on tearscope did not relate to the lipid layer
characteristics. Ideally, with a reduction in the tear volume, tear
film becomes thinner and unstable. With age, the average NIBUT
measurements did not show much change in normal subjects,
and TMH values also increased; hence any effect of NIBUT on
TMH is not expected.

Tear osmolarity values are considered a potential indicator
of the severity of DED. Earlier, measuring tear osmolarity
required laboratory osmometers, a large number of tear volumes,
and a skilled technician, which has been made easy with the
introduction of Tear lab handheld osmometers. The average
reported normal tear osmolarity values are 300 £ 87.8 mOsm/L
in a multicentric study measured in 314 subjects (20, 21). We
found the mean osmolarity to be 289 £ 5.8 mOsm/L, measured
in a non-invasive manner. Tear film evaporation rate has been
shown to increase with age, which is reflected by elevated tear
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FIGURE 1 | Age- and sex-wise distribution of tear meniscus height, non-invasive tear break up time, and tear osmolarity of 237 subjects.

osmolarity values. Guillon et al. reported more values in older
women than men, though measured using evaporimeter (9). No
studies explored tear lab osmometer values over age and across
gender. We did not find any relationship between age or gender
and tear osmolarity values. Gender-based values have been
reported using freezing-point depression nanolitre osmometry
in one of the studies; no difference was found between males
(306 mOsm/kg) and females (301 mOsm/kg) (4). In a study
performed on 30 healthy subjects of Saudi origin, the mean tear
osmolarity values were 299.066 £ 7.6 mOsm/L, which negatively
correlated with TBUT values (mean NIBUT 12.1s) (21). They
had used the invasive technique of measuring TBUT; hence
it cannot be compared with our study. In another study, tear
osmolarity showed a very weak correlation with TMH values in
healthy subjects but TMH was measured subjectively using Image
J computation in their study (22). Our study did not find any
correlation between TMH and tear osmolarity values.
Automated digital imaging software-based analysis of NIBUT
makes the newly developed Keratograph more accurate and
stable than conventional techniques. Keratograph measures
NIBUT as the time taken for keratometry mires to become
distorted after a complete blink. Though many studies have
shown no gender-based differences in TBUT values, Craig et al.
reported significantly lower NIBUT values (31.3 & 25.4 vs. 23.8
£ 22.1) in females (4, 14, 23-28). Our study did not observe
any differences in NIBUT values of men and women. Earlier
studies have reported fluorescein TBUT values measured using
slit-lamp biomicroscopy, which were reported to decrease with
age (26). When keratograph was used for a population-based
study in Chinese people, no age or gender-related differences
were noted in NIBUT values (14). Similar to our study, no

significant relationship was found between age and TBUT in
Chinese, Indian, and African individuals (25). NIBUT has shown
a good correlation with TMH measured using FD- OCT (14). We
found no effect of NIBUT on TMH values, which could be due to
large numbers of subjects being tested.

Most of the published studies have evaluated a single
parameter, either TMH or NIBUT, in the normal population,
restricted to a very defined age group, mainly middle-aged adults.
The current study has the advantage of examining individuals
from the second decade to the eighth decade of life in a
large cohort with almost equal distribution among different
age groups. We measured TMH values non-invasively under
similar conditions and by the same observer, hence bias due
to environmental conditions or different observers is less likely.
The possible limitation of the study could be unequal male and
female distribution in a few age groups, which reflects the hospital
employee sex ratio. Also, the data is from hospital staff volunteers,
hence may not be representative of normal Indian population.

In a normal Indian population, TMH is affected by age but is
independent of sex, NIBUT, and tear osmolarity. Tear breakup
time and osmolarity show no age- and no sex-related changes.
The long thought notion that older individuals and women are
at risk for DED is less likely to be related to changes in the
tear film and could be due to other environmental or individual
biological factors.
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This study aimed to investigate the association of between previously neglected oval
cells located in the corneal vortex and dry eye disease (DED). This was an observational,
prospective study involving 168 patients with different degrees of DED. In vivo confocal
microscopy was used to observe the corneal subbasal nerves and Langerhans cells
(LCs) in the corneal vortex and periphery. Bright and oval cells were also observed in the
corneal vortex. An artificial intelligence technique was used to generate subbasal nerve
fiber parameters. The patients were divided into the three groups based on the presence
of inflammatory cells. Group 2 patients showed a significant increase in the corneal
peripheral nerve maximum length and average corneal peripheral nerve density. Patients
in group 3 had more LCs than other patients. A bright and oval cell was identified in the
corneal vortex, which might be a type of immature LC related to the disease severity of
DED.

Keywords: dry eye disease (DED), corneal vortex, Langerhans cells, in vivo confocal microscopy (IVCM), artificial
intelligence (Al)

INTRODUCTION

Dry eye disease (DED) is a worldwide epidemic, with a prevalence of 5-35% in the different
age groups (1). Dry eye is multifactorial in origin and is characterized by loss of tear film
homeostasis. The accompanying ocular symptoms vary. Tear film instability and hyperosmolarity,
ocular surface inflammation and damage, and abnormal neurosensory function are the main causes
of DED (2). Traditionally, investigation has required the ocular surface disease index (OSDI), tear
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breakup time (TBUT), corneal fluorescein staining, Schirmer’s
test, and tear osmolality. These series of investigations are
usually used to assess the severity. However, direct information
on the inflammatory activity provided by these methods is
very poor. Inflammation is a recognized component of the
pathophysiological mechanism of DED (2) and has been
proposed as a stable indicator of DED severity (3). In vivo
confocal microscopy (IVCM) is a new non-invasive technique
for displaying the microscopic morphology of the cornea at the
cellular level, such as the corneal epithelium, corneal nerve, and
inflammatory cells (4), while achieving satisfactory resolution
and allowing timely repeatable inspection (5). The subbasal
corneal nerve plexus is the most densely distributed corneal
nerves, located between the basal layer and Bowman’s membrane,
and is the most studied structure (6). The effects of dry eye
on the corneal subbasal nerve plexus have been controversial in
various studies (7-9). Several explanations may account for these
differences, such as the severity of illness, classification of disease,
or examination of the corneal location (10). Previous studies have
usually measured the central cornea using IVCM; however, due to
less observed range and positioning function, the results of each
measurement were obtained in different positions, with increased
variability, poor reproducibility, and decreased comparability.
Therefore, an effective and reasonable location for examination
is required. The corneal vortex is a unique structure recognized
in recent years and is commonly found in people (11). Studies
have shown a radiating pattern of nerve fiber bundles converging
toward an area approximately 1-2 mm inferior or nasal to
the corneal apex in a whorl-like pattern (12). Additionally, the
corneal vortex is easy to recognize and has a relatively fixed
site compared to the corneal center (13). Therefore, the corneal
nerves were divided into two parts: the corneal vortex and the
corneal periphery. Previous studies have shown that dry eye is
a chronic CD4 (+) T cell-mediated autoimmune inflammatory
disease of the ocular surface. As the first-line sentinel, Langerhans
cells (LCs) play a role in ocular surface inflammation (14). Lin
et al. (15) found that the central corneal LC density may indicate
dry eye severity. Recently, a type of bright, oval cell was found
at the vortex of the subepithelial nerve plexus distributed in the
corneal vortex in IVCM images. Previous studies have shown this
type of cell, but no further studies have been reported (11, 16).
They were considered as immature LCs and the severity of DED
was associated with them. To test this hypothesis, 168 patients
were recruited and the effect of these cells on DED was analyzed.

MATERIALS AND METHODS

Subjects
The Ethics Committee of Peking University Third Hospital
approved this study. The study was conducted in accordance
with the principles of the Declaration of Helsinki (#M2019236).
Written informed consent was obtained from all the patients
before the inspection.

This prospective study included 168 patients (109 women and
59 men; mean age, 69.00 + 9.10 years; age range, 60-89 years)
with different degrees of DED diagnosed based on the 2017

Report of the Tear Film and Ocular Surface Society International
Dry Eye Workshop II (TFOS DEWS II) (17). Patients with
symptoms of dryness, foreign body sensation, burning, fatigue,
blurred vision, and TBUT < 10 s were recruited. The exclusion
criteria were: any ocular surface and corneal abnormalities;
history of contact lens wear within 1 month; recent eye surgery;
nasolacrimal duct obstruction; glaucoma; ocular fundus diseases;
diabetes; and systemic immunologic disease, including systemic
lupus erythematosus and rheumatoid arthritis. The right eye was
majorly enrolled; the other eye was also included, if the right eye
did not meet the inclusion criteria.

Dry Eye Examinations

We conducted clinical assessments of the enrolled patients in
the following order: a collection of demographic information,
the Ocular Surface Disease Index (OSDI) scores, oculus, and
IVCM. The OSDI questionnaire was used to describe subjective
eye-related discomfort (18). The central tear meniscus height
(TMH) of the lower eyelid, TBUT, and the meibomian gland
(MG) morphology of both the lower and upper eyelids were
recorded using Keratograph 5M (OCULUS, Wetzlar, Germany).
The same technologist performed the examination and the TMH
and MG morphology outcomes were further analyzed by the
same ophthalmologist.

In vivo Confocal Microscopy

Images obtained using IVCM (HRT II RCM Heidelberg
Engineering Incorporation, Heidelberg, Germany, Rostock
Cornea Module) had a definition of 384 pixels x 384 pixels over
an area of 400 pm x 400 pwm, with a lateral spatial resolution
of 0.5 wm and a depth resolution of 1-2 pm (19). IVCM was
performed on each eye in two different areas: the corneal vortex
and the superior peripheral cornea. The periphery was defined
as the one-sixth outside part of the cornea (20). Approximately,
30 images were captured from the corneal epithelium to the
endothelium and good-quality images were selected for analysis.

Corneal Image Analysis

Five high-quality images with no overlap in the corneal vortex
and periphery were selected for analysis of the corneal nerve
parameters using corneal nerve segmentation network (CNS-
Net). Images should reveal at least one visible corneal nerve and
those with strong artifacts were excluded (21). A mathematical
model can repeatedly perform nerve tracing and evaluation,
thus achieving relatively stable and consistent results (21). The
corneal nerve parameters obtained are maximum length of the
corneal vortical nerve, average density of the corneal vortical
nerve, maximum length of the corneal peripheral nerve, and
the average density of the corneal peripheral nerve. Previously,
bright irregular particles or undefined dendritic structures, which
appeared scattered among nerve fibers, were regarded as the LCs
(22). However, quite apart from this, the bright, oval cells were
included as LCs in this study. The LCs of the selected images
were counted and their average was calculated to determine the
LC number. Moreover, five other selected images with more LCs
were counted and their average was calculated to determine the
average LC number of the total corneal nerve.
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TABLE 1 | Demographics and ocular characteristics of the subjects in three groups.

Item Group 1 Group 2 Group 3 P Total
(n =30) (n=78) (n =60)

Sex
Male (n) 8 23 28 59
Female (n) 22 55 32 0.06 109
Age (years) 66.90 + 8.53 69.30 + 9.00 69.67 + 9.45 0.39 69.00 + 9.10
OSDI score 33.80 + 27.71 35.81 £ 22.09 33.69 + 19.79 0.75 34.87 +21.80
TMH (mm) 0.18 +£0.02 0.20 + 0.07 0.18 +£0.07 0.31 0.19 £+ 0.06
TBUT (s) 4.59 + 1.53 4.60 + 2.03 4.69 + 2.41 0.66 4.63 +2.09
MG score 3(2.9 3.9 3(2.4) 0.22 3(2.3
OSDI, Ocular Surface Disease Index; TMH, tear meniscus height; TBUT, tear film break-up time.
P-values of less than 0.05 were considered statistically significant.
TABLE 2 | Corneal sub-basal nerve parameters of the subjects.

Group 1 Group 2 Group 3 P

(n =30) (n=78) (n =60)
Corneal vortical nerve maximum length (mm) 2.71 £ 0.60 2.70+0.73 2.47 £ 0.71 0.158
Corneal vortical nerve average density (mm/mm?) 16.82 + 3.47 156.89 + 4.49 14.63 + 4.07 0.146
Corneal peripheral nerve maximum length (mm) 3.20 + 0.52 3.27 £ 0.62 3.02 +0.62 0.041*
Corneal peripheral nerve average density (mm/mm?) 16.73 + 2.89 17.54 + 3.62 15.90 + 3.65 0.036*
Average LC number of the corneal vortex (number) 0 1.90 £ 0.92 1.93 + 0.90 0*
Average LC number of the corneal periphery (number) 0.90 £1.12 1.68 + 0.93 222 +£0.88 0*
Average LC number of total corneal (number) 5.56 + 4.56 11.29 + 10.62 2112 +£12.84 o*

LC, Langerhans cell.

P-values of less than 0.05 were considered statistically significant. *Significant correlation (P < 0.05).

TABLE 3 | Comparison of vortical and peripheral corneal parameters.

Peripheral area Vortical area P

Corneal nerve maximum length (mm) 3.17 + 0.61 2.62+0.71 0O*
Corneal nerve average density (mm/mm?)  16.86 £ 3.53 15.39+4.21 0*
Average LC number (number) 1.783 +£1.05 1.66 +£1.12 0.12

LC, Langerhans cell. P-values of less than 0.05 were considered statistically
significant. *Significant correlation (P < 0.05).

Patients were divided into three groups: group 1 with no LCs;
group 2 had both the LCs and bright, oval cells; and group 3 had
LCs but no bright, oval cells.

Statistical Analysis
All the statistical analyses were performed using SPSS version
23.0 software. We verified the normality of the data distribution
using the Kolmogorov-Smirnov test. Descriptive parameters are
expressed as the number of patients (%) or mean & SD or median
with interquartile range, depending on the distribution pattern.
Continuous variables were compared with ANOVA or the
Kruskal-Wallis tests. Continuous data among the groups were
compared using independent ¢-tests or the Mann-Whitney non-
parametric U-tests. Categorical variables were compared using
the chi-squared test. Differences in LC numbers, corneal nerve
average density, and corneal nerve maximum length between the
vortex and the cornea’s periphery were analyzed using the paired
Student’s t-test. Correlation analyses between clinical variables

were performed using Spearman’s index of linear correlation.
P-value < 0.05 was considered significant for all the comparisons.

RESULTS

Patients’ Demographics and Ocular

Characteristics

A total of 168 subjects were enrolled in this study, with 30 patients
in group 1, 78 patients in group 2, and 60 patients in group
3. The age and sex of each group were matched (P > 0.05).
No differences in the TMH, TBUT, and MG scores were found
among the groups (P = 0.31, P = 0.66, and P = 0.22, respectively).
The mean OSDI score of all the patients with DED in this study
was 34.87 £ 21.80. The demographic and ocular characteristics of
the three groups are shown in Table 1.

In vivo Confocal Microscopy

Examination Results

The corneal peripheral nerve maximum length and average
density were significantly different among the three groups
(P = 0.041, P = 0.036, respectively). The results of the
maximum length of the corneal vortical nerve and the average
density of the corneal vortical nerve, the maximum length
of the corneal peripheral nerve and the average density of
the corneal peripheral nerve, the average LC number of the
corneal vortex, the average LC number of the corneal periphery,
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TABLE 4 | Correlation of corneal nerve parameters and ocular features.

OSDI Sensitivity  Foreign Painful Blurred Poor TMH TBUT MG
score to light body eye vision vision score
sensation
Group 1 Corneal vortical nerve maximum length (mm) NS NS NS NS 0.88* NS 0.54* NS NS
Corneal vortical nerve average density (mm/mm?2) NS NS NS NS 0.88* NS 0.58* NS NS
Corneal peripheral nerve maximum length (mm) NS NS NS NS NS NS NS NS NS
Corneal peripheral nerve average density NS NS NS NS NS NS NS NS NS
(mm/mm2)
Average LC number of the corneal vortex (number) NS NS NS NS NS NS NS NS NS
Average LC number of the corneal periphery 0.74* NS NS NS NS 0.82* NS NS NS
(number)
Average LC number of total cornea (number) NS NS NS NS NS 0.77* NS NS NS
Group 2 Corneal vortical nerve maximum length (mm) NS NS NS NS NS NS NS NS NS
Corneal vortical nerve average density (mm/mm?2) NS NS NS NS NS NS NS NS NS
Corneal peripheral nerve maximum length (mm) NS NS NS NS NS NS NS NS NS
Corneal peripheral nerve average density NS NS NS NS NS NS NS NS NS
(mm/mm3)
Average LC number of the corneal vortex (number) NS NS NS NS NS NS NS -0.33" NS
Average LC number of the corneal periphery NS NS NS NS NS NS NS NS NS
(number)
Average LC number of total cornea (number) NS NS NS NS NS NS NS —-0.27* NS
Group 3 Corneal vortical nerve maximum length (mm) NS NS NS NS NS NS NS NS NS
Corneal vortical nerve average density (mm/mm?) NS NS NS NS NS NS NS NS NS
Corneal peripheral nerve maximum length (mm) NS NS NS NS NS NS NS NS NS
Corneal peripheral nerve average density NS NS NS NS NS NS NS NS NS
(mm/mm3)
Average LC number of the corneal vortex (number) NS NS NS NS NS NS NS NS NS
Average LC number of the corneal periphery NS NS 0.42¢ NS NS NS NS NS NS
(number)
Average LC number of total cornea (number) 0.41* NS 0.54** NS NS NS NS NS NS

LC, Langerhans cell; The correlation coefficients (CC) are shown for all significant correlations (P < 0.05).
*Significant correlation (P < 0.05); **Significant correlation (P < 0.01); NS, no correlation was detected during correlation analysis.

and the average LC number of total corneas are shown in
Table 2.

