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Fig. 13. Model of the function of Lrig1 in corneal homeostasis. (A) Normally, the cornea is self-maintained by Lrigl (+) corneal stem/progenitor cells post-injury. Corneal trans-
parency is maintained via negative regulation of the Stat3-dependent inflammatory pathway by Lrig1. (B) Loss of Lrig1 causes the pro-inflammatory state in Lrig1 (-) corneal stem/
progenitor cells and impairs delayed/incomplete wound healing. Loss of Lrig1 activates the Stat3-dependent inflammatory pathway and induces chronic inflammation, resulting in
remodeling of the corneal stroma. Inductive bone marrow-derived cells secrete inflammatory cytokines and cause cell-fate changes to keratinized epithelium. Epi: corneal
epithelium; S: corneal stroma; End: corneal endothelium; NV: neovascularization. Modified with permission from Nakamura et al. (2014).

focus on pathogenic organisms in recent years, suitable sterilization
of both native and dried AM is vital, and these developments will
contribute to the next generation of AM, using tissue engineering
techniques. Following strict regulation in Japan, we are now trying
to set up an AM banking center to organize the preparation and
spread of AM.

4.2. Fibrin and the temperature-sensitive dish

Another promising substrate for clinical use in OSR is fibrin and
the temperature-sensitive culture dish. The usefulness of a serum-
derived fibrin substrate for cultured corneal epithelial cells has
previously been reported (Hirayama et al., 2012; Rama et al., 2001,
2010). As fibrin substrate is absorbed after CLET and COMET, this
method has some clinical benefits, in that the cultivated epithelial
sheet can be transplanted directly onto the corneal surface.
Although fibrin has achieved successful clinical outcomes, safety
and logistical problems remain, such as the risk of disease trans-
mission after operations (e.g. human parvovirus B19, prions) (Hino
et al., 2000).

Another unique tissue-engineered technique has been devel-
oped using a temperature-sensitive culture dish for corneal
epithelial cells (Nishida et al., 2004a, 2004b). This is an original
system that allows the cultivated epithelium to be detached from
the culture dish by changing the temperature. Both of these sub-
strates (fibrin and the temperature-sensitive dish) may be more
suitable for transplantation than AM because AM will remain
permanently on the transplanted area if severe postoperative
inflammation does not occur. However, since the ocular surface

(including epithelium and subjacent stroma) is severely damaged
in patients with severe OSD, we need to reconstruct the subjacent
corneal stroma as well as the epithelial layer. In considering the
biological clinical aspects, AM can serve as both an epithelial layer
and as a healthy substrate covering a damaged corneal stroma.
Further comparative clinical studies are needed to establish which
substrate is most effective.

4.3. Development of novel cultured substrates

Although AM, fibrin and the temperature-sensitive culture dish
have been widely used for OSR, a variety of alternative substrates
suitable for generating tissue-engineered cultured sheet have been
examined in preclinical or clinical applications. Among biosynthetic
scaffolds, the cross-linked collagen scaffold (Dravida et al,, 2008),
fibroin membrane (Chirila et al, 2008), myogel extracted from
skeletal muscle (Francis et al., 2008), collagen vitrigel (Mcintosh
Ambrose et al,, 2008), compressed collagen (Levis et al., 2010; Mi
et al., 2010), keratin films (Reichl et al., 2011) and chitosan hydro-
gels (Grolik et al,, 2012) have all been studied. In the area of syn-
thetic scaffolds, medical-use contact lenses (I} Girolamo et al,
2009), nanofibers (Sharma et al., 2011; Zajicova et al,, 2010) and
electrospun 3D scaffolds (Ortega et al, 2013) have also been
examined. In addition, biological scaffolds such as lens capsule
(Galal et al., 2007) and decellular corneal stroma (Shafig et al.,
2012) have been investigated. All these proposed substrates have
potential advantages and disadvantages, and careful investigation
is again needed before treating patients with severe OSD using
these substrates.
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Fig. 14. Development of dried AM. (A) The sterilized, freeze-dried AM was wafer-like and very light and thin. (B) It became smooth and flexible on hydration. (C) Visually,
trehalose-treated freeze-dried AM was similar to freeze-dried AM in the dry condition. (D) Trehalose-treated freeze-dried AM was smoother and more flexible than freeze-
dried AM in the wet condition. Representative slit-lamp photographs taken before the sterilized, freeze-dried AM transplantation (E) and at 24 months after trans-
plantation (F). Before transplantation, eyes manifested fibrovascular overgrowth of degenerative conjunctiva onto the cornea (E). At 24 months after transplantation, fibrosis
was markedly suppressed, and the conjunctival surface was stable without inflammation (F). Modified with permission from Nakamura et al. (2004b}, Nakamura et al. (2006b),

Nakamura et al. {2008b).

4.4, Bio-adhesive

Among established OSR protocols, the most standard method of
AM transplantation, CLET and COMET using AM carrier involve
suturing, which is time-consuming and is associated with disad-
vantages that include suture abscesses, granuloma formation and
tissue necrosis. To overcome these problems, sutureless trans-
plantation, using proper tissue-engineered bio-adhesive, is ideal for
developing next-generation OSR. There have previously been some
studies of sutureless techniques for OSR using fibrin glue (Szurman
et al., 2006); we initially developed a novel sutureless technique for
AM transplantation by generating a fibrin glue-coated dried AM
(Sekiyama et al,, 2007) (Fig. 15). Fibrin is derived from serum, so if a
non-biologic and defined bio-adhesive can be successfully devel-
oped, it would prove ideal for safe and simple OSR. On that basis,
we developed AM transplantation for OSR using a chemically
defined bio-adhesive that is safe, biocompatible and biodegradable
(Takaoka et al., 2008) (Fig. 15). Based on those results, we foresee
the use of chemically defined bio-adhesives in a range of sutureless

transplantations, including CLET, COMET and lamellar keratoplasty
(Takaoka et al., 2009). We are currently applying this technique for
lamellar keratoplasty, and the clinical results are quite promising so
far.

