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tural examination of the cornea.’®*! Only two studies have
used IVCM to study the corneas of patients with PEX syn-
drome. Martone et al.'? reported the findings in one case, and
they reported that ICVM can detect hyperreflective deposits
and dendritic cells infiltrating the basal epithelial cell layer.
Fibrillar subepithelial structures were found, and the endothe-
lial layer showed cellular anomalies. In a prospective observa-
tional case series, Sbeity et al.'®> used noncontact IVCM to
detect XFM on the lens surfaces and corneal endothelia of PEX
eyes and their fellow eyes.

Our study was the first to use IVCM to investigate cell
densities in different layers of the cornea and to determine
alterations of subbasal nerve density and tortuosity in PEX and
PEX fellow eyes. Our results showed a significant decrease in
the densities of the corneal endothelial cells in PEX eyes and
their fellow eyes, which is in agreement with earlier observa-
tions by specular microscopy.®'?*° In addition, the clear con-
focal images allowed us to detect pleomorphisms and
polymegethisms of the endothelial cells. All PEX eyes and
51.9% of PEX fellow eyes showed deposits of hyperreflective
material in the endothelium, indicative of either pigment gran-
ules or XFM. In agreement with Sbeity et al.,*> we believe that
the pleomorphic and irregular deposits found on the corneal
endothelium most likely represent XFM rather than pigment
granules, which are round and uniform in size.'® In addition, a
number of patients who had no visible pigment keratoprecipi-
tates on slitlamp microscopy were found to have abundant
large and irregular hyperreflective deposits on the endothelium
in the confocal images.

PEX syndrome-associated corneal endotheliopathy has
been suggested to be caused by one or a combination of the
following alterations: hypoxic changes in the anterior cham-
ber, accumulation of extracellular matrix, fibroblastic changes
of the endothelium, and increased concentration of TGF-8.1~>
Our confocal microscopic findings suggest that the XFM, pos-
sibly at different stages of the normal course of PEX, may be
deposited on the endothelium or may migrate from the endo-
thelial cells that undergo fibroblastic changes. Our findings also
showed that hyperreflective materials are found not only on
the endothelium of PEX eyes but also in their fellow eyes,
indicating that the fellow eyes might be at a preclinical stage of
PEX syndrome. A bilateral decrease in the endothelial cell
counts and morphologic alterations of endothelium support
the idea that PEX is a binocular and systemic abnormality.
Patients with unilateral PEX syndrome may have asymmetric
manifestation of this slowly progressing disease.

Of clinical significance was our finding that the decreased
stromal cell densities observed by IVCM could possibly explain
the report that the central corneas of PEX eyes were thinner
than those of normal subjects.® The pathogenesis of the de-
crease of stromal cell density in PEX eyes warrants future
study. Because XFM deposits were simultaneously observed in
the anterior stroma of PEX eyes, we suggest that the XFM may
be somehow causative for this alteration, perhaps by inducing
apoptosis of the keratocytes. Other pathogenic factors, such as
altered levels of cytokines or chemokines in the cornea, could
also be responsible, and this definitely warrants future investi-
gation. In addition, PEX fellow eyes also had lower cell counts
in the stroma, although the difference was not statistically
significant. We suggest that the cause of the binocular differ-
ences in our study might have been because the two eyes were
at different stages of the PEX process, and PEX fellow eyes may
still be at a preclinical stage of PEX syndrome.

Other important findings were found in the subbasal nerve
plexus. Our results showed that the subbasal nerve density was
significantly lower and the nerves were mostly tortuous, with
beading and thinning in PEX eyes. Interestingly, PEX fellow
eyes also had similar alterations, though the changes were not
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significant. These findings support the idea that PEX syndrome
is a binocular abnormality that is expressed in both eyes but to
different degrees. The important clinical significance of our
study is that our correlation analyses showed that the de-
creased subbasal nerve density and increased tortuosity were
significantly correlated with decreased corneal sensitivity.
These results provide evidence, for the first time, that the
cause of the decreased corneal sensitivity in eyes with PEX
syndrome is the decreased subbasal nerve density. For patients
with PEX syndrome, it would be practical and feasible to
examine corneal sensitivity to assess the severity of PEX kera-
topathy and perhaps to predict the progression of PEX syn-
drome. In addition, detection of the morphologic changes in
cell densities and subbasal nerve abnormalities by IVCM in the
fellow eyes indicates that it is a sensitive tool for the diagnosis
of preclinical stage of PEX syndrome. Our findings showed that
PEX keratopathy may develop before any clinically visible XFM
deposits are detected on the lens capsule or iris. If these
findings are confirmed, then keratopathy may be the first event
of the ocular complications of PEX syndrome. These findings
also indicate that clinically unaffected fellow eyes of patients
with PEX syndrome are probably at risk for PEX syndrome, and
more frequent ophthalmologic examinations are necessary.