Comparison of Vortical and Peripheral

Corneal Parameters

The average density and maximum length of the corneal nerve
in the peripheral area were significantly greater than those in the
vortical area (P < 0.01). However, there was no difference in LC
number between the two areas (P = 0.12). Additional details are
given in Table 3.

Correlation Analysis of Subbasal Nerve
Parameters and Ocular Features of Each
Group

The correlation coefficients (CCs) of nerve parameters and ocular
features in patients with DED are given in Table 4. In group 1,
the OSDI score and poor vision were positively correlated with
the average LC number of the corneal periphery (CC = 0.74,
0.82, respectively, all P < 0.05). Furthermore, poor vision was
positively correlated with the average LC number of the total
corneas (CC = 0.77, P < 0.05). Blurred vision and TMH were
positively correlated with the maximum length (CC = 0.88, 0.88,

respectively, all P < 0.05) and average density (CC = 0.54, 0.58,
respectively, all P < 0.05) of the corneal vortical nerve. However,
TBUT was negatively correlated with the average LC number of
the corneal vortex and total cornea in group 2 (CC = 0.33, 0.27,
respectively, P < 0.05). In group 3, the OSDI score and foreign
body sensation were significantly correlated with the average LC
number of total corneas, with a CC of 0.41 (P < 0.05) and 0.54
(P < 0.05), respectively. Moreover, foreign body sensation was
positively correlated with the average LC number at the corneal
periphery (CC = 0.42, P < 0.05).

Correlation Analysis Among Subbasal

Nerve Parameters

The maximum length and average density of the corneal vortical
nerve and the average density of the corneal peripheral nerve
were observed to be strongly associated with peripheral LC
number (for detailed information, refer to Table 5).

DISCUSSION

Through the use of IVCM, more knowledge about the
microenvironment of the cornea, nerves, and cells under
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TABLE 5 | Correlation analysis among sub-basal nerve parameters.

Corneal vortical
nerve maximum

Corneal vortical
nerve average

Corneal peripheral
nerve maximum

Corneal peripheral
nerve average

length (mm) density (mm/mm2) length (mm) density (mm/mm?2)
Average LC number of the corneal center (number) NS NS NS NS
Average LC number of the corneal periphery (number) —0.20" -0.16* -0.15* NS
Average LC number of total cornea (number) -0.16* NS NS NS

LC, Langerhans cell; The correlation coefficients (CC) are shown for all significant correlations (P < 0.05).
*Significant correlation (P < 0.05); **Significant correlation (P < 0.01); NS, no correlation was detected during correlation analysis.

physiological and pathological conditions has been gained (23).
However, there is a lack of immunohistochemical evidence
for cell-type identification in confocal microscopy. It is well
known that the cornea is an immune-privileged site; however,
the privileged status is relative with regard to susceptibility
to immune-mediated inflammatory diseases, such as ocular
infections and autoimmune diseases (24). Macrophages in the
stroma and dendritic cells (DCs) are involved in this process
and serve as antigen-presenting cells (APCs) (25). They can
engage in processing and presenting of antigens, resulting in
the initiation of ocular surface immune-inflammatory responses.
LCs are a unique subset of DCs found at a depth of 35-60 pm
in normal human central corneal epithelium and act as first-
line sentinels and professional APCs on the ocular surface. They
are thought to be the only cells that constitutively express Io
molecules in the cornea. LCs are rarely found in the corneal
center or present as immature phenotypes that lack dendrites
under non-pathological conditions. However, those located in
the cornea’s periphery show long interdigitating processes in the
corneal epithelium (25). With the advancement of maturity, LCs
undergo functional and morphological changes (26). To date,
few studies have investigated the location of LCs in the corneal
center. Recently, we observed bright, oval cells at the vortex,
which differ in morphology from slender immature LCs and
these cannot be macrophages as the latter are almost exclusively
restricted to the posterior stroma (25). Hence, it was hypothesized
that the oval cells are a particular type of LC that may be
related to the severity of inflammation. In vitro experimental
studies suggested that the corneal center comprises almost only
immature LCs, whereas the corneal periphery contains both
the mature and immature LCs (25). The normal uninflamed
cornea contains many major histocompatibility complex class
II-positive LCs that are in an immature state. When exposed
to proinflammatory cytokines, cells harvest, lose their capacity
to process antigens, and gain the ability to stimulate T cells
in this process. Previous studies have suggested that harmful
stimulation, such as cauterization or corneal transplantation, is
associated with the maturation of resident corneal LCs (27).
Morphological differences in corneal LCs are related to variations
in their functional state (28). In this study, these oval cells
were found in the corneal vortex of patients with DED. To
demonstrate that oval cells are associated with DED severity,
168 patients with different degrees of DED were enrolled. Cases
were grouped into three based on presence or absence of LCs:
Group 1 with no LCs; group 2 had both the LCs and bright,
oval cells; and group 3 had LCs, but no bright, oval cells. The

FIGURE 1 | Example of different types of Langerhans cell (LC) in the corneal
vortex of dry eye disease (DED). Thin arrow shows a type of bright and oval
cell; thick arrow shows the differentiated LCs.

IVCM approach seemed less invasive; however, it is effective as
impression cytology (29).

Analysis of the three groups showed no significant differences
in terms of age, sex distribution, DED symptoms, and signs. The
evaluation of symptoms (possibly associated with inflammation),
tears secretion and stability (possible reasons of inflammation),
and superficial epithelial alterations (possibly brought on by
inflammation) seem to provide complex information more
suitable for disease classification rather than inflammatory
activity assessment (29). Individual symptoms and signs cannot
accurately reflect the severity of disease that has given us a
better understanding of the inconsistent symptoms and signs
of DED. In this study, there were no differences in symptoms
and signs among the groups. In contrast, marked differences
were found in the corneal peripheral nerve maximum length,
average density, and average LC numbers. Previous studies
have shown that the corneal subbasal nerve plexus density
and length tended to decrease and tortuosity increased in
patients with DED, indicating damaged nerve fibers (30).
These results suggest that the changes in corneal nerve density
and nerve number are related to the severity of dry eye
condition. It was observed that group 2, which had both the
LCs and bright, oval cells, had a greater corneal peripheral
nerve maximum length and average density than the other
groups. It can, thus, be inferred that increased nerve length
and number occur under mild or moderate dry eye conditions.
The results from this study are consistent with previous
reports suggesting the regeneration of corneal nerves in patients
with dry eye (31). In addition to increasing nerve number
and density, nerve tortuosity increased and nerve sprouting
was observed in dry eye, suggesting corneal nerve outgrowth
(32). Nerve regeneration in DED may be attributed to ocular
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inflammatory responses. Long-lasting inflammation of the ocular
surface stimulates the release of prostaglandins, leukotrienes,
and cytokines, such as interleukin-1 (IL-1) and IL-6, from
damaged corneal tissue and inflammatory cells (33-35). This
leads to the activation of keratocytes, followed by the synthesis
of nerve growth factor or other neuronal growth factors, such
as ciliary neurotrophic factor (36). IL-6 can also contribute
to neurotrophy (37). As a result, early in the clinical course
of DED, corneal nerve regeneration increases the corneal
length and density.

Meanwhile, we noticed that group 3, which had LCs,
but no bright, oval cells, had less corneal peripheral nerve
maximum length and average density than others, thus
proving damaged corneal nerve fibers in DED. It is likely
that the tear film was thinned and the mechanical stress
generated by blinking became abnormally high, injuring
the terminal nerve branches, thus contributing to nerve
damage (38). Another possible reason for corneal nerve
damage is continued exposure to inflammatory agents (39).
Inflammation is a major driving force in sensitization, damage,
and regeneration of peripheral sensory neurons (39). The
appearance of nerve damage indicated that the disease was
severe enough that the cornea could not repair it. The
maximum length, average density of the corneal vortical nerve,
and average density of the corneal peripheral nerve were
inversely related to the peripheral LC number, which validated
that inflammation plays a vital role in the pathogenesis and
chronicity of DED.

Taken together, this may explain why previous studies
reported controversial results of quantitative nerve changes in
DED, from a decreased nerve number to no change in the
nerve number or an increased nerve number. This is because
of the different periods of the disease. The bright, oval cells
may present that patients are early or middle in the process
of developing DED.

Recent studies showed a significant increase in the density of
DC in some cases, such as infectious keratitis, DED, and contact
lens wear (15, 40). Apart from density, the increase in size is
accompanied by an altered morphology, which is the dendritic
process lengthening (41). In this study, we determined whether
the average LC number of the corneal vortex, corneal periphery,
or total cornea was in the order of group 3 > group 2 > group
1. DCs were activated in both the animal models and patients
with DED and corneal DC density increased (42). Disease
severity can be inferred from the number of inflammatory cells.
It was found that peripheral LC number was associated with
symptoms and signs of DED, especially blurred vision and
TMH in group 1, whereas in group 3, it was only associated
with foreign body sensation. However, in group 2, vortical LC
number was associated with TBUT. The inconsistency of these
correlations showed that patients in each group had different
disease severities and it was an excellent example of why some
patients with dry eye have inconsistent symptoms and signs. In
group 2, both the LCs and bright, oval cells had a moderate
number of inflammatory cells; thus, we suspected that patients
with bright, oval cells might be in the early or middle stage of
DED. They are not only an immature type of DC but also an

indicator of disease severity. Additionally, we found that these
oval cells and LCs with dendritic processes are simultaneously
present in the corneal vortex (Figure 1). It was assumed that
they were at different stages of the same cell. Interestingly, we
found that the nerve maximum length, average density, and
average LC number of the corneal peripheries were significantly
greater than those of the corneal vortex, which does not conflict
with previous studies. This is because the corneal vertex is not
located at the center of the cornea. The number of peripheral
LCs was greater than that of central LCs. We do not know
where the LCs came from, although the traditional view is that
LCs are derived from the corneal periphery and migrate to
the center. LCs may be stored under the corneal vortex and
tend to move from the vortical part to the peripheral part
when the cornea is stimulated (43). There are three reasons
for this finding: First, immature LCs can be observed in the
corneal vortex and the appearance of oval cells is related to
DED severity. Second, there are more LCs in the periphery
than in the vortex. Finally, the area under the corneal vortex
could not be seen clearly by ICVM, which suggests that there
may be unique structures under the corneal vortex, such as
the cell storage pool. LCs are contiguous to nerves of the
basal epithelial plexus in histopathologic specimens (44). Further
characterization of LCs using immunohistochemistry may better
validate our assumption, which is infeasible in vivo. The corneal
nerves and corneal cells degenerate a few hours after death. This
means that we need to obtain isolated fresh human cornea from
normal individuals and patients.

Limitations

Inevitably, this study has some limitations. First, patient follow-
up to record the changes in oval cells before and after anti-
inflammatory treatment was not carried out. Second, freshly
isolated human corneas were difficult to obtain; however, animal
experiments may provide clues of oval cells.

CONCLUSION

A bright and oval cell type, which might be an immature LC, was
identified in the corneal vortex. Its appearance is related to the
severity of DED. This suggests that the LC may originate from
the deep layer of the corneal vortex. Further study should focus
on the corneal vortex, which is a unique structure.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

This study was approved by the Ethics Committee of the Peking
University Third Hospital and was performed in accordance with
the principles of the Declaration of Helsinki (#M2019236). The

Frontiers in Medicine | www.frontiersin.org

June 2022 | Volume 9 | Article 906219


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

Jing et al.

Oval Cells: Indicator of DED

patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

D] contributed to research design, data acquisition, data
analysis, and manuscript preparation. X]J contributed
to research design and manuscript modification. YC
contributed to data acquisition and data analysis. SW
and JS contributed to data acquisition. RH contributed

REFERENCES

1. Ocul Surf. The epidemiology of dry eye disease: report of the epidemiology
subcommittee of the international dry eye workshop. Ocul Surf. (2007) 5:93—
107. doi: 10.1016/s1542-0124(12)70082-4

2. Craig JP, Nichols KK, Akpek EK, Caffery B, Dua HS, Joo CK, et al. TFOS
DEWS 1II definition and classification report. Ocul Surf. (2017) 15:276-83.
doi: 10.1016/j.jt0s.2017.05.008

3. WeiY, Asbell PA. The core mechanism of dry eye disease is inflammation. Eye
Contact Lens. (2014) 40:248-56. doi: 10.1097/icl.0000000000000042

4. Liu Y, Chou YL, Dong XR, Liu ZY, Jiang XD, Hao R, et al. Corneal subbasal
nerve analysis using in vivo confocal microscopy in patients with dry eye:
analysis and clinical correlations. Cornea. (2019) 38:1253-8. doi: 10.1097/ico.
0000000000002060

5. Oliveira-Soto L, Efron N. Morphology of corneal nerves using confocal
microscopy. Cornea. (2001) 20:374-84. doi: 10.1097/00003226-200105000-
00008

6. Turuwhenua JT, Patel DV, McGhee CN. Fully automated montaging of laser
scanning in vivo confocal microscopy images of the human corneal subbasal
nerve plexus. Invest Ophthalmol Vis Sci. (2012) 53:2235-42. doi: 10.1167/iovs.
11-8454

7. Benitez-Del-Castillo JM, Acosta MC, Wassfi MA, Diaz-Valle D, Gegtindez
JA, Fernandez C, et al. Relation between corneal innervation with confocal
microscopy and corneal sensitivity with noncontact esthesiometry in patients
with dry eye. Invest Ophthalmol Vis Sci. (2007) 48:173-81. doi: 10.1167/iovs.
06-0127

8. Tuisku IS, Konttinen YT, Konttinen LM, Tervo TM. Alterations in corneal
sensitivity and nerve morphology in patients with primary Sjogren’s
syndrome. Exp Eye Res. (2008) 86:879-85. doi: 10.1016/j.exer.2008.03.002

9. Labbé A, Liang QF, Wang ZQ, Zhang Y, Xu L, Baudouin C, et al. Corneal
nerve structure and function in patients with non-sjogren dry eye: clinical
correlations. Invest Ophthalmol Vis Sci. (2013) 54:5144-50. doi: 10.1167/iovs.
13-12370

10. Cruzat A, Pavan-Langston D, Hamrah P. In vivo confocal microscopy of
corneal nerves: analysis and clinical correlation. Semin Ophthalmol. (2010)
25:171-7. doi: 10.3109/08820538.2010.518133

11. Patel DV, McGhee CN. In vivo laser scanning confocal microscopy confirms
that the human corneal sub-basal nerve plexus is a highly dynamic structure.
Invest Ophthalmol Vis Sci. (2008) 49:3409-12. doi: 10.1167/iovs.08-1951

12. Lum E, Golebiowski B, Swarbrick HA. Mapping the corneal sub-basal nerve
plexus in orthokeratology lens wear using in vivo laser scanning confocal
microscopy. Invest Ophthalmol Vis Sci. (2012) 53:1803-9. doi: 10.1167/iovs.
11-8706

13. YuH, Miao YB, Zhao SZ. Comparison of consistency of corneal epithelial basal
plexus in vortex area and central area by laser scanning confocal microscope.
Recent Adv Ophthalmol. (2020) 40:461-5.

14. Schaumburg CS, Siemasko KF, De Paiva CS, Wheeler LA, Niederkorn JY,
Pflugfelder SC, et al. Ocular surface APCs are necessary for autoreactive T cell-
mediated experimental autoimmune lacrimal keratoconjunctivitis. ] Immunol.
(2011) 187:3653-62. doi: 10.4049/jimmunol.1101442

15. Lin H, Li W, Dong N, Chen WS, Liu J, Chen LL, et al. Changes in corneal
epithelial layer inflammatory cells in aqueous tear-deficient dry eye. Invest
Ophthalmol Vis Sci. (2010) 51:122-8. doi: 10.1167/i0vs.09-3629

to data analysis. XL contributed to research design. All
authors contributed to the article and approved the
submitted version.

FUNDING

The publication of this article was supported by a grant from
the Beijing Natural Science Foundation (grant no. 7202229). The
sponsor or funding organization had no role in the design or
conduct of this study.