5. Growth factors
5.1. Feeder layer factor

Based on the pioneering culture method by Rheinwald and
Green, long-term survival and serial expansion of epidermal stem
cells is possible if the epithelial cells are co-cultured with mouse-
derived 3T3 feeder layer (Rheinwald and Green, 1975). Since that
time, 3T3 feeder cells have become the most widely-used for
culturing corneal epithelial cells. The exclusion of animal material
from the culture system offers significant clinical advantages for
OSR, reducing the risk of transmission of animal-derived in-
fections or unknown pathogens. Various candidate human-
derived feeder cells such as MRC-5, amniotic epithelium,
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Fig. 15. Development of bio-adhesives. (A, B) Representative photos of fibrin glue-coated freeze-dried AM transplantation. FCFD-AM adhered immediately after transplantation
onto the bare sclera, before fibrin glue-coated freeze-dried AM transplantation (A) and after fibrin glue-coated freeze-dried AM transplantation (B). Representative photographs of
sutureless AM transplantation (C, D) and lamellar therapeutic keratoplasty (E, F) using chemically-defined bioadhesive. Modified with permission from Sekiyama et al. {2007},

Takacka et al. {2008}, Takaoka et al. {2009),

adipose tissue, mesenchymal stem cells and dermal fibroblast
have been examined for their usefulness in generating cultivated
epithelial sheet (Chen et al., 2007; Notara et al,, 2007; Gie et al,
2010; Omoto et al, 2009; Sugivama et al, 2008). However,
widespread use of these culture systems has been hindered by the
standardization of culture protocols because of the variable cul-
ture conditions of feeder cells.

5.2. Serum factor

The previously preferred method of cultivating epithelial
sheets also requires the use of xenobiotic materials such as fetal
bovine serum (FBS) in the culture system. However, the use of FBS
in the culturing system is a major clinical concern, as bovine
spongiform encephalopathy cannot be detected by any known
assay. The use of autologous serum (AS) as an alternative to FBS is
therefore significantly safer, excluding the need for bovine ma-
terial in the culture process. Initially, we tried to determine
whether AS from patients with severe OSD was as effective in
supporting cell proliferation and differentiation in cultivated
corneal and oral mucosal epithelial cells as culture methods using
FBS (Nakamura et al, 2006a) (Fig. 16). We found that an AS-

supplemented culture protocol was effective in supporting the
proliferation of human corneal and oral mucosal epithelial cells,
as well as the development of transplantable cultivated corneal
and oral mucosal epithelial sheets. Based on these findings, we
adapted this method for clinical application and reported the
successful clinical use of cultivated corneal and oral mucosal
epithelial sheets (Ang et al., 2006; Nakamura et al., 2006¢). These
clinical reports make important suggestions and represent prog-
ress in the pursuit of completely xenobiotic-free tissue-engi-
neered transplants. In addition, we know from our clinical work
that AS sometimes has donor-dependent variations (e.g. disease
or age) that must be kept in view.

5.3. Development of feeder-free and serum-free systems

In light of the above mentioned factors, the development of
feeder-free and serum-free culturing systems might be ideal for the
next generation of OSR using tissue-engineering techniques. Yokoo
et al. reported the generation of a cultivated corneal epithelial cell
sheet for OSR in a completely serum-free and feeder-free culture
system containing epidermal growth factor and B-27 (Yokoo et al.
2008). More recently, Miyashita et al. reported the long-term
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Fig. 16. Development of autologous serum-derived CLET and COMET. (A) BrdU proliferation assay and colony-forming efficiencies (CFE) showed that the proliferation indices and
CFE of human corneal and oral mucosal epithelium cultivated using autologous serum (AS) and fetal bovine serum (FBS) were almost similar. (B) The expression patterns of K12 and
K3 were similar in cultivated corneal and oral mucosal epithelial sheets derived from AS- and FBS-supplemented culture systems. (C) Representative clinical outcomes of autologous
serum-derived CLET in patients with OCP. (D) Representative clinical outcomes of autologous serum-derived COMET in patients with OCP. Modified with permission from Nakanura
et al, {2006a), Ang ef al. {2006), Nakamura et al. {2006¢).

Table 1

Upregulated genes in holoclone-type corneal keratinocytes (selected).

:Gene Gene title Proposed function
“symbol
NLRP2  NLR family, pyrin domain Activation of
containing 2 proinflammatory caspases
124 Interleukin 24 Anti-proliferative property
PTX3 Pentraxin-related gene, Regulation of innate resistance
rapidly induced by IL-1 beta to pathogens
CALD1  Caldesmon 1 Actin- and myosin-binding protein
KLK6 Kallikrein 6 (neurosin, zyme) Serine protease
CRISP2  Cysteine-rich secretory Regulation of ion channels' activity
protein 2
JPH3 Junctophilin 3 Stabilization of the junctional
membrane
MUM1  Melanoma associated DNA damage response pathway
antigen (mutated) 1
LRIG1 Leucine-rich repeats and Epidermal and intestinal stem
Ig-like domains 1 cell marker
MTSS1  Metastasis suppressor 1 Cancer progression
KRT19  Keratin 19 Organization of myofibers
LRP11 Low density lipoprotein Receptor activity
receptor-related protein 11
DEFB4  Defensin, beta 4 Antibacterial activity
LGR5 Leucine-rich repeat-containing Intestinal and hair follicule stem
G protein-coupled receptor 5 cell marker
KRT24  Keratin 24 Structural constituent of

cytoskeleton

maintenance of corneal epithelial stem/progenitor cells using Rho
Kinase inhibitor and keratinocyte growth factor (Miyashita et al.,
2013). We believe that these studies represent an important step
in the development of real feeder-free and serum-free transplant-
able cultivated epithelial sheets for safe and ideal OSR.