This study has increased our understanding of the keratopa-
thy of this most likely systemic abnormality. Whether the
alternations of the subbasal corneal nerves are primary or
secondary changes of the disease must be determined. Because
of the increase in the elastic microfibril components and im-
balances in the matrix metalloproteinases (MMPs) and tissue
inhibitors of MMP in eyes with PEX syndrome, PEX fibrils
accumulate in the tissues.'™ Our findings that XFM deposits
were frequently observed close to the subbasal epithelial layer
or anterior stroma support the idea that besides an abnormal
aggregation of elastic microfibrils into exfoliation fibers (the
elastic microfibril hypothesis),'~>?' other extracellular matrix
components, such as basement membrane components, may
possibly interact and become incorporated into the composite
XFM (the basement membrane hypothesis).*? In addition, our
observation of an infiltration of dendritic cells in close vicinity
of the subbasal nerve plexus layer indicates the possibility that
accumulation of extracellular XFM may induce inflaimmatory
responses, which then recruit antigen-presenting cells such as
immunocompetent dendritic cells. This excessive deposition
of XFM and infiltration of dendritic cells may play a role in the
neuropathy of the subbasal nerve plexus, resulting in de-
creased corneal sensitivity in patients with PEX syndrome.

Some limitations were present this study. First, the IVCM
scans a very small area of the cornea, which may generate
biases among different portions of scanning of different
groups. As mentioned, efforts were taken to scan the center of
the cornea of each subject. In addition, we also confirmed our
findings by scanning the midperipheral and peripheral por-
tions of the cornea (data not shown).

Second, IVCM images may not represent the true histologic
changes of the cornea. By applying the same criteria for image
evaluation, we can conclude that the differences between the
studied groups were still detected. Furthermore, it was our
impression that fewer keratocytes were seen in the stromas of
corneal specimens obtained from PEX syndrome patients with
penetrating keratoplasty.

Future investigations, including a thorough and quantitative
analysis of the exfoliation material by confocal imaging, are
needed. In addition, the correlations between IVCM findings
with endothelial barrier function should be determined. If the
confocal findings can provide clues for preclinical stages of
endothelial barrier dysfunction of the cornea in PEX syndrome,
their clinical significance can be used in designing an early
treatment protocol.
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In summary, our study demonstrated that eyes with PEX

syndrome have decreased cell densities in the cornea. The
subbasal nerve density was also significantly decreased, and
this was significantly correlated with clinically decreased cor-
neal sensitivity. Our study sheds light on understanding the
cause of impaired corneal sensitivity in patients with PEX
syndrome. The PEX syndrome is probably a bilateral event in
which the keratopathy of the fellow eye also must be observed.
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Anterior Segment Optical Coherence Tomography
Analysis of Clinically Unilateral Pseudoexfoliation
Syndrome: Evidence of Bilateral Involvement

and Morphologic Factors Related to Asymmetry

Xiaodong Zbeng," Hiroshi Sakai,”> Tomoko Goto,"> Koji Namiguchi," Shiro Mizoue,"
Atsushi Shiraishi," Shoichi Sawaguchi,® and Yuichi Obashi'

“

Purpost. To compare the morphology of the anterior chamber
angle (ACA) and iris in eyes with pseudoexfoliation (PEX)
syndrome to that of their clinically unaffected fellow eyes and
normal control eyes.

MEeTHODS. Forty-two patients with unilateral PEX syndrome and
42 normal subjects were studied. Eyes were separated into
those with PEX, their clinically unaffected fellow eyes, and
normal eyes. The dark-light changes of the ACA and iris were
documented by anterior segment optical coherence tomogra-
phy (AS-OCT) video recordings. The nasal ACA parameters
including the angle opening distance at 500 um (AOD500), the
trabecular-iris space at 500 pm (TISA500), and the trabecular-
iris angle at 500 um (TIA500); anterior chamber depth (ACD);
iris-lens contact distance (ILCD), and iris configuration were
analyzed with the built-in software and a customized program.