16. Patel DV, McGhee CN. In vivo confocal microscopy of human corneal
nerves in health, in ocular and systemic disease, and following corneal
surgery: a review. Br ] Ophthalmol. (2009) 93:853-60. doi: 10.1136/bjo.2008.15
0615

17. Wolffsohn JS, Arita R, Chalmers R, Djalilian A, Dogru M, Dumbleton K, et al.
TFOS DEWS II diagnostic methodology report. Ocul Surf. (2017) 15:539-74.
doi: 10.1016/1.jt0s.2017.05.001

18. Schiffman RM, Christianson MD, Jacobsen G, Hirsch JD, Reis BL. Reliability
and validity of the ocular surface disease index. Arch Ophthalmol. (2000)
118:615-21. doi: 10.1001/archopht.118.5.615

19. Labbé A, Alalwani H, Van Went C, Brasnu E, Georgescu D, Baudouin C.
The relationship between subbasal nerve morphology and corneal sensation
in ocular surface disease. Invest Ophthalmol Vis Sci. (2012) 53:4926-31. doi:
10.1167/iovs.11-8708

20. Zhivov A, Stave ], Vollmar B, Guthoff R. In vivo confocal microscopic
evaluation of langerhans cell density and distribution in the corneal epithelium
of healthy volunteers and contact lens wearers. Cornea. (2007) 26:47-54. doi:
10.1097/1CO.0b013e31802e3b55

21. Wei SS, Shi FQ, Wang YX, Chou YY, Li XM. A deep learning model for
automated sub-basal corneal nerve segmentation and evaluation using in vivo
confocal microscopy. Transl Vis Sci Technol. (2020) 9:32. doi: 10.1167/tvst.9.2.
32

22. Rosenberg ME, Tervo TM, Petroll WM, Vesaluoma MH. In vivo confocal
microscopy of patients with corneal recurrent erosion syndrome or epithelial
basement membrane dystrophy. Ophthalmology. (2000) 107:565-73. doi: 10.
1016/s0161-6420(99)00086-x

23. Giannaccare G, Pellegrini M, Sebastiani S, Moscardelli E, Versura P, Campos
EC. In vivo confocal microscopy morphometric analysis of corneal subbasal
nerve plexus in dry eye disease using newly developed fully automated system.
Graefes Arch Clin Exp Ophthalmol. (2019) 257:583-9. doi: 10.1007/s00417-
018-04225-7

24. Forrester JV, Xu H, Kuffova L, Dick AD, McMenamin PG. Dendritic cell
physiology and function in the eye. Immunol Rev. (2010) 234:282-304. doi:
10.1111/j.0105-2896.2009.00873.x

25. Hamrah P, Huq SO, Liu Y, Zhang Q, Dana MR. Corneal immunity is mediated
by heterogeneous population of antigen-presenting cells. ] Leukoc Biol. (2003)
74:172-8. doi: 10.1189/j1b.1102544

26. Teunissen MB, Wormmeester J, Krieg SR, Peters PJ, Vogels IM, Kapsenberg
ML, et al. Human epidermal Langerhans cells undergo profound morphologic
and phenotypical changes during in vitro culture. J Invest Dermatol. (1990)
94:166-73. doi: 10.1111/1523-1747.ep12874439

27. Hamrah P, Zhang Q, Liu Y, Dana MR. Novel characterization of MHC class
II-negative population of resident corneal Langerhans cell-type dendritic cells.
Invest Ophthalmol Vis Sci. (2002) 43:639-46.

28. Catry L, Van den Oord J, Foets B, Missotten L. Morphologic and
immunophenotypic heterogeneity of corneal dendritic cells. Graefes
Arch Clin Exp Ophthalmol. (1991) 229:182-5. doi: 10.1007/bf0017
0554

29. Kojima T, Matsumoto Y, Dogru M, Tsubota K. The application of in vivo laser
scanning confocal microscopy as a tool of conjunctival in vivo cytology in the
diagnosis of dry eye ocular surface disease. Mol Vis. (2010) 16:2457-64.

30. Cardigos J, Barcelos F, Carvalho H, Hipdlito D, Criséstomo S, Vaz-Patto J,
et al. Tear meniscus and corneal sub-basal nerve plexus assessment in primary

Frontiers in Medicine | www.frontiersin.org

June 2022 | Volume 9 | Article 906219


https://doi.org/10.1016/s1542-0124(12)70082-4
https://doi.org/10.1016/j.jtos.2017.05.008
https://doi.org/10.1097/icl.0000000000000042
https://doi.org/10.1097/ico.0000000000002060
https://doi.org/10.1097/ico.0000000000002060
https://doi.org/10.1097/00003226-200105000-00008
https://doi.org/10.1097/00003226-200105000-00008
https://doi.org/10.1167/iovs.11-8454
https://doi.org/10.1167/iovs.11-8454
https://doi.org/10.1167/iovs.06-0127
https://doi.org/10.1167/iovs.06-0127
https://doi.org/10.1016/j.exer.2008.03.002
https://doi.org/10.1167/iovs.13-12370
https://doi.org/10.1167/iovs.13-12370
https://doi.org/10.3109/08820538.2010.518133
https://doi.org/10.1167/iovs.08-1951
https://doi.org/10.1167/iovs.11-8706
https://doi.org/10.1167/iovs.11-8706
https://doi.org/10.4049/jimmunol.1101442
https://doi.org/10.1167/iovs.09-3629
https://doi.org/10.1136/bjo.2008.150615
https://doi.org/10.1136/bjo.2008.150615
https://doi.org/10.1016/j.jtos.2017.05.001
https://doi.org/10.1001/archopht.118.5.615
https://doi.org/10.1167/iovs.11-8708
https://doi.org/10.1167/iovs.11-8708
https://doi.org/10.1097/ICO.0b013e31802e3b55
https://doi.org/10.1097/ICO.0b013e31802e3b55
https://doi.org/10.1167/tvst.9.2.32
https://doi.org/10.1167/tvst.9.2.32
https://doi.org/10.1016/s0161-6420(99)00086-x
https://doi.org/10.1016/s0161-6420(99)00086-x
https://doi.org/10.1007/s00417-018-04225-7
https://doi.org/10.1007/s00417-018-04225-7
https://doi.org/10.1111/j.0105-2896.2009.00873.x
https://doi.org/10.1111/j.0105-2896.2009.00873.x
https://doi.org/10.1189/jlb.1102544
https://doi.org/10.1111/1523-1747.ep12874439
https://doi.org/10.1007/bf00170554
https://doi.org/10.1007/bf00170554
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

Jing et al.

Oval Cells: Indicator of DED

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sjogren syndrome and Sicca syndrome patients. Cornea. (2019) 38:221-8.
doi: 10.1097/ic0.0000000000001800

Zhang M, Chen JQ, Luo LH, Xiao QG, Sun MX, Liu ZG. Altered corneal nerves
in aqueous tear deficiency viewed by in vivo confocal microscopy. Cornea.
(2005) 24:818-24. doi: 10.1097/01.ic0.0000154402.01710.95

Tuominen IS, Konttinen YT, Vesaluoma MH, Moilanen JA, Helintdé M,
Tervo TM. Corneal innervation and morphology in primary Sjogren’s
syndrome. Invest Ophthalmol Vis Sci. (2003) 44:2545-9. doi: 10.1167/i0vs.02-
1260

Labetoulle M, Baudouin C, Calonge M, Merayo-Lloves J, Boboridis KG, Akova
YA, et al. Role of corneal nerves in ocular surface homeostasis and disease. Acta
Ophthalmol. (2019) 97:137-45. doi: 10.1111/a0s.13844

Launay PS, Reboussin E, Liang H, Kessal K, Godefory D, Rostene V,
et al. Ocular inflammation induces trigeminal pain, peripheral and central
neuroinflammatory mechanisms. Neurobiol Dis. (2016) 88:16-28. doi: 10.
1016/j.nbd.2015.12.017

Miiller L], Marfurt CE, Kruse F, Tervo TM. Corneal nerves: structure, contents
and function. Exp Eye Res. (2003) 76:521-42. doi: 10.1016/s0014-4835(03)
00050-2

Herx LM, Rivest S, Yong VW. Central nervous system-initiated inflammation
and neurotrophism in trauma: IL-1 beta is required for the production of
ciliary neurotrophic factor. J Immunol. (2000) 165:2232-9. doi: 10.4049/
jimmunol.165.4.2232

Heinrich PC, Behrmann I, Haan S, Hermanns HM, Miiller-Newen G, Schaper
F. Principles of interleukin (IL)-6-type cytokine signalling and its regulation.
Biochem J. (2003) 374:1-20. doi: 10.1042/bj20030407

Belmonte C, Nichols JJ, Cox SM, Brock JA, Begley CG, Bereiter DA, et al.
TFOS DEWS II pain and sensation report. Ocul Surf. (2017) 15:404-37. doi:
10.1016/}.jt0s.2017.05.002

Devor M. Neuropathic pain: pathophysiological response of nerves to injury.
Wall Melzacks Textbook Pain. (2013) 87:861-88.

Mocan MC, Irkec M, Mirkropoulos DG, Bozkurt B, Orhan M, Konstas AG.
In vivo confocal microscopic evaluation of the inflammatory response in

non-epithelial herpes simplex keratitis. Curr Eye Res. (2012) 37:1099-106.
doi: 10.3109/02713683.2012.707270

Knickelbein JE, Buela KA, Hendricks RL. Antigen-presenting cells are
stratified within normal human corneas and are rapidly mobilized during
ex vivo viral infection. Invest Ophthalmol Vis Sci. (2014) 55:1118-23. doi:
10.1167/iovs.13-13523

Kheirkhah A, Darabad RR, Cruzat A, Hajrasouliha AR, Witkin D, Wong N,
et al. Corneal epithelial immune dendritic cell alterations in subtypes of dry
eye disease: a pilot in vivo confocal microscopic study. Invest Ophthalmol Vis
Sci. (2015) 56:7179-85. doi: 10.1167/iovs.15-17433

Thoft RA, Friend J. The X, Y, Z hypothesis of corneal epithelial maintenance.
Invest Ophthalmol Vis Sci. (1983) 24:1442-3.

Auran JD, Koester CJ, Kleiman NJ, Rapaport R, Bomann ]S, Wirotsko BM,
et al. Scanning slit confocal microscopic observation of cell morphology and
movement within the normal human anterior cornea. Ophthalmology. (1995)
102:33-41. doi: 10.1016/s0161-6420(95)31057-3

41.

42.

43.

44,

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Jing, Jiang, Chou, Wei, Hao, Su and Li. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

32

June 2022 | Volume 9 | Article 906219


https://doi.org/10.1097/ico.0000000000001800
https://doi.org/10.1097/01.ico.0000154402.01710.95
https://doi.org/10.1167/iovs.02-1260
https://doi.org/10.1167/iovs.02-1260
https://doi.org/10.1111/aos.13844
https://doi.org/10.1016/j.nbd.2015.12.017
https://doi.org/10.1016/j.nbd.2015.12.017
https://doi.org/10.1016/s0014-4835(03)00050-2
https://doi.org/10.1016/s0014-4835(03)00050-2
https://doi.org/10.4049/jimmunol.165.4.2232
https://doi.org/10.4049/jimmunol.165.4.2232
https://doi.org/10.1042/bj20030407
https://doi.org/10.1016/j.jtos.2017.05.002
https://doi.org/10.1016/j.jtos.2017.05.002
https://doi.org/10.3109/02713683.2012.707270
https://doi.org/10.1167/iovs.13-13523
https://doi.org/10.1167/iovs.13-13523
https://doi.org/10.1167/iovs.15-17433
https://doi.org/10.1016/s0161-6420(95)31057-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/medicine#articles

:' frontiers ‘ Frontiers in Medicine

ORIGINAL RESEARCH
published: 10 June 2022
doi: 10.3389/fmed.2022.895418

OPEN ACCESS

Edited by:

Alejandro Navas,

Instituto de Oftalmologia Fundacion
de Asistencia Privada Conde de
Valenciana, I.A.F, Mexico

Reviewed by:

Melis Palamar,

Ege University, Turkey

Kofi Asiedu,

University of New South Wales,
Australia

Ying Jie,

Capital Medical University, China

*Correspondence:
Ngamijit Kasetsuwan
ngamjitk@gmail.com

Specialty section:

This article was submitted to
Ophthalmology,

a section of the journal
Frontiers in Medicine

Received: 13 March 2022
Accepted: 16 May 2022
Published: 10 June 2022

Citation:

Tantipat C, Kasetsuwan N,
Chotikkakamthorn P and Pongpirul K
(2022) Bevacizumab Eye Drops Vs.
Intra-meibomian Gland Injection of
Bevacizumab for Meibomian Gland
Dysfunction-Associated Posterior
Blepharitis. Front. Med. 9:895418.
doi: 10.3389/fmed.2022.895418

Check for
updates

Bevacizumab Eye Drops Vs.
Intra-meibomian Gland Injection of
Bevacizumab for Meibomian Gland
Dysfunction-Associated Posterior
Blepharitis

Chitchanok Tantipat', Ngamijit Kasetsuwan "?*, Patraramon Chotikkakamthorn?® and
Krit Pongpirul*

" Department of Ophthalmology, Faculty of Medicine, Chulalongkorn University and King Chulalongkorn Memorial Hospital,
Bangkok, Thailand, ? Excellence Center of Cornea and Limbal Stem Cell Transplantation, Department of Ophthalmology, King
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Aims: This study aimed to evaluate the efficacy and safety of bevacizumab eye drops
compared with those of an intra-meibomian gland (MG) injection of bevacizumab when
performed in conjunction with standard lid hygiene in patients with meibomian gland
dysfunction (MGD)-associated posterior blepharitis.

Methods: This prospective, open-label, observer-blinded randomized controlled trial
included 60 eyes of 30 patients with MGD-associated posterior blepharitis who exhibited
lid margin telangiectasia, treated at the Chula Refractive Surgery Center of King
Chulalongkorn Memorial Hospital. Patients were randomized to receive lid hygiene plus
0.05% bevacizumab eye drops or a single intra-MG injection of 2.5% bevacizumab.
All patients were instructed to perform routine lid hygiene care as demonstrated in
an instructional video. Primary outcomes included telangiectasia grading and the lid
margin neovascularized area (LMNA). Secondary outcomes included the Ocular Surface
Disease Index (OSDI) score, corneal staining, meibum quality, meiboscore, conjunctival
redness, fluorescein break-up time (FBUT), lipid layer thickness, treatment compliance,
and adverse events. All parameters were evaluated before and 3 months after treatment.

Results: After treatment, there were no significant differences in telangiectasia grade
and LMNA between groups (mean difference, —0.14, 95% CI —0.42 t0 0.15, p = 0.338,
—0.1, 95% Cl —1.1 to 0.8, p = 0.761, respectively); however, the injection group
exhibited significant improvements in both telangiectasia grade and LMNA, while, in the
eye drop group, only telangiectasia grade showed a significant improvement relative to
baseline. The injection group also exhibited significant improvements in corneal staining
(mean difference, —0.78, 95% Cl —1.29 to —0.27, p = 0.003), meiboscores (mean
difference, —0.37, 95% Cl —0.52 to —0.21, p < 0.001), and FBUT (mean difference, 1.25,
95% Cl 0.21-2.29, p = 0.019) compared to the eye drop group. OSDI scores, corneal
staining, meibum quality, meiboscores, and conjunctival redness significantly improved
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relative to baseline in both groups. No local and systemic adverse event was observed

at month 3 in both groups.

Conclusion: When performed with regular lid hygiene, intra-MG injection and topical
application of bevacizumab are safe and effective for improving lid margin telangiectasia
and the signs and symptoms of MGD-associated posterior blepharitis. This therapy
may represent an alternative or adjunctive treatment for patients with MGD-associated

posterior blepharitis.

Keywords: bevacizumab, lid hygiene, lid margin telangiectasia, meibomian gland dysfunction (MGD), vascular

endothelial growth factor (VEGF)

INTRODUCTION

Meibomian gland dysfunction (MGD) (1) is the leading cause
of dry eye disease (DED) worldwide. MGD characteristics
include chronic abnormalities of the meibomian glands
(MG) and alterations in the quality of gland secretion,
resulting in tear film instability. Clinical signs of MGD
can occur on the posterior lid margin and include lid

margin  irregularities, prominent telangiectatic = blood
vessels, hyperplasia/metaplasia, and pouting of the
MG orifices.

Telangiectasia or lid margin vascularity is a clinical sign that
usually co-exists with MGD (2). Lid margin telangiectasia is
one of the major signs for MGD-associated posterior blepharitis
diagnosis (3). Similarly, the rise in the vascularization of the
posterior lid margin indicates the increase in inflammation.
Therefore, MGD with lid margin telangiectasia can be considered
as MGD-associated posterior blepharitis (4, 5).

Currently, the effective conventional MGD-associated
posterior blepharitis treatment is warm compresses and
lid hygiene (6). Since most patients do not regularly
follow the treatment process (7), outcomes can differ
from the expected treatment results. Moreover, standard
warm compress and lid hygiene treatment may fail to
reduce lid margin telangiectasia (8). Although
medications (e.g., topical steroids) are also effective in MGD-
associated posterior blepharitis treatment, they have been
associated with side effects, such as ocular hypertension and
cataracts (6).

Bevacizumab [an anti-vascular endothelial growth factor
(VEGF)-A recombinant humanized monoclonal antibody] has
been widely used in the treatment of systemic and ocular
diseases (9, 10). Moreover, previous studies have reported that
an intra-MG bevacizumab injection (11) can decrease lid margin
telangiectasia by up to 42%, in addition to improving dry eye
symptoms. However, to our best knowledge, no randomized
controlled trials have investigated the use of bevacizumab eye
drops in patients with MGD-associated posterior blepharitis
compared with the use of intra-MG injections.

In this study, we aimed to investigate whether treatment
with topical or intra-MG bevacizumab in conjunction with
standard lid hygiene can help to reduce lid margin telangiectasia
and improve the signs and symptoms of MGD-associated
posterior blepharitis.

several

MATERIALS AND METHODS

This study was conducted at the Chula Refractive Surgery Center
of King Chulalongkorn Memorial Hospital (Bangkok, Thailand)
from September 2020 to May 2021, approved by the hospital’s
Institutional Review Board (IRB Certificate of Approval No.
947/2020), and followed the tenets of the Declaration of Helsinki.
The Thai Clinical Trial Registry number was TCTR20201102001.