6. Future directions

Corneal regeneration has long been one of the great challenges
for ophthalmologists and vision scientists worldwide. With ad-
vances in basic research in regenerative medicine and tissue engi-
neering, great progress has been made in the fundamental
understanding and development of novel therapeutic modalities
such as CLET and COMET. However, although CLET and COMET
currently represent the safest and most reliable form of newly
developed transplantation, several issues remain to be overcome.
First, autologous CLET is to date the most promising treatment for
reconstructing the ocular surface in cases of unilateral severe OSD.
However, in our long-term follow-up, we certainly observed some
incidence of mild conjunctivalization in peripheral corneas. The
current cultivated corneal epithelial sheet could not absolutely
reproduce the corneal limbal niche, and recreation of the functional
corneal limbal niche using innovative tissue-engineering technol-
ogy may be needed to properly develop this surgical tool. In
contrast, treatment of patients with bilateral severe OSD requires
either allogeneic CLET or autologous COMET, depending on patient
variables (e.g. type of disease, age). In the case of CLET, the risk of
postoperative rejection must be addressed, requiring a basic
knowledge of the immunological background of allogenic OSR and
an appropriate protocol for postoperative management, especially
with regard to immunosuppressive therapy. In the case of COMET,
we must exercise caution because the cultivated oral mucosal
epithelial sheet is not identical to in vivo corneal epithelium. This
requires a basic understanding of epithelial cell biology in trying to
characterize the cell source to be used. One candidate approach is
to identify a novel, non-ocular surface cell source for use in OSR.
The other candidate approach is to develop innovative genetically-
modified biotechnology using induced-pluripotent stem cells or
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direct reprogramming. We strongly believe that greater knowledge
of proposed and established surgical modalities, stem cell behavior,
the surrounding extracellular matrix and beneficial growth factors
will provide a foundation for the further development of treat-
ments for severe OSD.
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Influence of Eyelid Pressure on Fluorescein ®
Staining of Ocular Surface in Dry Eyes

ERIKO YOSHIOKA, MASAHIKO YAMAGUCHI, ATSUSHI SHIRAISHI, TOMOKO KONO, KIYOHIKO OHTA,
AND YUICHI OHASHI

e PURPOSE: To determine the relationship between
eyelid pressure during blinking and the fluorescein stain-
ing of the cornea and conjunctiva in dry eye patients.

o DESIGN: Cross-sectional prospective study.

e METHODS: The pressure of the upper and lower eyelids
was measured with a specially designed blepahro-
tensiometer in 130 eyes of 65 dry eye patients (D group)
and in 58 eyes of 31 normal controls (N group). The
correlations between the location and degree of ocular
surface staining scores and the eyelid pressure were
calculated for the D group.

e RESULTS: The pressures of the upper and lower eyelids
were significantly higher in the D group than in the N
group (upper P < .0001, lower P = .0040). The lower
eyelid pressure was significantly correlated with the ocular
surface staining scores for the inferior cornea (r = 0.19,
P = .0307) and conjunctiva (r = 0.19, P = .0252).

e CONCLUSIONS: The significant correlation between
the eyelid pressure and the ocular surface staining
suggests that mechanical friction on the ocular surface
by the eyelids may be one of the factors that affects
the fluorescein staining of the inferior ocular
surface. (Am ] Ophthalmol 2015;160(4):685-692.
© 2015 by Elsevier Inc. All rights reserved.)

of the tear film caused by a deficiency in tear for-
mation or excessive evaporation of the tears. The
presence of dry eyes can damage the ocular surface and is
manifested by a variety of signs and symptoms. In 2007,
the International Dry Eye WorkShop defined dry eye as a
“multifactorial disease of the tear and ocular surface that re-
sults in symptoms of discomfort, visual disturbances, and
tear film instability with potential damage to the ocular sur-
face. It is accompanied by increased osmolarity of the tear
film and inflammation of the ocular surface.”
It is well recognized that blinking and eyelid dynamics
play important roles in the distribution of tears and in the
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maintenance of the integrity of the ocular surface.”” It is
also known that functional or anatomic abnormalities of
the eyelids can cause ocular surface disorders, and
oculoplastic surgery for abnormal eyelids can restore ocular
surface integrity.*”

Blepharospasm is a blinking disorder characterized by
repeated forceful spasmodic contractions of the orbicularis
oculi muscle, and many patients with blepharospasm suffer
from dry eye symptoms. However, it has not been deter-
mined whether there is a causal relationship between dry
eye and blepharospasm.®® On the other hand, Mathers
and Lemp used specular microscopy to demonstrate that
the shearing force of blinking removed cells from corneal
epithelium, and they suggested that the shearing forces of
the eyelid movements alter the migration and turnover of
epithelial cells by increasing exfoliation.”

Recently, Cher proposed a new term, “blink-related
microtrauma,” for ocular surface disorders arising from
the mechanical friction or lubrication disorders of the
eyes. Superior limbic keratoconjunctivitis (SLK) was an
example of this condition.'? Korb and associates proposed
another term, “lid-wiper epitheliopathy,” for the epitheli-
opathy that is characterized by staining of the conjunctival
epithelium at the eyelid margin by fluorescein and/or rose
bengal. They suggested that higher shear stress is generated
at this region.'" Thus, the behavior of the eyelid on the
ocular surface during blinking should have a large influence
on the flux of the tears produced beneath the eyelids.