Patients

The study included patients with MGD-associated posterior
blepharitis attending the Ophthalmic Outpatient Department.
The inclusion criteria were age 18-80 years and >1 of the
following symptoms: dryness, foreign body sensation, burning,
tearing, and duration of >6 months; diagnosis of MGD stage
2 or 3 (6) with lid margin telangiectasia grade 2 or 3 (12)
in both eyes; and willingness to undergo regular follow-up
appointments. The exclusion criteria were structural ocular
abnormality; history of ocular trauma; history of ocular/other
surgeries; use of any treatment for DED or MGD, except
artificial tears, within the past month; active allergy, infection, or
inflammation at the ocular surface unrelated to DED or MGD;
history of ocular herpes infection (13); lacrimal gland drainage
system abnormality; contact lens wear within the past month;
use of systemic medication affecting the ocular surface, systemic
anti-inflammatory medication, anticoagulants, or antiplatelet
medication; unstable systemic diseases, such as uncontrolled
hypertension, uncontrolled diabetes mellitus, stroke, coronary
artery disease, cerebrovascular disease, and bleeding diathesis;
history of bevacizumab contraindications, including congestive
heart failure, gastrointestinal perforation, pregnancy, breast
feeding, reversible posterior leukoencephalopathy syndrome,
proteinuria, or surgical/wound healing complications; and
allergy to bevacizumab or moxifloxacin.

To determine the adequate sample size, power calculations
were made according to neovascularized area reduction as
the designated outcome. The percentage reduction of corneal
neovascularization as a result of bevacizumab eye drop was 29%
(10) and the percentage reduction of eyelid neovascularization
as a result of an intra-MG bevacizumab injection was 42%
(11). With a p-value of <0.05 and a study power of 90%,
we determined a sample size of 13 patients per group. The
standard deviation of normal values was equally estimated to
be 10%. After adjusting for a 20% dropout rate, 15 patients
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were required in each group to detect a significant difference
of 13% in pairwise comparisons. The sample size calculation
was determined using Stata Statistical Software (StataCorp LLC;
College Station, TX, USA).

Experimental Design

After obtaining informed consent and collecting baseline
data, we divided the patients into an intra-MG bevacizumab
injection group and a bevacizumab eye drop group via
computer-generated randomization with a block size of 4.
Group assignments were concealed from the investigator by an
independent third party (Figure 1). All patients were instructed
to perform a video-demonstrated lid hygiene care. During the
first visit, another surgeon (N.K.) administered bevacizumab
injections into both eyes of each patient in the injection group.
On the following day, the same surgeon evaluated the patients
for postoperative complications. Bevacizumab eye drops were
then administered to the eye drop group, who were instructed
to apply them to both eyes four times a day. During this period,
all participants were allowed to use previous ocular lubricants as
needed. After the first visit, re-examinations were performed at 1
week and at 1, 2, and 3 months. All clinical measurements were
performed in both eyes by a single-blinded investigator.

Outcome Assessment

The primary outcomes were telangiectasia grade (12) ranging
from 0 (no telangiectasia) to 3 (severe telangiectasia) and
computer-assisted quantitative measurements of lid margin
telangiectasia. The latter were obtained by repeatedly composing
standardized digital slit-lamp images, which were then analyzed
morphometrically using image analysis software (9) (Cell Sens
Dimension software: Olympus, Hamburg, Germany) by a single
outsource technician. The lid margin neovascularized area
(LMNA) was measured in pixels. Its ratio to the central one-third
of the lid margin area was calculated as the LMNA percentage
(Figure 2). Secondary outcomes included the Ocular Surface
Disease Index (OSDI) score, corneal staining, meibum quality
score, meiboscore, conjunctival redness, fluorescein break-up
time (FBUT), and lipid layer thickness (LLT).

Dry eye symptoms were assessed using the OSDI
questionnaire. The total OSDI score ranges from 0 (no
symptoms) to 100 (more severe symptoms) (14). Lid margin
telangiectasia (12) was graded as previously described.
Conjunctival redness was graded from 0 (no redness) to 4
(severe redness involving the sclera) using the Institute for
Eye Research scale (15). FBUT was recorded as the average
of three measurements obtained using 5-pL volume of 2%
Na-fluorescein. Corneal staining scores were graded using the
modified Oxford grading scheme (16), in which scores range
from 0 (less severe) to 5 (more severe). The meibum quality
score was assessed using an MG evaluator (TearScience Inc.,
Morrisville, NC, USA), which was pressed against a total of
eight MGs in the central area of the lower lid margin. Meibum
secretion was assessed and graded on a scale from 0 to 3 (0, clear
liquid secretion; 1, cloudy liquid secretion; 2, cloudy particulate
secretion; 3, inspissated/toothpaste consistency). A total score of
0-24 was recorded (6).

LLT was measured using a LipiView instrument (TearScience
Inc., Morrisville, NC, USA). The interferometer was used to
analyze LLT in interferometric color units (ICUs), where one ICU
is equal to 1 nm of LLT. The meiboscore was determined using
non-contact meibography (Keratograph 5M; Oculus Optikgerite
GmbH, Wetzlar, Germany). Infrared images of both the upper
and lower lids were captured. The score was graded based on the
percentage of atrophic MGs, ranging from 0 to 3 (0, 0%; 1, <33%;
2,33-67%; 3, >67%). (17).

Local or systemic adverse events (AEs) were assessed the
day after (only in the injection group) and at 1 week and 1, 2,
and 3 months after treatment. Compliance with lid hygiene was
evaluated based on the frequency at which the procedure was
performed per week.

Combined Treatment With Bevacizumab

Eye Drops and Standard Lid Hygiene
Standard Lid Hygiene

During the first visit, all patients watched the lid hygiene video.
The lid hygiene care began with application of a warm compress
(42°C) for 5min, following which an eyelid massage was
performed by applying pressure toward the lid margin of both
upper and lower eyelids. Subsequently, the eyelids were cleaned
with water and dried with a towel. Patients were requested to
perform this procedure at least twice daily.

Bevacizumab Eye Drops

Bevacizumab (Avastin, F. Hoffmann La-Roche AG, Switzerland)
100 mg/4mL was prepared from its intravenous (IV) form
diluted in normal saline solution (NSS) under laminar flow.
The 0.05% bevacizumab was transferred into 5-mL eye dropper
bottles and stored at —20°C. Participants were advised to
apply the eye drops four times a day and store them at 4°C
during usage.

Combined Treatment With
Intra-meibomian Gland Bevacizumab

Injection and Standard Lid Hygiene
Intra-meibomian Gland Bevacizumab Injection

For intra-MG injection, 2.5% bevacizumab was prepared from
the IV form, transferred into a 1-mL syringe under laminar flow,
and stored at 4°C. A single bevacizumab injection was performed
in the minor operating room of the Chula Refractive Surgery
Center. Subsequently, 10% povidone iodine was applied to the
skin for 3 min and wiped off with NSS. Tetracaine eye drops were
applied to the conjunctival sac, and 4% lidocaine gel was directly
applied to the lid margin with a sterile cotton-tipped applicator.
Contact lenses were placed on the cornea. Intra-MG injections
were performed at a depth of 1-2 mm using a 30-gauge needle at
the vascular-enriched lid margin tissue around the MG orifices.
Injections were performed by an expert surgeon (N.K.) at five
sites per eye (Figure 3).

Statistical Analysis

Baseline characteristics, including sex, age, systemic
comorbidities, and other factors, were assessed using descriptive
statistics. A generalized estimating equation was used to analyze
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FIGURE 1 | Consolidated standards of reporting trials flow diagram.
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longitudinal data with uneven time points (i.e., OSDI score,
telangiectasia grade, LMNA, corneal staining, meibum quality,
meiboscore, conjunctival redness, FBUT, and LLT). Fisher’s exact
test was performed to compare nominal data. An independent
samples t-test was performed to compare continuous data. The
probability of improvement in the telangiectasia grade by more
than 1 point was determined using the Kaplan-Meier method
with log-rank testing. The correlation between telangiectasia
grade and LMNA was examined using mixed model analysis. The
statistically significant p-value was <0.05, and statistical analyses
were performed using Stata Statistical Software (StataCorp LLC;
College Station, TX, USA).

RESULTS

We enrolled 31 patients in the treatment program. One
patient was excluded owing to severe MGD-associated posterior
blepharitis signs and symptoms resulting in 15 patients per
group. There were no differences in demographic or baseline

clinical data between the groups, except for a shorter level of
FBUT in the injection group (Table 1).

Ocular Surface Disease Index

In the eye drop group, the OSDI scores significantly decreased
from 23.73 to 11.73 at week 1 [mean change, —11.93, 95%
confidence interval (CI), —16.15 to —7.7, p < 0.001], persisting
until month 3 (p = 0.234) (Supplementary Table 1; Figure 4). In
the injection group, the OSDI scores significantly decreased from
25.45 to 18.18 at week 1 (mean change, —7.27, 95% CI, —11.11 to
—3.42, p < 0.001), persisting until month 3 (p = 0.213). There
was no significant difference between the groups at 3 months
(mean difference, 0.99, 95% CI —4.79 to 6.77, p = 0.738).

Telangiectasia Grading and Lid Margin

Neovascularized Areas

The Kaplan-Meier survival analysis (Figure4) revealed that,
in the injection group, the probability of improving the
telangiectasia grade by more than 1 level was 33.3% at week 1,
which increased to 53.3% at month 3 post-treatment. In the eye

Frontiers in Medicine | www.frontiersin.org

36

June 2022 | Volume 9 | Article 895418


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Tantipat et al.

Bevacizumab Treatment for MGD-Associated Posterior Blepharitis

FIGURE 2 | Image of the lid margin neovascularized area.

drop group, the probability of achieving such an improvement
was 13.3% at month 2, which increased to 40% at month 3.
However, there was no significant difference between the groups
at 3 months (p = 0.126). In the injection group, the telangiectasia
grade decreased from 2.23 to 2.05 at month 1 (mean change,
—0.26, 95% CI —0.48 to —0.04, p = 0.22) and 3 (mean change,
—0.56,95% CI —0.56 to —0.33, p < 0.001); in the eye drop group,
the telangiectasia grade decreased significantly from 2.3 to 2.1 at
month 2 (mean change, —0.2,95% CI —0.37 to —0.03, p = 0.024)
and significantly improved by month 3 (p = 0.015). There was
no between-group difference in the telangiectasia grade at month
3 (mean difference, —0.14, 95% CI —0.42 to 0.15, p = 0.338)
(Table 2).

Details regarding the pre- and post-treatment LMNA in both
groups are presented in Table 2 and Figure 4. In the injection
group, the LMNA decreased from 4.6 to 4.2% at 1 week post-
treatment (mean change, —0.3%, 95% CI —0.9 to 0.2, p = 0.248)
and remained stable until month 2. At 3 months, LMNA had
significantly decreased to 3.8% (mean change, —0.8%, 95% CI
—0.8 t0 0.2, p = 0.005). In the eye drop group, LMNA decreased
from 5.9 to 5.3% (mean change, —0.7%, 95% CI —1.4 to 0.1,
p = 0.77) after month 3. There was no significant between-
group difference (p = 0.761). A mixed model analysis revealed
significant correlation between the telangiectasia grade and the
mean LMNA values at baseline, 1 week, 1 month, 2 months, and
3 months (p < 0.001).

FIGURE 3 | Intra-meibomian gland injection. Three sites at the upper eyelid
and two sites at the lower eyelid margin (A) for a total injection volume of 150
uL. (B) The lower eyelid during injection.

Corneal Staining and Meibum Quality
In the injection group, corneal staining decreased significantly
from 1.47 to 0.83 at 1 week post-treatment (mean change,
—0.68, 95% CI —1.08 to —0.28, p = 0.001), and this change
was maintained at 3 months post-treatment (p = 0.344)
(Supplementary Table 1). In the eye drop group, corneal
staining decreased significantly from 0.87 to 0.57 at 3 months
(mean change, —0.38, 95% CI —0.69 to —0.06, p = 0.021).
Improvements in corneal staining were significantly better in
the injection group than in the eye drop group at 1 week, 1
month, and 2 months post-treatment (p < 0.05); however, no
between-group difference was observed at 3 months (p = 0.675).
In the injection group, the meibum quality score significantly
improved from 19.02 to 16.21 at week 1 (mean change, —2.81,
95% CI —4.47 to —1.15, p = 0.001), and this improvement was
maintained at 3 months (p = 0.127). In the eye drop group,
the meibum quality score significantly improved from 18.79 to
15.67 at month 1 (mean change, —3.12, 95% CI —5.38 to —0.87,
p = 0.007). This improvement was maintained at 3 months
and was significantly better than that in the injection group
(p =0.021) (Supplementary Table 2).

Meiboscore and Conjunctival Redness

The meiboscore significantly decreased from 2.21 to 2 at 1 week
post-treatment in the injection group (mean change, —0.12, 95%
CI —0.21 to —0.02, p = 0.017), and this improvement was
maintained at 3 months post-treatment (p < 0.001). In the eye
drop group, the meiboscore significantly decreased from 1.68 to
1.62 at 1 month (mean change, —0.15, 95% CI —0.27 to —0.03,
p = 0.012), which also persisted until 3 months post-treatment
(p = 0.845). The decrease in meiboscore in the injection group
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TABLE 1 | Baseline characteristics.

Variables Injection group Eye drop group (n = 15) p-value
(n =15)

Female 11 (73.3%) 14 (93.3%) 0.33

Age (years), mean + SD 63.8 +8.14 63.4 + 6.03 0.88

Systemic comorbidities

Hypertension 3 (20%) 7 (46.7%) 0.245

Dyslipidemia 2 (13.3%) 7 (46.7%) 0.109

Diabetic mellitus 0 (0%) 2 (13.3%) 0.48

Others 5 (33.3%) 6 (40%) 0.215

Ocular comorbidities

Ocular trauma 0 (0%) 0 (0%) NA

Ocular surgery 2 (13.3%) 1(6.7%) 1

Ocular diseases 0 (0%) 1(6.7%) 1

Ophthalmic medications

Avrtificial tears 14 (93.3%) 14 (93.3%) 1

Lubricant eye gels 6 (40%) 5 (33.3%) 1

Non-ophthalmic medications

Antihypertensive medications 2 (13.3%) 8 (53.3%) 0.05

Antihyperlipidemic medications 3 (20%) 9 (60%) 0.06

Antidepressants 3 (20%) 1(6.7%) 0.598

Others 6 (40%) 8 (53.3%) 0.715

Patient-reported outcome

OSDI score (1-100) mean + SD 25.45 +£14.28 23.73 £9.94 0.705

Primary clinical outcomes

Telangiectasia grading (0-3), mean + SD 2.23 £0.59 2.3+ 0.53 0.748

Grade 1 3 (10%) 1(3.3%) 0.438

Grade 2 15 (50%) 19 (63.3%)

Grade 3 12 (40%) 10 (33.3%)

Lid margin neovascularized area (%), mean + SD 46+23 59+3.2 0.213

Secondary clinical outcomes

Corneal staining (0-5), mean + SD 147 £1.27 0.87 +1.09 0.177

Meibum quality (0-24), mean + SD 19.02 + 3.82 18.79 £ 3.74 0.545

Meiboscore (0-6), mean + SD 221+ 142 1.68 £ 1.11 0.261

Conjunctival redness (0-4), mean + SD 0.77 £0.78 0.73+0.7 0.9083

FBUT (s), mean £+ SD 3.64 +£1.52 4.88 +£1.64 0.041*

LLT (hm), mean + SD 64 + 26.24 7233 £27.17 0.4

OSDI, Ocular Surface Disease Index; FBUT, fluorescein break-up time; s, second; nm, nanometer; LLT, lipid layer thickness; NA, not applicable.

was considerably greater than that in the eye drop group at 2
(p =0.012) and 3 months (p < 0.001) (Supplementary Table 2).

In the injection group, conjunctival redness values
significantly decreased from 0.77 to 0.37 (mean change,
—0.47, 95% CI —0.73 to —0.2, p = 0.001) at month 1, persisting
until 3 months post-treatment (p = 0.089). However, the eye
drop group exhibited a significant decrease in conjunctival
redness at 3 months post-treatment (mean change, —0.32, 95%
CI —0.58 to —0.06, p = 0.017). No between-group differences in
conjunctival redness were observed at any of the post-treatment
visits (Supplementary Table 2).

Fluorescein Break-Up Time and Lipid Layer

Thickness

In the injection group, FBUT increased significantly from 3.64
to 4.96s at month 2 (mean change 0.96, 95% CI 0.11-1.8,
p = 0.027) and remained stable at month 3 (p = 0.667)
(Supplementary Table 2). However, FBUT remained at the
baseline value at every visit for the eye drop group (p > 0.05).

Despite this, the FBUT was significantly higher in the injection
group than in the eye drop group at 1 month (mean difference
1.25,95% CI 0.21-2.29, p = 0.019).

LLT did not significantly differ from baseline in either group
at any visit, and the between-group difference was insignificant at
month 3 (Supplementary Table 2).

Safety and Compliance

No systemic AEs were detected in any patient. In the injection
group, the most common AE at postoperative day 1 was
dot hemorrhage at the injection site (16.7%). Among patients
receiving eye drops, the most common AEs were eye irritation
and transient eye redness, detected in 13.3 and 16.7% of patients
at months 1 and 2, respectively. No local AEs were observed at
month 3 in either group.