Eyelid tension or pressure is defined as the tension or
pressure exerted by the eyelids on the cornea and conjunc-
tiva. In 1869, Snellen first proposed the concept of eyelid
tension and reported that it could alter the shape of the
cornea.’” Since then, eyelid tension or pressure has been
measured by various instruments that measure the tension
of the eyelid on the ocular surface.”*""* However, a
standardized method of measuring the eyelid tension or
pressure has not been established because the methods
and measuring devices were not easy to use and were not
accurate.

To overcome these problems, we have developed a sim-
ple and easy-to-use eyelid pressure measurement system
called a blepahro-tensiometer, which uses tactile pressure
sensors. Measurements of the eyelid pressure with the
blepahro-tensiometer have shown that reliable and valid
measurements of the pressure of the eyelids on the ocular
surface can be obtained.'®!?

© 2015 BY ELSEVIER INC. ALL RIGHTS RESERVED. 685



The purpose of this study was to determine the effect of
eyelid pressure elicited by blinking on the ocular surface,
and to determine which area of the ocular surface will be
affected by blinking.

METHODS

e STUDY DESIGN: The study was approved by the Institu-
tional Review Board of Ehime University (No. 0701006)
and University Hospital Medical Information Network
Clinical Trials Registry (ID number UMIN000004256).
An informed consent for the examinations was obtained
from all subjects, and the procedures used conformed to
the tenets of the Declaration of Helsinki. This was a pro-
spective, cross-sectional study designed to determine the
relationship between eyelid pressure during blinking and
the fluorescein staining of the cornea and conjunctiva in
dry eye patients.

o SUBJECTS: The eyelid pressure was measured in 130 eyes
of 65 dry eye patients and 58 eyes of 31 normal controls be-
tween March 2008 and November 2008 at the Ehime Uni-
versity School of Medicine. The dry eye group (D group)
consisted of 13 men and 52 women whose average * stan-
dard deviation age was 58.7 = 15.0 years with a range from
19 to 91 years. The normal control group (N group)
consisted of 14 men and 17 women whose average age
was 51.1 = 17.3 years with a range from 20 to 85 years.

Dry eye was diagnosed according to the 2006 revised Jap-
anese Dry Eye Diagnostic Criteria.'® The revised criteria
for dry eyes were: (1) presence of dry eye symptoms; (2)
presence of either qualitative or quantitative disturbances
of the tear film (Schirmer I test <5 mm or fluorescein tear
break-up time [BUT] < 5 5); and (3) presence of conjuncti-
vocorneal epithelial damage (fluorescein staining score >3
points or rose bengal staining score >3 points or lissamine
green staining score >3 points). The presence of all 3
criteria is required to establish a diagnosis of definite dry
eye. Individuals with 2 positive criteria among the 3 are
diagnosed with probable dry eye. Individuals with the pres-
ence of either 1 or no positive criteria are diagnosed as
normal.

Cases of allergic conjunctivitis, eyelid closure failure,
deformed eyelids, conjunctival concretion, or abnormal
blinking disorders and cases with a history of any type of
eye surgery were excluded. The differences in the age
and sex distribution in the N and D groups were not signif-
icant.

e EYELID PRESSURE MEASUREMENTS BY BLEPHARO-
TENSIOMETER: We developed a simple and easy-to-use

eyelid pressure measurement system using tactile pressure

sensors (DigiTacts Single Point Sensors; Pressure Proﬁle
Systems, Inc, Los Angeles, California, USA).!®'" The
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pressures of the upper and lower eyelids were measured
using the same sensor for each subject, as described in
detail."™'" Briefly, a sterile disposable soft contact lens
(Focus Dailies -3.0 diopter; Chiba Vision, Duluth,
Georgia, USA) was placed on the cornea after the eye
was anesthetized with topical 0.4% oxybuprocaine
(Santen, Osaka, Japan) to protect the cornea. The
pressure sensor with the protective polyurethane cap
(Okamoto, Tokyo, Japan) was inserted between the soft
contact lens and the inner surface of the eyelid. The
sensor was placed at the center of the upper eyelid and at
the nasal region of the lower eyelids. The subjects were
asked to close their eyes and keep their eyes closed for at
least 5 seconds for the measurements. The measured
pressure was divided into 2 phases: an increasing phase
and a plateau phase. Then 2 best-fitting lines were drawn
to fit the 2 phases, and the intersecting point was detet-
mined. The eyelid pressure was defined as the average of
150 tension values obtained during the 5 seconds after
the intersection point. An ophthalmic technician was
trained on the protocol for measuring the eyelid pressure,
and after she became proficient with the device, she was
instructed to perform the measurements.