There was no significant between-group difference in the
frequency of lid hygiene and the use of artificial tears at 3 months.
At month 3, patients in the eye drop group received bevacizumab
3.78 times per day on average (Supplementary Table 3).
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DISCUSSION

This is the first prospective, open-label, observer-blinded
randomized controlled trial to investigate the ability of
bevacizumab (eye drops or intra-MG injection) to improve lid
margin telangiectasia and the signs and symptoms of MGD-
associated posterior blepharitis. The results indicated that,
when performed in conjunction with regular lid hygiene, a
single intra-MG injection of 2.5% bevacizumab can significantly
reduce telangiectasia grade and LMNA, and that bevacizumab
eye drops can significantly decrease the telangiectasia grade
within 3 months. Compared with the eye drop group, the
injection group demonstrated improvements in corneal staining,
meiboscore, and FBUT. However, both groups exhibited
significant improvements in dry eye symptoms and clinical signs,
including corneal staining, meibum quality, meiboscore, and

conjunctival redness. Our results are consistent with those of
previous studies (11, 18, 19).

In the injection group, telangiectasia grading decreased from
1 month to 3 months post-treatment. A similar trend was
observed in the eye drop group beginning in month 2 following
treatment initiation. Despite of this improvement, there was
no difference in decreasing telangiectasia grade between groups
at the end of study. Consistently with telangiectasis grade,
significant changes in the LMNA values were observed in the
injection group. Although our data did not reveal a significant
change in LMNA in the eye drop group, we observed a
significant correlation between the telangiectasia grade and
LMNA in every follow-up time point. The telangiectasia grade
is a widely accepted qualitative method for assessing clinical
outcomes; however, a previous study (12) demonstrated that
telangiectasia grading performed by general ophthalmologists
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Between treatment

Eye drop group

Injection group

Lid margin neovascularized area (%)

p-value Mean difference (95% CI) p-value

Mean change (95% ClI)

Mean + SD

Mean change (95% ClI) p-value

Mean + SD

Reference

Reference

59 +32
6.4+44

Reference

46+23
42 +£21
42+23
41 £2.1
38+2

Baseline

0.108
0.396

~0.8(-1.7,02)
~0.4(~1.3,05)
~0.4(~1.3,05)
~0.1(~1.1,0.8)

0.255

0.4(~0.3,1.2)
0(~0.7,0.8)

0.248
0.208
0.105
0.005*

~0.3(-0.9,0.2)
—0.4(~0.9,0.2)
—0.5(~1,0.1)

1 week

0.922

6+36
59+35

1 month

0.395

0.858
0.077

—0.1(~0.8,0.7)
0.7 (—1.4,0.1)

2 months

0.761

53+3

—0.8(—1.4,-0.2)

3 months

Subjective and objective outcomes. *p-value < 0.05.

had only moderate reliability. Therefore, quantitative, computer-
assisted measurements of LMNA may represent a new strategy
for diagnosis and post-treatment monitoring. However, this
parameter requires further studies in order to determine the
sensitivity and specificity. Further, differences in ethnicity or skin
color may influence the ability to detect changes in blood vessels.

The OSDI scores decreased significantly from week 1 to
month 3, although there were no between-group differences.
Previous studies of bevacizumab therapy in DED and MGD
(11, 18, 19) showed significantly improve dry eye symptoms.
Improvements in OSDI scores may be explained by decreases
in corneal staining and lid margin inflammation and by
improvements in tear film stability.

Inflammation is among the numerous pathophysiological
processes associated with MGD-associated posterior blepharitis.
In vitro, stimulation of conjunctival epithelial and fibroblast
cells by increasing levels of inflammatory cytokines in turn
increases VEGF production (20). One human study (21) reported
that patients with MGD exhibited significantly higher VEGF
levels than did healthy volunteers. The higher VEGF levels
would stimulate neovascularization (22); inflammation (23);
and lymphangiogenesis (24), which might be related to the
pathogenic mechanisms of DED (25-27). In addition, VEGF and
VEGF receptor 2 are involved in the pathogenesis of neuropathic
pain (28). Bevacizumab treatment can reduce dry eye symptoms
within as little as 1 week and our study reported mean OSDI
scores of <13 at week 1 and month 1 in the eye drop group.
In comparison, the earliest improvements in dry eye symptoms
are observed at week 2 in patients treated with 5% lifitegrast (29)
and after 1 month (30) in patients treated with cyclosporine eye
drops (CsA).

In the injection group, meibum quality significantly improved
to its maximum level at week 1 and gradually decreased until
month 3. However, in the eye drop group, an increasingly
significant improvement in meibum quality was observed from
months 1 to 3, with better improvement than that in the
injection group at month 3. This is in line with the meiboscore
results. Previous studies (31, 32) observed that participants
who underwent intense pulsed light (IPL) treatment exhibited
significant reductions in levels of tear cytokines. These reductions
were positively correlated with improvements in meibum quality,
meibum expression, and meiboscore changes, consistent with
findings in a previous study (33). Furthermore, Arita et al.
(17). explained that the dark lesions observed in non-contact
meibography may be attributable to degenerative meibum,
aside from MG dropout. Together, these findings suggest that
bevacizumab treatment can reduce inflammation, which may in
turn improve meibum quality, meiboscores, and the integrity of
the tear film lipid layer (31) (Figure 5).

Conjunctival redness began to decrease from month 1 in
the injection group and month 2 in the eye drop group. This
reduction was consistent with telangiectasia grading and can be
explained by multiple anti-VEGF mechanisms. Changes in the
size of blood vessels and areas of neovascularization may take
longer to occur depending on the administration route, drug
concentration, and extent of drug penetration. These factors may
explain why bevacizumab eye drops are as effective as injected
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OSDI score 7.27

Meibomian gland quality 2.81
Meiboscore 0.12

Corneal staining 0.68

Telangiectasia grade 0.26
Conjunctival redness grade 0.47

[ Fluorescein break-up time 0.96 s l[ Lid margin neovascularized area 0.8% ]

. .

Injection

I :

Week 1 Month 1

>

Month 2 Month 3

Eye drop

!

>

! !

Meibomian gland quality 3.12
Meiboscore 0.15

OSDI score 11.93

Telangiectasia grade 0.2
Conjunctival redness grade 0.32

Corneal staining 0.38

FIGURE 5 | Anticipated clinically significant improvements for the eight outcomes.

bevacizumab despite the slower initial responses of patients.
However, eye drops are advantageous in that they are non-
invasive and suitable for routine treatment.

In the injection group, corneal staining decreased significantly
from week 1 to month 3; in the eye drop group, there
was significant improvement at 3 months post-treatment.
However, the duration over which this reduction was maintained
was shorter than that reported for other anti-inflammatory
medications. For instance, 5% lifitegrast can improve the inferior
corneal staining score at month 3 (34), whereas CsA can reduce
corneal staining from month 1 (35) to 4.

The LLT cut-off value (36) for screening obstructive MGD
(<75nm) had a sensitivity of 65.8% and a specificity of 63.4%.
Moreover, LLT is affected by age, sex, and other factors. In our
study, the mean LLT of both groups was consistent with that
reported in previous studies. Moreover, there was no significant
change in LLT in either group at 3 months post-treatment (31).
However, a longer monitoring period may be required to observe
changes in LLT.

In our study, 0.05% bevacizumab eye drops caused ocular
irritation and transient eye redness in 13.3 and 3.3% of patients,
respectively. No local AEs were observed in either group at 3
months. In comparison, CsA can cause burning at the instillation
site in up to 29% of patients (37), whereas lifitegrast has been
reported to cause dysgeusia in 16.2% of patients (29).

Further randomized, placebo-controlled studies are required
to determine the suitable concentration, frequency, and duration
of treatment and to compare levels of inflammatory cytokines
and nerve fiber density between baseline and various follow-
up periods.

In conclusion, the present findings demonstrate that lid
hygiene combined with an intra-MG injection of bevacizumab
or bevacizumab eye drops is safe and effective for the treatment
of lid margin telangiectasia, dry eye symptoms, and clinical
signs of MGD-associated posterior blepharitis. We recommend
intra-MG injections as a suitable treatment for patients with
MGD-associated posterior blepharitis who exhibit moderate
to severe lid margin telangiectasia or poor compliance with
topical eye drops. In addition, LMNA and the anticipated
clinically significant improvements in the eight outcomes

addressed in this study may aid in monitoring the response to
bevacizumab treatment.
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Purpose: Decreased production of the agueous component of the tear fim is an
important cause of the development of dry eye disease (DED). Tear production is
influenced by hormones and hormone-like factors. Prolactin (PLR), a multifunctional
pituitary gland hormone, is regularly present in the lacrimal gland of rats and rabbits. In
humans, serum PLR concentration correlates with tear quality. To gain deeper insights of
possible effects of PRL, prolactin receptor (PRLR) and prolactin inducible protein (PIP),
we analyzed the three proteins in the human lacrimal apparatus and in reflex tears of
healthy volunteers as well as patients suffering from DED.

Methods: Gene expression of PRLR and PIP was analyzed by RT-PCR in cadaveric
human lacrimal gland and ocular surface tissues, immortalized human corneal epithelial
cells (HCE and hTEPI) and human Meibomian gland epithelial cells (HMGECs). At the
protein level, the expression and localization of PRL, PRLR and PIP in formalin-fixed
paraffin sections of the lacrimal apparatus were studied by immunohistochemistry. In
addition, tear fluid from DED patients and healthy volunteers was analyzed by ELISA to
determine the concentration of PRL and PIP.

Results: RT-PCR analyses revealed gene expression of PRLR and PIP in human
tissue samples of cornea, lacrimal glands, and eyelids, whereas only PIP, but not
PRLR, was detectable in immortalized corneal epithelial cells. Immunohistochemistry
revealed for the first time the expression and localization of PRL, PRLR, and PIP
in human tissues of the lacrimal apparatus and at the ocular surface. PRL and
PRLR were detectable in corneal epithelium, lacrimal glands, and Meibomian glands.
Reflex tears from DED patients revealed significantly increased PIP concentrations,
whereas PRL was undetectable in tears of DED patients and healthy volunteers.
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Impact of PRL and PIP for DED

Conclusion: PRL, PRLR, and PIP are found in the lacrimal apparatus and on the ocular
surface. PIP, but not PRL, is present in human tears and appears to be involved in
the physiology of tear film quality. Our clinical data revealed that PIP may affect tear
quality, but further functional analyses are needed to fully elucidate the effects of PRL
and PIP-associated factors in tear secretion as well as in the connection of DED.

Keywords: dry eye disease (DED), prolactin inducible protein, tears, ocular surface, lacrimal gland, lacrimal
apparatus, Meibomian gland, prolactin (PRL)

INTRODUCTION

The ocular surface is covered and protected by the tear film (1).
This tear film consists of two layers: an inner muco-aqueous
layer built by epithelial cells of the ocular surface, conjunctival
goblet cells and acinus cells of the lacrimal gland and accessory
lacrimal glands, and an external lipid layer produced by the
Meibomian glands in the eye lids (2). Together, the tear film
protects the ocular surface, especially the cornea, from drying
and supplies it at the same time with oxygen and nutrients.
It also allows smooth eyelid movements, protects the ocular
surface from mechanical damage and pathogenous microbes, and
improves optical properties. Any imbalance in the composition
of the tear film components leads to disturbances of the ocular
surface and can lead to more or less distinct clinical symptoms of
dry eye disease (DED) with limitations of vision (3). According
to the TFOS DEWS 11 report DED is defined as follows: “Dry eye
is a multi-factorial 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” (4). The two main common
causes of DED are: (1) a reduced production of the aqueous
component of the tear film, aqueous deficient dry eye (ADDE)
and (2) (hyper)evaporative dry eye (EDE) mainly caused by
Meibomian gland dysfunction (MGD) (4). Any form of DED
can interact with the other form and combinations of ADDE
and EDE (mixed dry eye, MDE) occur regularly in patients
(5). DED occurs more often in females than in males and is
mainly associated with sex hormones (6). Different hormones as
well as hormone-like factors have already been shown to have
a significant impact on DED. In previous studies, our group
showed that the insulin like peptide hormone relaxin 2, insulin
like factor and somatostatin occur sex dependent in different
concentrations in tears, improve the wound healing capacity of
epithelial cells at the ocular surface and modulate immunological
processes (7-9).

Prolactin is a multifunctional pituitary gland hormone, that
is well-known for its function in mammary gland development
and lactation during pregnancy and the breast-feeding period
(10). PRL is also built extrapituitary for example in the mammary
gland, vascular endothelium, or T-lymphocytes. It has various
functions like sodium retention in the small intestine, influence

Abbreviations: DED, dry eye disease; PLR, Prolactin; PRLR, prolactin receptor;
PIP, prolactin inducible protein; HCE, human corneal epithelial cell line;
HMGECs, human Meibomian gland epithelial cells.

on fear and stress in the brain or immunomodulation of
lymphocytes via the JAK-STAT signal transduction pathway
that is also used by a variety of cytokines and growth factors
(11, 12). PRL is regularly present in tears and is detectable in
the lacrimal gland of small laboratory animals like Sprague-
Dawley rats and New Zealand White rabbits (6, 13-15). Studies
to location and expression of PRL and PRL receptors in human
lacrimal apparatus and tears are limited (16, 17). Mathers et al.,
show a strong negative correlation between serum prolactin level
and tear quality in women on hormone replacement therapy
(18). Patients suffering from Sjogren’s syndrome, a chronic
autoimmune disease leading to severe DED, show a higher
serum prolactin level compared to healthy volunteers (19). Myal
et al. showed that the binding of PRL to the prolactin receptor
(PRLR) induces an increased expression of prolactin inducible
protein (PIP) (20). Studies have demonstrated, that in different
cell types PIP expression is induced by prolactin- and androgen
treatment under a not yet fully elucidated mechanism (21, 22).
This already suggests that PIP has multiple functions in different
physiological, pathophysiological and disease conditions. For
example, it is increased in breast and prostate cancer (23) and
can therefore be used as a biomarker in breast cancer but also
as a prognostic factor for the success of chemotherapy and
chance of survival (24). Also, on the ocular surface PIP has a
relevant function. As its expression is downregulated in relevant
keratoconus cells, tears, saliva and plasma of patients with
Keratoconus, it is a novel biomarker for this degenerative disease
of the cornea (25-27). Gallo et al. showed that PIP can even be
used as a functional biomarker for primary Sjogren’s Syndrome
in saliva (28). In addition, PIP also plays an important role in
immunomodulation and cell-mediate adaptive immunity (21,
23). The present study was undertaken to analyze the expression
of PRL, PRLR, and PIP in the human lacrimal apparatus for
the first time. In this context, we also measured PRL and PIP
concentrations in tears obtained from healthy donors as well as
from patients with DED.

MATERIALS AND METHODS
Subjects

All parts of the study were conducted in compliance with
institutional review board regulations, informed consent
regulations, and the provisions of the Declaration of Helsinki. All
parts of the study were approved by the local ethics committee
of Friedrich-Alexander-Universitdt Erlangen-Nirnberg (FAU
application number 84_19B). After detailed information about
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the risks and benefits of the study, written informed consent was
obtained from all participants and patients.

Cells

SV40-transformed human corneal epithelial cells (HCE cells,
obtained from Kaoru Araki-Sasaki, Tane Memorial Eye Hospital,
Osaka, Japan) (29), were cultured as monolayer and used
for further experiments. Also human telomerase-immortalized
corneal epithelial (WT'CEpi) cells were cultured as monolayer
as described before (30) and used for additional investigations
concerning the corneal epithelium. Human Meibomian gland
epithelial cell line (HMGEC) was cultured under standard
conditions (37°C, 21% O2, 5% CO2) with and without 10% fetal
calf serum to initiate differentiation as described before (31).

Tissues

Lacrimal glands, upper and lower eyelids, conjunctivas, and
corneas were obtained from human cadavers donated by written
testamentary disposition to the Department of Functional and
Clinical Anatomy of Friedrich Alexander University Erlangen-
Niirnberg (FAU), Germany. All tissues were dissected from the
cadavers within 4 to 12h of death. Donors were free of recent
trauma, eye and nasal infections, and diseases involving or
affecting lacrimal apparatus or ocular surface function. After
dissection, tissues from the eye of each cadaver were prepared
for paraffin-embedding and were fixed in 4 % paraformaldehyde.
Tissues for molecular biological investigations were immediately
frozen at —80°C.

RNA Preparation and Complementary DNA
(cDNA) Synthesis

For conventional reverse transcriptase-polymerase chain
reaction (RT-PCR), tissue samples of four lacrimal glands,
four corneas, three conjunctivas, three nasolacrimal ducts and
two eye lids (including Meibomian glands) were crushed in
an agate mortar under liquid nitrogen, then homogenized
in 5ml RNA pure solution (peqgold; peqLab Biotechnologie,
Erlangen, Germany) with a homogenizer (Polytron, Paterson,
NJ, USA). Insoluble material was removed by centrifugation
(12,000 g, 5min, 4°C). Total RNA was isolated using RNeasy-
Kit (Qiagen, Hilden, Germany). In addition, total RNA was
extracted from cultivated HCE, hTCEpi and HMGEC cell
lines by PeqGold reagent (PeQLab, Erlangen, Germany)
according to manufacturer’s protocol. Crude RNA was purified
with isopropanol and repeated ethanol precipitation, and
contaminated DNA was removed by digestion with RNase-free
DNase I (30 min, 37°C; ThermoFisher Scientific, Waltham,
MA, USA). The DNase was heat-denatured for 10min at
65°C. Sample cDNA was generated from total RNA with the
RevertAidTM Reverse Transkriptase-Kit of ThermoFisher
Scientific (Waltham, MA, USA) according to the manufacturer’s
protocol. Two micrograms total RNA and 10 pmol Oligo (dT)18
primer (Fermentas) was used for each reaction. The cDNA was
stored at —20°C until use.

Reverse Transcriptase-Polymerase Chain

Reaction (RT-PCR)

For RT-PCR we used ThermoFisher Scientific Kit (Waltham,
MA, USA) according to manufacturer’s protocol. At first, the
integrity and stability of each transcribed cDNA was verified
with PCR for human $-Actin (sense: GAT CCT CAC CGA GCG
CGG CTA CA, antisense: GCG GAT GTC CAC GTC ACA CTT
CA, annealing temperature 60°C, product 298 bp) before further
analyses. For gene-specific PCR we used: 1 pL cDNA, 13.7 pl
H,0, 1 pl 50 mM MgCly, 0.5 pl dNTP, 2 pul 10x PCR buffer, 0.3
ul (5 U) Taq DNA polymerase (Invitrogen, Karlsruhe, Germany),
and 0.5 pl (100 pmol) of each of the following primers for
conventional RT-PCR: Homo sapiens prolactin receptor (PRLR):
NM_000949.6 (sense: AAG AGT GAA CAA GTG CAC CGA,
antisense: AAG AGT GAA CAA GTG CAC CGA, annealing
temperature 62°C, product 570 bp), homo sapiens prolactin
inducible protein (PIP): NM_002652.2 (sense: GCT CAG GAC
AAC ACT CGG AA, antisense: AAT CAC CTG GGT GTG GCA
AA; annealing temperature 62°C, product 395 bp) and actin.

Immunohistochemistry

Paraformaldehyde-fixed human cadaver tissue was embedded
in paraffin, sectioned and dewaxed by descending alcohol
series to xylol as described before (32). Immunohistochemistry
was performed with polyclonal rabbit anti-prolactin receptor
(1:50, abcam, ab170935, Cambridge, UK), mouse anti-prolactin
(1:50, Novus Biologicals, NBP2-02142, Littleton, CO, USA),
and goat anti-prolactin inducible protein (1:50, Invitrogen,
PA518507, Carlsbad, CA, USA). Visualization was achieved
with horseradish peroxidase-labeled streptavidin-biotin complex
(StreptABComplex/HRP; Dako, Santa Clara, CA, USA) and 3-
amino-9-ethylcarbazole (AEC; Dako, Santa Clara, CA, USA).
Sections were counterstained with hemalum and mounted
in Entellan (Dako). Sections were treated with the following
standard treatments: 3% hydrogen peroxide, citrate buffer (pH 6)
boiling, and Tris-buffered saline with Tween 20, the sections were
incubated overnight at 4°C with primary antibodies and with
secondary antibodies at room temperature for 2h. Sections of
pituitary gland, mammary gland and testis were used as positive
controls. Negative control sections, incubated with non-immune
IgG instead of primary antibody, were used in each case. All slides
were examined with a Keyence BZ 9000 microscope.

Tear Fluid Samples

Collection and analysis of human tear fluid was approved
by the local ethics committee of FAU Erlangen-Niirnberg,
Germany (FAU application number 84_19B). The study was
also conducted in accordance with the tenets of the Declaration
of Helsinki, compliance with good clinical practice and with
informed consent. All subjects completed an institutional
review board-approved questionnaire and underwent a general
ophthalmological examination in accordance with the valid
BVA (Berufsverband der Augenirzte Deutschlands [Professional
Association of German Ophthalmologists]) and DOG (Deutsche
Ophthalmologische = Gesellschaft [German Ophthalmologic
Society]) guidelines for Germany (https://www.dog.org/wp-
content/uploads/2009/09/leit11.pdf). Healthy donors had no
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DED symptoms, no use of artificial tears, lubricants or re-
wetting drops, no autoimmune disorders, and no other eye
diseases, except for cataract or refractive errors. Subjects were
considered to suffer from DED if they had a history of moderate
DED with a documented diagnosis in their medical history by
an ophthalmologist >6 months prior to study visit. Patients
with DED were divided into three groups by fluorescein tear
film break-up time (TBUT) and Schirmer type 1 (without
anesthesia) method: (1) patients with aqueous deficient dry eye
(ADDE) with Schirmer < 5mm after 5min, (2) patients with
evaporative dry eye (EDE) with BUT < 5s and (3) patients
with the mixed dry eye (MDE) of evaporative dry eye (BUT
<5s) plus aqueous deficient dry eye (Schirmer <5mm after
5min). Tear film break-up time (TBUT) was measured with 5
pl of non-preserved 2% sodium fluorescein as described before.
Fluorescein solution was instilled onto the bulbar conjunctiva
using a micropipette. Donors were instructed to blink normally
without squeezing several times to distribute the fluorescein
and then refrain from blinking until told otherwise. TBUT
was measured by slit lamp magnification at 10-fold and a
Wratten 12 yellow filter was used to enhance the observation
of the tear film over the entire cornea. A stopwatch was used
to record the time between the last complete blink and the first
indication of tear film break-up. Thereafter, the patient was
instructed to blink normally again. Three TBUT measurements
were taken and the average was calculated. All patients were
consecutively recruited in an established ophthalmology practice
with specialized dry eye consultation hours in Niirnberg,
Germany. Tear fluid samples were taken from 153 subjects
(Table 1, 38 healthy donors, 115 DED patients) using Clement
Clarke Schirmer tear test strips (Clement Clarke International
Ltd, UK) without anesthetic (Schirmer I). Characteristics of
patient study group are given in Table 1. The Schirmer tear
test strips were immediately stored in a sterile reaction tube
at —20°C until further processing. The tear fluid samples
were extracted from the Schirmer strips with 60 pl 1x PBS
via centrifugation by the adapted protocol as described
before (33).

ELISA

PRL and PIP concentration in the collected tear film samples
were determined using the commercially available human
PRL (KA0217, Anova, Taipei City, Taiwan) and PIP ELISA
kit (EH2124, FineTest, Wuhan, China) according to the
manufacturer’s instructions. The PIP ELISA used has an
average recovery range of 94% and precision in intra-assay
< 8% and inter-assay < 10%. Cross-reactivity or interference
between PIP and analogs is not observed. For ELISA 50
L of each undiluted tear sample were used. The minimum
detectable concentration by these assays is estimated to be
2ng/ml for PRL and 18.8 pg/ml for PIP. The O.D. absorbance
was read at 450nm in a microplate reader (Clariostar, BMG
Labtech, Ortenberg, Germany) and the concentration of PIP
was calculated normalized to total protein amount of each
tear sample.

Statistical Analysis

All bar charts represent results and were plotted as mean
+ standard error of mean (SEM). Gaussian distribution was
calculated by the Kolmogorov-Smirnov test. After evaluating
values for normal distribution, we performed unpaired students
t-test or Mann Whitney test if we compared two groups as
well as 1-way ANOVA statistics for more than two groups. For
interpretation of the results, we used either Bonferroni or Dunn
post hoc tests. Correlation statistics were calculated with Pearson
or Spearman correlation coeflicient. Charts were generated and
statistical analyzed with GraphPad Prism (version 5). P < 0.05
were considered statistically significant.

RESULTS

Gene Expression of Prolactin Receptor
(PRLR) and Prolactin Inducible Protein
(PIP) in Tissues of the Lacrimal Apparatus

and Ocular Surface

To analyze the gene expression of PRLR and PIP in the lacrimal
apparatus and ocular surface RT-PCR was performed with
human tissues of the lacrimal gland, cornea and eyelid obtained
from cadavers and also with immortalized corneal epithelial
cell lines (HCE and hTCEpi) and the human Meibomian gland
epithelial cell line HMGEC. Our RT-PCR analyses revealed gene
expression of PRLR in the lacrimal gland, cornea, and eyelid
(Figure 1). There was no expression of PRLR transcript in human
cell lines of corneal epithelium (HCE and hTCEpi) and human
meibomian gland epithelial cells (HMGECs) (data not shown).
A PIP transcript was present in the lacrimal gland, cornea, and
eyelid from human cadavers as well as in hTCEpi and HMGEC
cultivated in serum-free and serum-containing medium. No
expression of PIP was detectable in the human corneal epithelium
cell line HCE (Figure 1).

Localization of PRL, PRLR and PIP in
Tissues of the Ocular Surface and Lacrimal
Apparatus

To verify gene expression and localize the expression of PRL,
PRLR and PIP at the ocular surface and lacrimal apparatus,
immunohistochemical (IHC) analyses of formalin-fixed paraffin-
embedded tissue sections from 10 human cadavers were
performed for each tissue. The representative distribution in the
analyzed tissues was as follows.

Immunoreactivity was visible with PRL antibody in all cell
layers of the corneal epithelium as well as in fibroblasts and
free cells of the corneal stroma. The tuboalveolar acinus cells
and peripheral immune cells in the lacrimal gland showed
a strong intracytoplasmic immunoreactivity. PRL was also
detectable in the upper and lower eyelid, especially in the
acinus cells of Meibomian glands (Figure 2). Moreover, prolactin
receptor (PRLR) revealed comparable localization patterns in
the conducted immunohistochemistry analyses. PRLR was visible
in corneal epithelial as well as stromal cells of human cornea.
In addition, tuboalveolar acinus cells of the lacrimal gland
showed strong immunoreactivity. The same applied for the
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TABLE 1 | Patients’ characteristics and PIP tear concentration.

Characteristics Total Healthy DED ADDE EDE MDE
Number of subjects (n) 153 38 115 19 48 48
Sex

Male: n (%) 53 20 33 1 21 iR

Female: n (%) 100 18 82 18 27 37
Age: years

Mean + SD 49.1+1.3 414+£28 51.5+15 50.1 £ 3.8 48.1 £ 21 556.6 £22
PIP concentration / total protein (pg/mg) 5155 + 157.7 + 633.8 + 286.9 + 470 + 934.8 +

Mean + SEM 105.6 13.5 138.8 110.7 124.9 301.5

Minimum 17.2 46.7 17.2 38.0 17.2 20.6

Median 172.7 143.2 211.3 98.2 186.0 321.4

Maximum 11,292 383.6 11,292 1,952 4,522 11,292
PIP concentration analyzed by PIP ELISA. n, number; yrs, years; SD, standard deviation; SEM, standard error of the mean.

CLG L N L MuMd T HCE N P

FIGURE 1 | RT-PCR analysis of PRLR and PIP gene expression in human ocular tissues and cell lines. The expression of B-actin gene served as internal control for
assessing integrity and stability of the transcribed cDNA. Cornea (C), lacrimal gland (LG), eye lid (L), undifferentiated human Meibomian gland epithelial cell line (Mu),
differentiated human Meibomian gland epithelial cell line (Md), human corneal epithelium cell line hCTEpi (T), human corneal epithelium cell line HCE (HCE), negative
control (N) positive control (P) for PRLR is submandibular gland and for PIP is testis. Pictures represent three independent experiments.

eyelids, especially the cell membranes of basal and mature
meibocytes revealed a reactivity, but not hypermature and
apoptotic meibocytes. Additionally, the surrounding striated
skeletal muscle cells of the Meibomian glands, Riolan part of the
orbicularis oculi muscle, indicated strong reactivity (Figure 3).
The presence of PRLR in skeletal muscles but also in smooth
muscles is already known (12, 34-36). Immunoreactivity with
PIP antibody was clearly visible in apical corneal epithelial
cells whereas intermedial and basal corneal epithelial cells
only showed a weak reactivity. No immunoreactivity could be
detected in cells of the corneal stroma. In addition, tuboalveolar
acinus and immune cells of the lacrimal gland showed strong
intracytoplasmic immunoreactivity. PIP was present in the cell
membrane and nuclei of non-apoptotic meibocytes of upper and
lower eye lids as well (Figure 4).

Increased Concentration of Prolactin
Inducible Protein (PIP) in Reflex Tears From
DED Patients

We collected reflex tears from healthy donors as well as patients
with DED and measured PRL and PIP concentration in both
groups. For this purpose, we first analyzed 50 pl tear samples with
a PRL ELISA and then the same sample with a PIP ELISA. In
none of the analyzed reflex tear samples PRL could be detected
above the detection limit of the ELISA used (data not shown).
Furthermore, we analyzed PIP concentration in tear samples of
DED patients and healthy donors by ELISA (Table 1). Our results
showed a significant 400% increase in PIP concentration in tears

from dry eye patients (DED, 633.8 & 138.8 pg/mg total protein,
p = 0.043) compared to tears from healthy donors (157.7 +
13.5 pg/mg, Figure 5A). In three common DED subgroups PIP
concentration was measured: Aqueous deficient dry eye (ADDE)
with 286.9 £ 110.7 pg/mg, evaporative dry eye (EDE) with
470 + 124.9 pg/mg and mixed dry eye (MDE) with 934.8 +
301.5 pg/mg. The MDE subgroup showed a significant increase
in PIP concentration compared to tears from healthy donors
or ADDE patients (both p < 0.01). There was no significant
difference of PIP concentration in tears from EDE and ADDE
patients (Figure 5B). Additionally, there was a significant PIP
increase in the female MDE subgroup (1,062 + 383.2 pg/mg, p
= 0.0036) as well as in the male MDE subgroup (506.9 + 249.4
pg/mg, p = 0.049) compared to the sex controls. ADDE and
EDE showed no significant difference in PIP concentration as
a function of sex. PIP concentration in MDE was significantly
different between genders but not statistically significant (p =
0.3641). No significant differences were found in the other DED
subgroups and in healthy subjects (Figure 5C). The total protein
amount in all tear samples from DED patients (1.32 £ 0.10
pg/il) showed a significant decrease of about 20% compared to
healthy donors (1.70 4= 0.12 pwg/pl, p = 0.0009). Total protein
levels specifically were not significantly decreased in ADDE (1.37
+ 0.27 pg/pl) and EDE (1.46 £ 0.15 pg/pl), while they were
significantly lower in the MDE subgroup (1.16 £ 0.15 pg/nl; p
< 0.001) (Supplementary Figure S1).

Furthermore, the extant of the influence that the age of
different doners has on the PIP concentration was investigated.
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FIGURE 2 | Immunohistochemical analyses of prolactin (PRL) in the human cornea (A) with corneal epithelium (CE), lacrimal gland (B) and eyelid (C) with Meibomian
gland (MG). The antibody reaction is visible by the intracellular red reaction product. Pictures represent meaningful immunohistochemical analyses of sections
obtained from 10 different cadavers for each tissue (n = 10). (A,B) and (C) Inlays show higher magnification. Nuclei are counterstained with hemalum (blue). Arrows
and Arrowheads accentuate the reactivity localization.
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FIGURE 3 | Immunohistochemical analyses of prolactin receptor (PRLR) in the human cornea (A) with corneal epithelium (CE), lacrimal gland (B) and eyelid (C) with
Meibomian gland (MG). The antibody reaction is visible by the intracellular red reaction product. Pictures represent meaningful immunohistochemical analyses of
sections obtained from 10 different cadavers for each tissue (n = 10). (A,B) and (C) Inlays show higher magnification. Nuclei are counterstained with hemalum (blue).

Arrows and Arrowheads accentuate the reactivity localization.
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FIGURE 4 | Immunohistochemical analyses of prolactin inducible protein (PIP) in the human cornea (A) with corneal epithelium (CE), lacrimal gland (B) and eyelid (C)
with Meibomian gland (MG). The antibody reaction is visible by the intracellular red reaction product. Pictures represent meaningful immunohistochemical analyses of
sections obtained from 10 different cadavers for each tissue (n = 10). (A,B) and (C) Inlays show higher magnification. Nuclei are counterstained with hemalum (blue).

Arrows and Arrowheads accentuate the reactivity localization.
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FIGURE 5 | ELISA analyses of PIP in human tear samples. (A) Significant increase of the PIP concentration in tear samples from patients with dry eye disease (DED, n
= 115) compared to healthy donors (n = 38). (B) PIP concentration in DED subgroups. There are increased PIP levels in tear samples of patients with aqueous
deficient dry eye (ADDE, n = 19), evaporative dry eye (EDE, n = 48) and mixed dry eye (MDE, n = 48) compared to healthy subjects. Significantly increased PIP levels
can only be seen in MDE compared to healthy subjects and in MDE compared to ADDE. (C) PIP concentration in analyzed groups divided by sex (women, n = 100
and men, n = 53). Significantly increased PIP levels can only be seen in MDE compared to healthy subjects. (D) PIP concentration in analyzed groups divided by age.
There are significantly increased PIP levels in MDE compared to healthy subjects. One way anova and Dunn multiple comparison test, *o < 0.05, **/##p < 0.01.