° EVALUATION OF OCULAR SURFACE STAINING: After
instillation of 2 pL of 1% fluorescein Na solution into
the cul-de-sac, the location and degree of the ocular sur-
face staining were determined by slit-lamp microscopy
with a yellow stop filter (Carl Zeiss Meditec, San Fran-
cisco, California, USA).'” The cornea and conjunctiva
were divided into 7 sections (Figure), and the ocular
surface staining was scored in each area on a scale of
0-3. Examples of the ocular surface staining scores are
shown in the Figure. The corneal fluorescein staining
was denoted as KFS while that of the conjunctiva was
denoted as CFS. The ocular surface staining was evaluated
before eyelid pressure measurements.

e EVALUATION OF OTHER FACTORS USED TO ASSESS
OCULAR SURFACE: We calculated the correlations be-

tween the location and scores of the ocular surface staining
and other factors used to assess the condition of the ocular
surface. These factors included the Schirmer I test scores
(mm), fluorescein tear film BUT, meibomian gland
dysfunction (MGD; grade 0-3 after Shimazaki and associ-
ates””), tear meniscus height (TMH; low/medium/high),
superior conjunctivochalasis (grade 0-3 after Yokoi and as-
sociates* ), inferior conjunctivochalasis (grade 0-3 after
Hirotani and associates**), superior or inferior lid wiper
epitheliopathy (LWE; grade 0-3 after Yamamoto and
associates' '), eyelid shape (1 fold/2 folds in the eyelid),
and eyelid ptosis (present/absent) (Table 1).

e STATISTICAL ANALYSES: All data are presented as the
means * standard deviations. Statistical analyses were
performed with the Student ¢ tests, Pearson coefficient of
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FIGURE. Location and degree of ocular surface staining by fluorescein. (Left) Cornea and conjunctiva are divided into 7 sections.
(Right) Examples of ocular surface staining scores. KFS = corneal (kerato) fluorescein staining; CFC = conjunctival fluorescein
staining. *: Excluded from the analysis because fluorescein staining scores in these areas were negligible.

Other Tests for Evaluating Score
Schirmer | test (mm)
BUT (second)
MGD (0-3)
TMH (low / medium / high)
Superior conjunctivochalasis (0-3)
Inferior conjunctivochalasis (0-3)
Superior LWE (0-3)
Inferior LWE (0-3)
Eyelid shape (1 fold / 2 folds in the eyelid)
Eyelid ptosis

(+/-)

correlation, and multiple linear regression analyses. A P
value <.05 was considered statistically significant. All
analyses were done with JMP for Windows, Version 7
(SAS Institute, Cary, North Carolina, USA).

RESULTS

o EYELID PRESSURE IN NORMAL EYES AND DRY EYES: The
mean eyelid pressure for the normal eyes (N) group was
16.25 * 6.18 mm Hg for the upper lid and 16.39 =
6.82 mm Hg for the lower lid. For the dry eyes (D) group,
the mean eyelid pressure was 20.23 = 5.73 mm Hg for
the upper lid and 19.55 * 6.58 mm Hg for the lower lids.
The values for both eyelids were significantly higher in
the D group than in the N group (Table 2; upper
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P < .0001, lower P = .0040). When the eyelid pressures
were examined by age, no significant difference was
observed between ages <39 years and and 40-49 years in
the N and D groups. However, the eyelid pressures were
significantly higher in the D group than the N group for
the older ages, especially ages of 50-59 years (Table 2;
upper P = .0068, lower P = .0127) and 60-69 years
(Table 2; upper P = .0007, lower P = .0230). In the N
group, all of the eyelid pressure values decreased with
increasing age, while this trend was not observed in the
D group, where the values for each age group were not
significantly different, although no significant difference
was observed between N and D groups in lower eyelid
pressure for ages over 70 years (Table 2).

e EFFECT OF EYELID PRESSURE AND OTHER OCULAR FAC-
TORS ON OCULAR SURFACE STAINING SCORES IN DRY EYE
PATIENTS: The ocular surface staining scores in each re-

gion are shown in Table 3. The correlations between the
ocular surface staining scores and the eyelid pressure values
of each region are shown in Table 4. The ocular surface
staining scores of the inferior cornea (KFS-I) and inferior
conjunctiva (CFS-1) were significantly correlated with
the higher pressures in the lower eyelid (r = 0.19 and
r = 0.20, and P = .0307 and P =.0252, respectively).
The correlations between the upper and lower eyelid
pressure values and the staining scores for the superior
and middle cornea and the intrapalpebral conjunctiva
were not significant (Table 4).

The Schirmer I test scores were significantly correlated
with the CFS-T and CFS-N scores (r = —0.21 and
r = —0.25, and P = .0224 and P =.0068, respectively),
and the BUT values were significantly correlated with
the KFS-S, CFS-S, and CFS-I scores (r = —0.22,
r = =027, r = —0.25; and P = .0131, P =.0018,
P =.0043, respectively). The MGD values were signifi-
cantly correlated with the KFS-S, KFS-1, CFS-T, CFS-N,
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Age <39 40-49 5059 60-69 70+ Total
Upper eyelid N 2136+503 1886=577 1414+395 11.22+595 1154+3.08 16.25+*6.18 P <.0001>°
pressure (mmHg) D 2122 +420 19.38 593 1925+524 21.03*x595 20.28+6.73 20.23 *5.73 P =.9515" -
P = .9351¢ P = .8232% P = 0068 P = .0007%¢ P = .0002%¢ P < .0001%¢
Lower eyelid N 21.72+723 1586+6.41 13.00*475 1352+7.09 1543+547 16.39+6.82 P =.0009"°
pressure(mmHg) D 2191 =x6.11 1785+699 1834+594 20.83*+6.90 18.90+6.83 19.55* 6.58 P° = 5527
P = .9364"¢ P = .4573°% P =.0127%¢ P =.0230%¢ P =.1383 P = .0040%°
N 15 14 12 6 .M 58
D 19 12 35 34 30 130 (eyes)

Mean = SD Score

Section

KFS-S 0.19 = 0.48
KFS-M 0.59 = 0.73
KFS-I 0.85 = 0.79
CFS-S 0.42 = 0.76
CFS-T 0.99 = 0.74
CFS-N 1.00 +0.77
CFS-1 0.51 = 0.66

and CFS-Iscores (r = 0.30,r =0.19,r=0.21, r = 0.20, and
r=0.19; and P = .0012, P =.0435, P =.0251, P =.0263,
and P =.0371, respectively), and superior conjunctivocha-
lasis values were significantly correlated with the CFS-S
(r=0.36, P < .0001) (Table 4).