Therefore, data from individuals under and over the age of 50  from dry eye patients (n = 115; r = —0.261, p = 0.005). Tear
was analyzed. The results showed a similar trend in both age  samples from healthy donors showed no correlation between
groups. All DED subgroups showed increased PIP concentration ~ PIP and total protein (n = 38, r = 0.091, p > 0.05). A closer
compared with healthy donors (Figure 5D). In donors younger  look at the underlying subgroups revealed a significant negative
than 50 years with ADDE, the concentration was increased 1.3-  correlation only in EDE patients (n = 48, r = —0.351, p = 0.015)
fold to 199.3 £ 105.9 pg/mg and 2.8-fold to 420.6 £ 165.7 pg/mg  (Figure 6C) whereas MDE (r = —0.101; p > 0.05) and ADDE
in donors with EDE compared with healthy donors at 148.8 &=  (r = —0.201; p > 0.05) did not show significant differences in
14.6 pg/mg. In donors older than 50 years, PIP levels increased  correlation between PIP and total protein in tears by themselves
2.0-fold to 365.8 4= 190.2 pg/mg in ADDE patients and 2.9-fold  (Figures 6D,E).
to 533.5 &+ 193.8 pg/mg in the EDE subgroup compared with the
age-matched healthy group at 186.7 & 31.6 pg/mg. However, PIP  DISCUSSION
concentration only increased significantly in the MDE subgroup:
by 4.5-fold to 666.7 + 212.5 pg/mg (p < 0.05) in subjects younger ~ The present results show that prolactin (PRL), prolactin receptor
than 50 years and by 5.7-fold to 1,069 & 440.6 pg/mg (p < 0.05)  (PRLR), and prolactin inducible protein (PIP) are expressed
in subjects older than 50 years compared with the age-matched  in the human lacrimal apparatus and on the ocular surface
healthy group. (Figures 1-4). In addition, PIP is a soluble component of
In addition, PIP concentration in tear samples was correlated  the tear film and may contribute to tear quality in DED
with total protein amount in the different groups (Figure 6). The  (Figure 5). Decreased production of the aqueous component
results showed a weakly significant negative correlation between  of the tear film and evaporation of the tear film are common
PIP concentration and total protein amount in tear samples  causes of DED (4). Besides age, sex is a relevant risk factor
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FIGURE 6 | Correlation of PIP concentration and total protein amount in analyzed tear samples. (A) Results show a significant weak negative correlation between PIP
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38). (C) A significant negative correlation in tears from evaporative dry eye patients (n = 48, r = —0.351, p = 0.015). (D,E) No significant correlation in tears from
mixed (n = 48) and aqueous dry eye patients (1 = 19). Correlation statistic is calculated with Spearman correlation coefficient.
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for DED, which is more common in women than in men. It
is well known and clinically relevant that female gender is a
significant risk factor for the development of DED (37, 38).
According to the TFOS DEWS II Sex, Gender, and Hormones
Report, gender differences in DED prevalence are primarily
due to the effects of sex hormones, particularly androgens
and estrogen (2, 4, 6, 39, 40). Moreover, other hormones
like hypothalamic-pituitary hormones, e.g., PRL, and thyroid
hormones have an impact on the pathogenesis of DED (6).
Our immunohistochemical results show that PRL and PRLR are
expressed in the tissues of the lacrimal apparatus, including the
corneal epithelium, lacrimal gland, and Meibomian glands in
the eyelid at the protein level in humans (Figures 2, 3). These
results confirm the findings of previous studies in laboratory
animals, like Sprague-Dawley rats and New Zealand White
rabbits, in which the expression of PRL and PRLR was detected
in the acinar cells of the lacrimal gland (14, 15, 41). Our
ELISA analyses of reflex tear samples from DED patients and
healthy donors using a commercial diagnostic ELISA kit for
PRL showed the absence of PRL in tears or at least a PRL
concentration below the detection limit of the ELISA kit (data
not shown). Pituitary PRL is produced mainly by endocrine
neurons in the hypothalamus, but also by various other cells
and tissues, including the lacrimal system (14, 15, 41). It is
a multifunctional hormone that is regularly present in tears
of laboratory animals such as mouse, rat and rabbit (12—
15). In these animals, PRL plays a minor role in the sexual
dimorphism of the lacrimal gland of mice and rats, including
morphology, secretion profile, and tear volume (14, 42, 43). In

hypophysectomized female rats, PRL treatment partially restored
protein levels in the gland, particularly Na™/K*-ATPase activity,
alkaline phosphatase activity, and the number of cholinergic
receptors (44). Our immunohistochemical results showed no sex-
specific differences in the morphology and expression patterns of
PRL, PRLP, and PIP in all tissue sections examined, which were
derived from female and male cadavers. The functional role of
PRL, sex differences in lacrimal glands and effects on tear film
stability and dynamics are not yet known in detail and require
further investigation.

Studies about PLR in human tears are limited (16, 17).
Our own PRL ELISA results showed the absence of PRL in
human tears (s.a.). In contrast, PRL blood serum concentration
has been shown to correlate negatively with tear quality in
women on hormone replacement therapy (18). In another
study, women, but not men, with seborrheic MGD revealed
significantly higher PRL levels in blood serum compared to
controls (45). Both studies did not include PRL concentration
or other hormonal factors in the donor tears. In accordance
with our PRL immunohistochemistry results (Figure 2) showing
PRL expression in the lacrimal apparatus, as well as published
results detecting PRL in lacrimal glands and tears from laboratory
animals, it is conceivable that PRL is present in human tears,
but at a much lower concentration, at least below the detection
limit of the PRL ELISA used (~2ng/ml). It is mentioned that
PRL levels differ during the day with low levels at nighttime
and are affected by acute stress, through food intake, various
diseases and medication (46, 47). Furthermore, it is well known
that reflex and basal tears show different composition beside
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different function at the ocular surface. We can therefore not
rule out that the basal tears contain PRL in higher or measurable
concentrations. Further investigations are necessary to answer
this question.

Binding of PRL to the prolactin receptor (PRLR) induces an
increased expression of prolactin inducible protein (PIP) (20).
PIP on the other hand, leads (among others) to an increased
placement of the water channel aquaporin 5 (AQP5) into the
apical cell membrane of mouse lacrimal glands (48). This
selective water channel AQP5 is well characterized in the lacrimal
gland and corneal epithelium (49, 50). A loss of AQP5 in the
lacrimal gland and corneal epithelium could theoretically lead
to a reduction of the aqueous component of the tear film with
consecutive aqueous deficient dry eye (ADDE). It has already
been shown in a mouse model that a lack of AQP5 in the
lacrimal gland and salivary gland seem to influence the aqueous
component of the tear film and contribute to the autoimmune
form of DED Sjogren’s syndrome (48) and immunohistochemical
examination of the human lacrimal gland in severe forms of
dry eye due to Stevens-Johnson syndrome have demonstrated
loss of AQP5 (51). In another study, tear proteome analysis
showed that PIP is still significantly downregulated in stably
controlled Sjogren’s syndrome DED patients (52). Additionally,
Zhou et al. demonstrated in a small group of DED patients a
decreased PIP concentration in tears by isobaric tag for relative
and absolute quantitation (iTRAQ) technology (53). Further
proteomic analyses revealed a decreased PIP amount in saliva
of patients with primary Sjogren’s syndrome, so that PIP can
function as a potential biomarker for Sjégren’s syndrome (28, 52,
53). Only an insufficient number of Sjorgen’s syndrome patients
were involved in the patient cohort of our PIP ELISA test (s.a.),
so that we cannot make any statistically reliable statements about
the PIP concentration. In fact, we wanted to investigate the
PLR induced PRLR activated downstream signaling of PIP and
AQP5 at the ocular surface. Nevertheless, our RT-PCR results
showed no gene expression of PRLR in two well-established
human corneal epithelium cell lines HCE and hCTEpi (Figure 1).
Even after stimulating HCE and hCTEpi with PRL up to 72h,
there was no gene expression of PRLR (data not shown). As
of now, we could not analyze the possible signaling pathway of
PRLR, PIP, and AQP5 in vitro. This finding limits the outcome
of the molecular interaction and regulation of PRL, PRLR, and
PIP associated proteins like AQP5 in our study. Further studies
with primary corneal epithelial cells or in vivo models are
necessary here.

However, our ELISA analyses of PIP in human tear fluid
samples show a significantly increased concentration in patients
with DED up to fourfold. Specifically, the ADDE group shows
a 1.8-fold increase, the EDE group a 3.0-fold increase, and
the MDE subgroup shows the largest increase with a 5.9-fold
increase compared to healthy donor tears (Figures 5A,B). This
result is initially surprising in view of the recommended studies
in ADDE patients and in the rabbit model with autoimmune
Sjogrens syndrome, in which a lower concentration of PIP in
tears has been demonstrated (52, 53). A lower concentration of
PIP in tears and other body fluids has also been demonstrated
in patients with keratoconus, an ectatic corneal disease, and
highlights the role of PIP as a novel keratoconus biomarker

(25-27). In patients with keratoconus, PIP expression in primary
keratoconus cells as well as tears, serum, and saliva is markedly
downregulated regardless of age, sex, and severity of keratoconus
disease (25, 26). Our PIP results and these clinical studies show
that sex hormones and sex hormones regulated factors like PIP
influence the ocular surface in different manners and imbalances
might cause different diseases of the ocular surface. For our
ELISA experiments, we used reflex tears by collecting tears with
Schirmer strips without anesthesia (Schirmer 1) in DED and
control group. It is mentioned that reflex and basic tears are
different in composition and function. This aspect should be
analyzed in a further follow up study.

In our patient cohort, the subdivision of the DED patients
according to sex and age shows a distribution typical for DED.
The proportion of women with DED is higher and the number
of DED patients increases with age. Our data also show that the
increase in PIP concentration is very similar in men and women,
even among different subtypes (Figure 5C). In the male cohort,
the ADDE group is very small and does not allow us to draw
a significant conclusion. Surprisingly, the PIP concentration is
similarly distributed in both cohorts, regardless of the selected
age classification. Age seems to have little influence on PIP
concentration, but the underlying disease form of DED does
(Figure 5D). Thus, our results indirectly show the distribution
of PIP in the DED subgroups and the relationship between
them. In addition to the non-DED samples, the ADDE groups
have the lowest average PIP concentration compared with EDE
and MDE. ADDE is a typical age-related DED due to damage
to the lacrimal gland and reduced ocular surface evaporation
(54). In ADDE, patients do not seem to produce more PIP to
compensate for disturbances in aqueous secretion of the lacrimal
gland. Furthermore, our results show that PIP concentration
is negatively correlated with total protein content in DED,
especially in EDE patients, but not in healthy subjects (Figure 6).
In this context, it was noticed that there is a lower total protein
concentration in tears from DED, especially in MDE patients
(Supplementary Figure S1). This is consistent with previous
studies. Versura et al. show that tears from patients with early
DED have a significant reduction in tear protein, associated with
a decrease in proteins with antibacterial and protective functions
(55). This repeatedly demonstrates that not only the pure tear
quantity but also, as in PIP, the concentration and certainly the
composition of the tear proteins changes significantly in DED.

However, it is well known that in DED patients, a significantly
higher proportion of patients show signs of EDE than ADDE
(56). Meibomian gland dysfunction (MGD) is the common
reason for EDE, which describes a chronic abnormality of the
Meibomian glands, characterized by terminal duct obstruction
and/or qualitative/quantitative changes in lipid secretion (37, 57).
Interestingly, MGD leads to local inflammation of the ocular
surface, and inflammatory conditions such as autoimmune
diseases can trigger MGD (3, 58, 59). This leads to another
important functional aspect of PRL and PIP. Both factors
show a high relevance in immunological and autoimmune
processes (60). The endocrine/paracrine PRL has been shown
to stimulate immune cells by binding to PRLR (60). Increased
PRL levels could depend on the enhancement of coordinated
bi-directional communications between PRL and the immune
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system. Even though PRL is described as immunostimulatory
or -protective, there is evidence that PRL is immunosuppressive
at higher concentrations and that inappropriate prolongation
of PRL synthesis could lead to autoimmune diseases (10, 13,
61). PIP is also important for immunomodulation, cell-mediate
adoptive immunity and inflammation processes (23, 62, 63).
This knowledge, our findings of an increased concentration of
PIP in tears of EDE and MDE patients (Figure 5A), and the
presence of PRLR and PIP in the Meibomian gland (Figures 3,
4) support the hypothesis that higher levels of PRL and PIP
in tears also contribute to EDE and MDE via an unknown
mechanism. This provides an incentive to further analyze the
autoimmune and inflammatory character of the PRL and PIP
signaling cascade in future DED research. Furthermore, it
would be interesting if PIP or PRL are present in meibum
oil and if concentration correlate with Meibomian gland acini
anatomy in MGD patients. This could be analyzed by further
meibography studies. In accordance with the anatomy, tear
fluid drains from the ocular surface through the nasolacrimal
ducts into the inferior meatus of the nose (64). Another
progressive inflammatory syndrome of unknown etiology and
predominantly affecting post-menopausal females is primary
acquired nasolacrimal duct obstruction (PANDO). Recently,
we were able to show that PRL and PIP play a role in the
etiopathogenesis of lacrimal drainage obstructions (62, 63, 65).
There might be a connection of increased PIP concentration
in the tear fluid due to DED and PANDO that should also be
analyzed in future studies.

In summary, our results demonstrate the expression of
PRL, PRLR and PIP in human cornea, lacrimal gland,
and Meibomian gland. Additionally, we show that the PIP
concentration is increased in reflex tears of DED patients
with mixed DED. The different roles of PRL and PIP in
diseases of the ocular surface, each form of DED and
especially in autoimmune Sjogren’s syndrome need to be
analyzed in further studies. Furthermore, regarding possible
immunomodulatory functions of PRL and PIP-induced signaling
cascades, additional investigations are necessary to learn more
about the impact of both factors in tear film composition and
quality. Understanding the role of those factors could provide
new targets for diagnostic or therapeutic use in the treatment
of DED.
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The ocular surface inflammatory disorders (OSID) are caused by systemic disorders that
conduct a persistent inflammatory reaction in the ocular adnexal connective tissues,
such as the conjunctiva, lacrimal gland (LG) and meibomian glands (MGs), which
cause an inflammatory dry eye. The etiologies of OSID are a subset of systemic
pathologies such as graft versus host disease, Sjogren’s syndrome, allergies, cicatrizing
conjunctivitis, and more. These cause a purely infammatory dry eye syndrome as a
consequence of the persistent surrounding inflammation in the adnexal tissues, which is
distinct from the age-related dry eye disease. A limitation toward management of these
conditions is the lack of available biomarkers that can detect presence of inflammation
and quantify damage on the conjunctiva and LG, even though these are considered
to be drivers of the inflammatory milieu. The OSID and dry eye syndrome are caused
by different immune cells which are not exclusively limited to T cell lymphocytes, but
rather derive from an orchestrated multicellular immunologic response. Recognition of
this syndrome is crucial to direct research in a direction that clarifies the potential role
of inflammation and its associated immune phenotype on the conjunctiva and adnexal
ocular tissues in OSID and dry eye syndrome. On this paper, we review the basic and
clinical research evidence for the existence of OSID with focus on the different immune
cells involved, the target tissues and potential consequences and OSIDs diagnostic and
therapeutic implications.

Keywords: dry eye, inflammation, conjunctiva, lacrimal gland, meibomian gland, ocular surface inflammation,
inflammatory dry eye

INTRODUCTION

Dry eye disease (DED) is a multifactorial ocular surface disorder which causes signs and symptoms
on a high global estimated prevalence that ranges from 5 to 50% (1).

This is a relevant and complex pathology which continues to be misclassified and mistreated
despite facing a growing prevalence and producing a substantial societal cost. Commonly,
diagnostic tests for DED are focused on corneal damage and tear film biomarkers, which detect the
end result on the cornea and tear film, meanwhile the conjunctiva, lacrimal gland (LG), meibomian
glands (MGs), and ocular adnexal tisues are often underappreciated. Importantly, these tissues are
in different degrees known targets of evident inflammation in systemic inflammatory disorders,
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such as ocular allergies, rosacea, Sjogren’s syndrome (SS), graft
versus host disease (GVHD), different cicatrizing conjunctivitis
syndromes and more. These share a key element in common,
which is the infiltration of inflammatory cells in the ocular local
connective tissues, that results in Ocular Surface Inflammatory
Disorders (OSID), which cause an inflamed and dry ocular
surface environment. The OSID are instigated by a subset of
systemic pathologies that conduct inflammation in local ocular
connective tissues and causes a purely inflammatory DED. We
will review the OSID with experimental and in vivo evidence
for their existence, immunological basis, target tissues and
implications. Finally, we will dive into current pharmacologic
therapies for dry eye and OSIDs and future directions.

Methodology and Goal of the Review

The goal of this review is to present a narrative perspective
on OSID assimilating studies published in the literature
integrating evidence for the role of adnexal inflammation on
the inflammatory dry eye circuit. The review is based on
pertinent publications from 1990 to 2021 using the terms “ocular
surface inflammation” “Dry eye”; “Conjunctiva’; “Lacrimal
gland”; Meibomian gland,” “ocular graft versus host disease,”
”Sjogren’s,” “Stevens Johnson’s,” ” allergy,” "pemphigoid.” These
were retrieved by a selective PubMed search and on the authors’
own clinical and scientific experience.

»

Ocular Surface Inflammatory Disorders

Dry eye disease is an “umbrella” term that encompasses various
disorders of the ocular surface, such as evaporative dry eye or
aqueous deficient dry eye. Alternatively, DED can be classified
according to the symptoms as neurotrophic or neuropathic pain.
Similarly, DED can be classified as being caused by a systemic
inflammatory disorder or not. The OSID occur when there is
persistent presence of adnexal connective tissue inflammation as
a result of a systemic immunologic disorder, which precipitate
a dry eye syndrome either by causing it or amplifying it.
They are commonly the result of autoimmune disorders that
involve an influx of inflammatory cells to the conjunctiva,
MGs, lids, and the LG (Table 1). These disorders conduct
inflammation even though they do not represent the common
condition of keratoconjunctivitis sicca or “age related” DED (2).
In this way, the OSID are a pure form of inflammatory dry
eye that arises from the systemic inflammatory influx to the
ocular surface and adnexal tissues. As an example, in ocular
GVHD, the DED appears as a result of the attack of the donor
T cells in the hosts ocular surface after the hematopoietic
stem cell transplant. The DED is a consequence, not a cause,
of the inflammatory insult. The OSID collective pathological
sign is cellular inflammation that chronically infiltrates the
subconjunctival ocular surface tissues, MGs, and LG, further
perpetuating the autoinflammatory insult to the ocular surface,
causing loss of homeostasis that results in signs and symptoms of
DED (Figure 1). The findings include: (1) Persistent conjunctival
leukocyte infiltration, leading to conjunctival vasodilation and
trasudation (3); (2) Cellular infiltration around meibomian
glands with release of myeloperoxidase (4), leading to meibomian
gland disorders (5); (3) Cellular infiltration into the LG acini,

which leads to gland atrophy and decreased tear production (6);
(4) Infiltration into the conjunctiva subepithelial layer leading
to direct inflammatory injury of the conjunctival epithelium
(7); (5) Low-grade inflammatory infiltration into the cornea
leading to corneal nerve damage and/or injury to the corneal
epithelium (8-10). Nonetheless, the confirmatory diagnosis
of these disorders includes a conjunctival biopsy which is
seldomly performed, since these illnesses are diagnosed clinically.
Importantly, although the role of the tear film and corneal
epithelial cells have been extensively described, that of LG and
conjunctiva remains far less explored clinically, even though
these are considered to be drivers of the inflammatory milieu.

The Link Between Ocular Surface
Inflammatory Disorders and Dry Eye

Disease: Inflammation

One key factor that has been repeatedly recognized in DED
is the role of inflammation (11), which is thought to act in
a vicious cycle fashion as the disruption of the wet ocular
surface environment promotes influx of inflammatory cells, that
in turn injuries the epithelium and adnexal structures, promoting
the persistence of an unstable ocular surface. Even though the
presence of inflammation in the DED cycle is undeniable, the
nature of this inflammation is unresolved and controversial. One
of the pivotal elements responsible for the inflammatory casqued
are the T Cell Lymphocytes which after being recruited and
activated in the ocular surface release cytokines that perpetuate
the existence of an inflamed ocular surface microenvironment.
Evidence for this comes from mouse models of dry eye, on which
CD4 T cells were transferred to T-cell-deficient mice, with a
consequent inflammation in the LG, cornea, and conjunctiva,
resulting in decreased tear production and conjunctival goblet
cell loss (12). Note that the influx of inflammatory cells was
not only observed on the cornea, but similarly on the adnexal
connective tissues. Likewise, in experimental dry eye models
treated with topical cyclosporine (an immunomodulatory agent
of T cell lymphocytes) a successful inhibition of dry eye
mediated conjunctival epithelial apoptosis was observed (13).
The evidence for inflammation is also noticeable through tear
film proinflammatory cytokine detection which revealed an
increased detection of Interleukin (IL)-1, IL-6, and IL-8 in dry
eye patients (14, 15). Interestingly in diverse OSID, similar
mechanisms of disease and results have been demonstrated, such
as presence of these cytokines in tear film of ocular GVHD
patients (16), SJS (17) and ocular cicatricial pemphigoid (OCP)
(18) compared to normal controls. Data for positive presence
of inflammation on these conditions is likewise observable in
impression cytology of bulbar and tarsal conjunctiva (19) and
through in vivo confocal imaging of the ocular surface (20).
Importantly, we and others have consistently reported dry eye
disease signs and symptoms on patients suffering from OSIDs
(21-23).

However, the scope of ocular surface inflammation in DED
and OSID is not only dependent of T effector lymphocytes, but is
rather an orchestrated response that combines the adaptive and
innate immunity as well, namely through macrophages (24) and
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TABLE 1 | Ocular surface inflammatory disorders (OSID) and “reported prevalence” of dry eye disease.

Etiologies Immunologic main mechanism Prevalence of
DED

Graft Versus Host Disease Donor T-lymphocytes, specifically CD8 lymphocytes, attack ocular adnexal tissues 50-60% (24)

Primary Sjogren syndrome Lymphocytic infiltration in lacrimal gland 88.1-94% (58, 59)

Stevens Johnsons Syndrome Type 3 hypersensitivity on adnexal tissues 27-59% (60)

QOcular Allergic Disorders IgE hypersensitivity response and/or cell-mediated responses on conjunctiva 28.4% (59)

Rosacea Cellular pattern recognition receptors and dysregulated inflammatory mediators on 17.6% (59)

Ocular Cicatricial Pemphigoid

Rheumatoid Arthritis

conjunctiva and meibomian glands

Immunoglobulin or complement component deposition at the epithelial basement
membrane zone in the conjunctiva

Lymphocytic infiltration of lacrimal glands (secondary Sjogren’s syndrome)

68-77.3% (61)

6-53% (62)

systemic lupus erythematosus

Tissue-binding autoantibodies and immune complexes. mononuclear cell infiltration of

39.5% (63)

both the major and accessory lacrimal glands.

Mixed-connective tissue disease

Tissue-binding autoantibodies and immune complexes

14.5-56% (64)

- Sjogren's
- GVHD

- Rosacea

- Allergies

- Ocular
pemphigoid

-SJS

Conjunctiva

FIGURE 1 | Ocular Surface Inflammatory Disorders (OSID) target organs. Note that the Diverse OSID impact in different degrees all the adnexal connective tissue
structures. OSID, ocular surface inflammatory disorders; GVHD, graft versus host disease; SJS, Stevens Johnsons syndrome.

Lacrimal
gland

- Sjégren's
- GVHD
-SJS

- Sjogren's
- GVHD

- Rosacea

- Allergies

- Ocular
pemphigoid
Meibomian -SJS
gland

neutrophiles (25-28). These immune elements are responsible
for the initial or acute phase of DED driven via a non-specific
innate immune response which is typically followed by an
adaptive immune response. Most patients will present episodic
rebounds of inflammation which present with an exacerbation
of signs and symptoms of ocular surface instability commonly
caused by diverse factors (29) including exacerbation of systemic
inflammatory disorders (3). Essentially, the hyperosmolar stress

created has a direct pro-inflammatory effect on the ocular
surface epithelial cells which respond by activating mitogen-
activated protein kinases (MAPKs) (30), stimulating secretion of
pro-inflammatory chemokines and cytokines (31), in addition
to matrix metalloproteinases (32, 33). These contribute to the
inflammatory cascade by cleaving pro-cytokines and establishing
chemokine gradients attracting more inflammatory cells and
increasing the hyperimmune drive.
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It is thought that the antigen presenting cells (APCs)
phagocyte and later present to naive T cells autoantigens, which
are theorized to be exposed by the desiccating stress or altered
cell differentiation. While antigen presentation is often perceived
to be their main role, all these mononuclear phagocytes also
secrete proinflammatory cytokines (TNF-a, IL-6, and IL-12) and
chemokines when activated. Recently, plasmacytoid dendritic
cells have also been recognized as a driver of inflammation (34).
The components of the innate cell response described play a key
role in the initiation and propagation of the DED and this might
explain why most FDA approved anti-inflammatory therapies for
DE (which target exclusively T cell inhibition) have shown only
partial and/or moderate improvement in signs and/or symptoms
of DED in clinical trials: These drugs do not possess a mechanism
of action to completely suppress all the immune cell players in
the cycle of inflammation. A limitation of DED clinical trials is a
lack of differentiation of the included study population in OSID
versus “non-OSID” dry eye since the ocular surface of the latter is
not under the same persistent adnexal inflammatory influx as the
OSID. Recognizing the syndrome allows for better categorization
of study populations which will impact trial results and ultimately
patient management guidelines.

Evidence of Ocular Surface Inflammatory
Disorders Mechanisms in Experimental
Dry Eye Models

While in vivo human evidence for the conduction of OSID
into DED is scarce, animal models have provided useful data
for its mechanisms as these emulate the intrinsic mechanisms
of OSID to produce a DED. We have learned that APCs
play a decisive role in linking the innate immune with the
adaptive immune response via chronic CD4 + T cell-driven
response (35). This was validated through animal models in
which diminished APC populations inhibited the generation of
autoreactive CD4 + T cells and blocked disease progression
(36). When active, the T-cell response results in a plethora
of ubiquitous inflammatory components that carry out DED
progression (12). Such components consist of a variety of
inflammatory cytokines mainly Thl and Th17 related, as well as
other mediators, which result in an immune-mediated damage of
the ocular surface (37). In addition to the aggravated abundance
of pro-inflammatory agents, a dysfunctional immune-regulatory
unit is equally complicit in the pathogenesis of DED and
OSIDs. Reduction in either quantity or quality of T-regulatory
cells (T-regs) in murine models results in exacerbated disease,
highlighting their key role in regulating inflammation of the
ocular surface (38). Th-17 cells and associated cytokines have
been consistently implicated in a variety of autoimmune ocular
surface diseases such as SS, GVHD, and allergic eye disease
(38-41). Moreover, Recent studies have suggested that pro-
inflammatory components in the tears plays a key role in the
pathogenesis of dry eye disease as was seen in SS (42) GVHD
(43), and allergic eye disease (26). Animal model limitations
are their translational obstacles, since mice have different
anatomical components (nictitating membrane and a harderian
gland) which may differ from human tear film dynamics. Also,

these have one specific manipulated disorder (gene knockout),
whereas humans tend to have a myriad of comorbidities. Plus,
the conditions in which mice are maintained are “sterile,” as
compared to the human daily environmental challenges. Lastly,
there is an inability to detect and measure symptoms of mice,
as these represent a big burden on patients. As such, the
delicate balance between pro-inflammatory mediators, innate
and adaptive immunity cells has been revealing that OSIDs, via
different inciting events, cause an inflamed ocular surface which
culminates in dry eye.

Damage to the Target Organs in Ocular
Surface Inflammatory Disorders and
Potential Implications

The conjunctiva is a mucous membrane that provides coverage
for the ocular surface, composed of a stratified epithelium and an
underlying loose stroma, which is mainly composed of Collagen
IV. The conjunctival epithelial cells produces water, through
aquaporins (44), mucins (45) and proteins such as lubricin
(46). On the outermost epithelial layer, mucin is secreted from
intraepithelial vesicles, which forms a glycocalyx that confers
wettability to the hydrophobic epithelium surface anchoring
the soluble mucin to the conjunctival surface. These wide
range of functions makes the conjunctiva a key element in the
maintenance of ocular surface homeostasis and, at the same time,
quite reactive to small environmental changes and even prone
to alterations. In OSID, the persistent presence of leukocytes in
the conjunctiva alters its functions in ways that are not fully
appreciated (Figure 2).

In conjunctival biopsies with immunohistochemistry of SS
patients, a lymphocytic infiltration has been documented with
CD4 + T prevalence, and in a lower quantity of CD8 + T cells and
B cells (47). Additionally, impression cytology specimens from
SS eyes, as compared to controls and other conditions, present
more squamous metaplasia, goblet cell loss and inflammatory
cells intercalated with epithelial cells (48). Can the persistent
conjunctival inflammation play a role in modifying gene
expression of epithelial cells? A recent study comparing the
conjunctival gene expression of SS patients with controls resulted
in the discovery of 53 differentially expressed genes between both
groups, indicating that SS patients, and potentially the OSIDs,
exhibit a phenotype of immune activation which contributes
to dysregulation of the conjunctiva and ocular surface (7).
Interestingly, SS patients have also been reported to exhibit
greater number of lymphocytes in the tarsal conjunctiva than
controls (49), which supports that OSIDs have an impact not only
the classically defined targets (as the LG in in SS), but likewise in
the conjunctival epithelium (48) and MG (49) (Figure 1).

In different OSIDs, similar observations have been made: In
the conjunctiva of patients with OCP, high expression of IL-8 and
its receptor were noted via impression cytology (50). In GVHD,
epithelial HLA-DR expression and CD8-positive lymphocytes
were more frequently observed than in controls. Additionally,
in patients with vernal keratoconjunctivitis a decrease in goblet
cell density has been detected (51), which, when treated with
cyclosporine, exhibited a significant increase (52). This advocates
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FIGURE 2 | Potential conjunctival changes in OSID that lead to ocular dryness and increased inflammation. Note that the OSID impact the conjunctiva in many ways

that are not fully appreciated.

Inflammatory

Macrophages/ —_
Monocytes * * ==

T- lymphocytes

Conjunctiva in OSID

- Mucus hyposecretion
- T- lymphocyte recruitment
-Inflammatory cell infiltration and
activation
-Squamous epithelial metaplasia
-Goblet cell dysfunction
-Altered epithelial gene expression?

AR Snfenlsy

A )

Goblet cell

«— Inflammatory

* .‘ “\ /Neutrophlls

Inflammatory

— i ‘ ‘ blood vessel

that OSIDs damage the conjunctiva in many ways, but likewise
that decreasing the inflammatory state aids in conjunctival
functionality, which further corrects the ocular dryness.

Concerning the tarsal conjunctiva and MGD, it is being
more understood that inflammation plays a key role in its
dysfunction. In GVHD, notorious damage to the MG occurs
(22) and via IVCM, infiltration of inflammatory cells in the MG
has been noted, supporting that the inflammation is responsible
for the extensive damage to these glands (53). Likewise, in a
chronic inflammatory model of allergic eye disease in mice,
it was shown that neutrophils promoted meibomian glands
obstruction (26). This was shown as well, in vivo on human
patients, on whom analysis of leukocytes in tears of MGD showed
an increase in PMN numbers compared to healthy subjects
(26). Collectively, these findings argument a role for OSID in
conducting immune mediated MGD.

The LG is another known target of OSID in preclinical
models, however in vivo data is hard to compile, mainly because
there are not currently available devices for LG observation
on a cellular level. In SS, LG biopsies showed a progressive
lymphocytic infiltration and an increase of pro-inflammatory
cytokines with consequent acinar atrophy, tissue fibrosis, and
interlobular inflammation (54, 55). In mice models of GVHD
immunohistochemistry sections of the LG revealed periductal
fibrosis and dense infiltrates of macrophages and lymphocytes

(56). These further indicates that in OSIDs potentially all
the structures of the ocular adnexa are involved in the
inflammatory drive, which synergistically leads to a dry and
inflamed ocular surface.

Current Anti-inflammatory Therapies for
Dry Eye: Acute Episodes

Acute management classically derives from topical
corticosteroids which can down-regulate both innate and
adaptive immune response pathways and inhibit signaling
pathways and transcription of relevant cytokine and chemokines
within hours. In mouse models of DED, corticosteroids suppress
IL-1, IL-6, MMP-9 as well as activation of MAPKs stress-
signaling (57). However, known side effects limit their long-term
use. Recently, Eysuvis (loteprednol etabonate 0.25%, Kala
pharmaceuticals) was granted FDA approval for the short-
term treatment of the signs and symptoms of dry eye disease
for the first time.

Current Anti-inflammatory Therapies for
Dry Eye: Chronic Disease

Because of the adverse effects provoked by steroids it is of extreme
importance to possess (as in other rheumatologic inflammatory
disorders) steroid sparing therapies for chronic inflammatory dry
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eye management. For this, only three medications are approved
by the FDA, and these are Restasis (Cyclosporine 0.05%),
Xiidra (lifitegrast 5%) and Cequa (Cyclosporine 0.09%). Restasis
(Allergan) inhibits the production of cytokines involved in the
regulation of T-cell activation. It received FDA approval for
dry eye presumed to be triggered by inflammation by showing
increased tear production, as compared to controls. Cequa (Sun
pharmaceutical industries), was approved for the same indication
as Restasis. Xiidra (Novartis), is a lymphocyte function-associated
antigen 1 (LFA-1) antagonist, which received approval for
treatment dry eye signs and symptoms, after demonstrating
better outcomes of inferior corneal staining and symptoms
measured than placebo. These three drugs act by inhibiting the
adaptive immunity, through exclusive T cell inhibition but may
not act against the other cell lineages that have been discussed
previously leaving a potential gap in their mechanism of action
toward halting inflammation in DED. Additionally, these have
only shown statistically significant differences in regard to one
or two components of the broad manifestations that OSID and
DED can cause because these drugs were approved on the basis
of tear film and/or corneal parameter changes, without evaluating
the impact on the adnexal elements (LG, conjunctiva, and
meibomian glands) discussed. Hence, current anti-inflammatory
therapies do not necessarily represent a cure, but rather are being
approved on their capacity to attenuate the final insult of OSID
and DED on the cornea or the tear film. This paradigm disregards
the progression of disease in the lacrimal gland, conjunctiva, and
adnexal tissues, which are key targets in the origin, propagation,
and termination of OSID.

CONCLUSION

Ocular surface inflammatory disorders (OSID) are caused by
a collective of systemic disorders that produce a spectrum of
inflammatory reactions in the ocular adnexal connective tissues
causing an inflamed ocular surface. The resulting dry eye disease
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