To determine how the eyelid pressure was correlated
with other factors that measure the ocular surface status,
we performed multivariate analyses. The results are sum-
marized in Table 5, with the ocular surface staining score
divided into 3 parts: that of the superior conjunctiva and
cornea (KFS-S + CFS-S), that of the temporal and nasal
intrapalpebral conjunctiva (CFS-T + CEFS-N), and that
of the inferior conjunctiva and comea (KFS-I + CFS-I).
The analyses showed that the ocular surface staining scores
of KFS-S + CFS-S were strongly correlated with the pres-
ence of superior conjunctivochalasis and BUT. The ocular
surface staining scores of the CFS-T + CFS-N were also
strongly correlated with the Schirmer I test and MGD.
The ocular surface staining scores of KFS-1 + CFS-I were
strongly correlated with the lower eyelid pressure and

MGD (Table 5).

688 AMERICAN JOURNAL OF OPHTHALMOLOGY

132

DISCUSSION

WE HAVE DEVELOPED A SIMPLE AND RELIABLE EYELID PRES-
sure measuring system using tactile pressure sensors. ®7
We used this system to measure the eyelid pressure in dry
eye patients and normal volunteers and found that the
eyelid pressure values were significantly higher in dry eye
patients than in normal subjects, especially those older
than 50 years. When we examined the correlations
between the eyelid pressure and the location of the
fluorescein ocular surface staining scotres, the ocular
surface staining scores for the inferior cornea and
conjunctiva were significantly correlated with the higher
pressure in the lower eyelid.

Eyelid tension or pressure has been measured by different
instruments, >~ and although the instruments were
different for each laboratory, there was general agreement
that the eyelid tension or pressure decreased with
increasing age in normal eyes, as was found in our normal
subjects. Interestingly, this significant decrease in the
eyelid pressure was not found in the patients with dry
eye. Although our study was not designed to examine the
effect of age, we found that the eyelid pressure did not
decrease with increasing age in the dry eye patients.
However, these findings do not provide any evidence on
whether the higher eyelid pressure was due to the dry eye
conditions, or dry eye conditions were due to the higher
eyelid pressure. We cannot explain this difference at this
time, and future studies will be designed to resolve this
issue. )

Our focus in this study was to determine whether the
shear stress generated by blinking can affect the ocular
surface and, if it can, which part of the ocular surface will
be affected by blinking. Therefore, we determined whether
significant correlations existed between the location of the
fluorescein ocular surface staining and the eyelid pressure as
a marker of the force generated by blinking.
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KFS-S KFS-M KFS-I CFS-S CFS-T CFS-N CFS-l

Upper eyelid pressure

r -0.14 ~0.04 0.10 -0.07 0.11 0.17 0.06

P .1260 .6288 .2805 .4537 2338 .0647 5380
Lower eyelid pressure

r 0.04 0.06 0.19 —0.05 0.10 0.13 0.20

P 8774 .5333 .0307% 6151 .2858 .1459 .0252%
Schirmer | test scores

r —0.11 -0.14 —0.03 -0.10 —0.21 -0.25 -0.04

P 2234 1265 .7489 2738 .0224% .0068* .6655
BUT

r -0.22 -0.04 0.02 -0.27 -0.09 -0.02 -0.25

P .0131% .6803 .8564 .0018°% 3154 .8170 .0043°
MGD

r 0.30 0.18 0.19 -0.11 0.21 0.20 0.19

P .0012° .0507 .0435% .2387 .0251% .0263% .03717
TMH

r 0.13 -0.02 0.00 -0.06 -0.11 —0.05 -0.02

P .1499 .8195 9596 .5038 2331 .6065 7949
Superior conjuctivochalasis

r 0.12 0.00 —0.03 0.36 0.02 -0.01 0.03

P .1954 9764 7448 <.0001* .8361 .9016 7741
Inferior conjunctivochalasis

r —0.06 —-0.05 0.06 -0.01 0.04 0.03 0.03

P .5237 .5843 5152 9316 6218 7712 7371
Superior LWE

r —0.01 -0.06 0.11 -0.17 0.06 0.18 0.02

P .8880 5277 .2054 .0507 .5098 .0475% .7935
Inferior LWE

r -0.01 0.05 0.07 -0.18 0.08 0.09 0.02

P .9045 .5925 .4335 .0435% .3076 .2954 .8360
Eyelid shape

r —0.03 0.12 0.03 ~0.08 0.04 0.10 —-0.06

P 7406 .1802 7792 3715 6787 2735 .5005
Eyelid ptosis

r 0.17 —-0.07 -0.19 0.23 —0.14 -0.14 -0.10

P 0632 4406 .04297 01227 1420 1441 .3040

Contrary to our expectations, the surface staining scores
of the superior cornea and conjunctiva were not significantly
correlated with the eyelid pressure values of the upper eyelid.
Cher proposed a new term, “blink-related microtrauma,” for
ocular surface disorders arising from mechanical friction or
lubrication such as that in SLK.'" Thus, we expected that
the ocular surface staining score of the superior cornea and

" conjunctiva might be significantly correlated with the eyelid
pressure of the upper eyelid. But this was not found, although
the number of patients who had SLK was small. Most of our
dry eye patients had staining scores of O for the KFS-S and
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CFS-S, and thus the statistical analyses may not detect sig-
nificant differences in the subjects with scores of 0-3 in the
KFS-S and CFS-S area. However, when we examined the
staining score for the KFS-S and CFS-S area excluding those
eyes with a score of 0, the ocular staining scotes were signif-
icantly correlated with the upper eyelid pressure (P < .05).
Thus, eyes with SLK may have higher eyelid pressure for
the upper eyelid, and this matter can be resolved by a study
with a larger number of patients with SLK.

We found that the ocular surface staining scores of the
inferior cornea and conjunctiva (KFS-1 + CFS-I) were

EveLID PRESSURE AND OCULAR SURFACE STAINING 689



Estimated P Value
Value SE tValue (Prob > [t])
KFS-S + CFS-§7
Intercept 0.742 0.361 2,05  .0421¢
Upper eyelid pressure  —0.011  0.014 -0.80 4279
BUT -0.183 0.055 -3.30 00137
Superior 0.435 0.123 3.54  .0006”
conjunctivochalasis
KFS-1 + CFS-°
Intercept 0.698 0.384 1.82  .0715¢
Lower eyelid pressure 0.036 0.017 217 .03257
BUT -0.122 0.075 -1.63 1064
MGD 0.379 0.180 2.1 .0371¢
CFS-T + CFS-N°
intercept 2.089 0270 7.74 <.00017
Schirmer | test scores —-0.034 0.017 -2.10 .03837
BUT -0.087 0.098 -0.89 .3771
MGD 0.424 0.210 2.01 04677

significantly correlated with the lower eyelid pressure.
Doane measured the movement of eyelids and globe and re-
ported that there was a significant correlation between the
posterior movement of the globe and the pressure on the
ocular surface during blinking.”’ To further validate the ev-
idence of the eyelid pressure, we recently measured the
movement of eyelids or globes during blinking and found
a significant correlation between the lower eyelid pressure
and the horizontal movement of the lower eyelid, and the
, . T
posterior movement of the globe during blinking."* How-
ever, the correlation between the upper eyelid pressure
and horizontal eyelid movements was not significant.”’
These findings indicate that the lower eyelid probably has
a greater shearing force or pressure exerted on the ocular
surface during blinking.

During a blink, the upper eyelid has large vertical excur-
sion while the lower lid has a nasalward movement.'"**
Because of the large excursion of the upper eyelid, most
investigators have paid more attention to the upper
eyelid movements and tension than to the lower eyelid.
Among the limited number of studies that examined the
lower eyelid movement, Shore reported that the decrease

690

AMERICAN JOURNAL OF OPHTHALMOLOGY

134

in lower eyelid movement with aging was closely
correlated with the increase in eyelid laxity.**

It should also be remembered that the lower eyelid moves
horizontally, meaning that the eyelid margin rubs on the
same area of the ocular surface. Thus, the friction of the eyelid
movements on the restricted area of the ocular surface might
be greater by the lower eyelid than by the upper eyelid. More
attention should be paid on the direction of movement of the
lower eyelids, and further investigations should be focused on
the stress induced by eyelid movements. Our results indicate
that higher eyelid pressure is significantly correlated with
higher staining scores of the inferior cornea and inferior con-
junctiva but not for other areas of the ocular surface.

We were concerned about the reliability of the results.
Therefore, we conducted a multiple regression analysis to
determine how the eyelid pressure and other factors associ-
ated with ocular surface staining of dry eye patients were
correlated. The results of the multiple regression analysis
showed that the staining score of the intrapalpebral con-
junctiva was significantly correlated with Schirmer I test
scores. Our findings also showed that the Schirmer I test
scotes were not significantly correlated with the staining
score of the upper and lower areas of the ocular surface
that are usually covered by the eyelids. The staining score
of the intrapalpebral area is known to be high in dry eye pa-
tients. Our dry eye patients were diagnosed based on the
2006 revised Japanese criteria for dry eye, which include
BUT scores <5 s and Schirmer I test score =5 mm. Our find-
ings showed that the mean value of Schirmer I test score
was 6.93 *+ 0.48 mm and BUT was 2.34 * 1.36 s. There-
fore, to consider the effect of aqueous tear deficiency in
the analysis, we also analyzed the relationship between
eyelid pressures and the ocular surface staining scores in
eyes with Schirmer I test score <5 mm and those with
>5 mm Schirmer [ test scores. However, there was no sig-
nificant difference in the results in the 2 groups. These find-
ings indicate the reliability of our results. The staining
scores of the superior conjunctiva and cornea were strongly
correlated with the superior conjunctivochalasis. These re-
sults are in good agreement with earlier reports that the
reduction of laxity of conjunctivochalasis was highly effec-
tive in eyes with SLK.**~**

It has been well documented that meibomian gland dys-
functions are associated with ocular irritation and ocular
surface staining.”>*"~" Our multiple regression analysis
showed that the staining score of the inferior conjunctiva
and cornea were correlated with the meibomian gland
dysfunction scores. These results were not too surprising
because these regions are frequently in contact with the
lid margins during blinking. These regions may be easily
affected by inflammatory or infectious meibomian glands,
resulting in the higher staining scores.

Thus, the significant correlations found between the
lower eyelid pressure and the staining scores of the inferior
cornea and conjunctiva by multiple regression analysis also
support the idea that higher eyelid pressure may be related
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to the ocular surface staining score of the inferior area of
the ocular surface.

There are limitations to our study because we examined
the eyelid pressure as an alternative to shear stress gener-
ated by blinking. Thus, further examinations to measure
the shear stress generated by blinking will be needed to
determine the effect of blinking on the ocular surface.

In conclusion, we have found that the eyelid pressure on
the ocular surface was higher in dry eyes than in normal
eves. The highly significant correlation between eyelid
pressure and the fluorescein ocular surface staining score
of the inferior area of the ocular surface suggests that me-
chanical friction on the ocular surface by the eyelids may
be a risk factor for ocular surface disorders.
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REPORTING VISUAL ACUITIES

The AJO encourages authors to report the visual acuity in the manuscript using the same nomenclature that was used in
gathering the data provided they were recorded in one of the methods listed here. This table of equivalent visual acuities is
provided to the readers as an aid to interpret visual acuity findings in familiar units.

Snellen Visual Acuities

4 Meters 6 Meters 20 Feet Decimal Fraction LogMAR
4/40 6/60 20/200 0.10 +1.0
4/32 6/48 20/160 0.125 +0.9
4/25 6/38 20/125 0.16 +0.8
4/20 6/30 20/100 0.20 +0.7
4/16 6/24 20/80 0.25 +0.6
4/12.6 6/20 20/63 0.32 +0.5
4/10 6/15 20/50 0.40 +0.4
4/8 6/12 20/40 0.50 +0.3
4/6.3 6/10 20/32 0.63 +0.2
4/5 6/7.5 20/25 0.80 +0.1
4/4 6/6 20/20 1.00 0.0
4/3.2 6/5 20/16 1.25 —0.1
4/2.5 6/3.75 20/12.5 1.60 -0.2
4/2 6/3 20/10 2.00 -0.3

From Ferris FL lil, Kassoff A, Bresnick GH, Bailey |. New visual acuity charts for clinical research. Am J Ophthalmol 1982;94:91-96.
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Purposk. To clarify the possible involvement of the type 2-initiating cytokines interleukin (IL)-
25, 1L-33, and thymic stromal lymphopoietin (TSLP) in the pathophysiology of allergic
conjunctivitis, we evaluated ragweed (RW)-induced experimental allergic conjunctivitis (EAC)
models by using IL-25 knockout (KO), I1-33 KO, and TSLP receptor (TSLPR) KO mice.

MerHODS. Interleukin-25 KO, IL-33 KO, TSLPR KO, and BALB/c wild-type mice were sensitized
twice with RW in alum and then challenged with RW in eye drops. Clinical scores and
eosinophil infiltration were evaluated. Expression levels of serum immunoglobulin E (IgE) and
cytokines in the conjunctival tissues were quantified and immunohistochemical analysis was
carried out.

Resurrs. Significant reductions in clinical scores and numbers of infiltrating eosinophils were
observed in the RW-EAC model using 11-33 KO mice. There were no significant differences in
clinical scores and numbers of infiltrating eosinophils among IL-25KO, TSLPR KO, and wild-
type mice. Serum IgE concentration was upregulated after RW challenges, and there were no
differences among the mouse genotypes. Expression levels of of #/4, #l5, il13, and ccl5 mRNA
were diminished in the conjunctivae of the RW-EAC model using IL-33 KO mice compared to
those in wild-type mice. Interleukin-33 expression was upregulated as early as 1 hour after
RW eye-drop challenge. The number of infiltrating basophils in the conjunctivae of the RW-
EAC model using IL-33 KO mice was diminished compared to that in wild-type mice.

Concrusions. Among the type 2-initiating cytokines, II-33 may play a major role in
conjunctival inflammation in an RW-EAC model.

Keywords: experimental allergic conjunctivitis, IL-25, I1-33, thymic stromal lymphopoietin,
type 2-initiating cytokines
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ype 2 immune responses are inflammatory conditions

associated with parasitic infections! and atopic diseases like
asthma, atopic dermatitis, and atopic keratoconjunctivitis
(AKO).2 These type 2 immune responses are characterized by
activation of CD4" T-helper type 2 (Th2) cells and production
of typical type 2 immunity-associated cytokines (e.g., interleu-
kin-4 [IL-4], IL-5, and IL-13). Although various external stimuli
(including pollen, house dust mites [HDM], food allergens, and
parasites) can induce type 2 responses, these antigens cannot
directly activate Th2 cells because they are too large to be
phagocytosed by antigen-presenting cells.> Epithelial cell-
derived type 2-initiating cytokines (IL-25, IL-33, and thymic
stromal lymphopoietin [TSLP]) were characterized recently as
indispensable for initiating type 2 immune responses stimulat-
ed by these type 2 immunity-related antigens.?

We previously reported the expression of 11-33% and TSLP®
mRNA and protein in giant papillae obtained from patients with
vernal keratoconjunctivitis (VKC) and AKC. Our study group

Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc.
iovs.arvojournals.org | ISSN: 1552-5783

also established an IL-33 knockout (KO) mouse and reported
that II-33 has an essential role in papain-induced lung
inflammation, which is considered to be an innate immune
system-dependent type 2 inflammation.® The role of 1L-33 was
also reported in an ovalbumin (OVA)-induced asthma model,”®
an established model for acquired immune system-dependent
type 2 inflammation. Ragweed (RW)induced experimental
allergic conjunctivitis (EAC) has been used as a common model
for T-cell (acquired immunity)-dependent allergic conjunctivi-
tis.1® Matsuba-Kitamura et al.!! reported that addition of
recombinant IL-33 at the time of RW eye-drop challenge
augmented eosinophil infiltration in the conjunctival tissue in
their RW-EAC model.

Thymic stromal lymphopoietin is produced by epithelial
cells in response to various protein allergens (e.g., OVA) and
protease allergens (e.g., pollen and papain).!? It activates
dendritic cells through the TSLP receptor (TSLPR)-IL-7Ra
receptor heterodimer complex.!? Thymic stromal lymphopoie-
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