ResuLts. The ACA parameters were not significantly different
among all three groups in the dark. The PEX eyes had signifi-
cantly smaller ACA parameters than their fellow eyes and
normal control eyes in the light. PEX eyes also had significantly
shallower ACD, longer ILCD, and greater iris convexity (both
in dark and light), and thinner iris (in dark) than their fellow
eyes. The fellow eyes had significantly lower ACD both in the
dark and light, and smaller angle opening distance at 500 um
and ILCD in the light than normal controls. There were no
significant differences in the iris area among the three groups.

Concuusions. Differences in the anterior segmental morphol-
ogy are present between PEX and fellow eyes. These disparities
may be related to the asymmetry in patients with the unilateral
PEX syndrome. (Tnvest Ophthalmol Vis Sci. 2011;52:5679 -5684)
DOIL:10.1167/i0vs.11-7274

he pseudoexfoliation (PEX) syndrome is a common age-
related disorder of the extracellular matrix that can affect
10%-20% of people older than 60 years worldwide."* The
main ocular manifestation of PEX is the production and pro-

From the 'Department of Ophthalmology, Ehime University
School of Medicine, Toon City, Ehime, Japan; 2Department of Ophthal-
mology, University of the Ryukyus Hospital, Okinawa, Japan; and
3Department of Ophthalmology, Takanoko Hospital, Matsuyama,
Ehime, Japan.

Submitted for publication January 25, 2011; revised March 16,
2011; accepted April 19, 2011.

Disclosure: X. Zheng, None; H. Sakai, None; T. Goto, None;
K. Namiguchi, None; S. Mizoue, None; A. Shiraishi, None; S.
Sawaguchi, None; Y. Ohashi, None

Corresponding author: Xiaodong Zheng, Department of Ophthal-
mology, Ehime University School of Medicine, Ehime 791-0295, Japan;
xzheng@m.chime-u.ac.jp.

Investigative Ophthalmology & Visual Science, July 2011, Vol. 52, No. 8
Copyright 2011 The Association for Research in Vision and Ophthalmology, Inc.

gressive accumulation of abnormal extracellular fibrillar and
pseudoexfoliation material in almost all of the inner walls of
the anterior segment of the eye. There has been a renewed
interest in this disease because of the better awareness of the
complications accompanying PEX including phacodonesis and
lens subluxation, intractable glaucoma, melanin dispersions,
poor mydriasis, blood-aqueous barrier dysfunction, and poste-
rior synechiae.*

Up to 76% of patients with PEX are initially diagnosed as
having unilateral PEX.> However in an electron microscopic
study, Parekh et al. reported that 26 of 32 patients (81%) with
clinically unilateral PEX had pseudoexfoliation material on ei-
ther the lens capsule or conjunctival samples of the clinically
unaffected eyes.* Furthermore, several reports on the fol-
low-up of patients with unilateral PEX documented that 74% to
81.6% of the unilateral cases became bilateral.>” This sug-
gested that unilateral PEX is in fact a bilateral but asymmetric
condition, and the percentage of unilateral disease decreases
with a corresponding increase in bilateral disease with increas-
ing age. The factors affecting the conversion from unilateral to
bilateral disease are not known, and the pathogenic mecha-
nism underlying the asymmetric condition has not been deter-
mined. Subtle differences in ocular blood flow,® aqueous hu-
mor dynamics, blood-aqueous barrier function, or anterior
segllnfntal morphology might be responsible for the asymme-
try. b

Ultrasound biomicroscopic (UBM) studies on the morpho-
logic alterations of the anterior segment of PEX eyes have
shown abnormalities of the zonules, lens thickening, shallow
central anterior chamber depth (ACD), and occludable an-
gles.®** In unilateral PEX patients, the PEX eyes and fellow
eyes have been reported to share some similar morphologic
changes.'*

With the advancement of ophthalmic imaging instruments,
more information has been obtained on the morphology of the
structures in different ocular disorders. Fourier domain ante-
rior segment optical coherence tomography (AS-OCT) is a
representative imaging technique that provides cross-sectional
views of the anterior segment with a resolution better than that
of UBM.'> Images and measurements of very fine structures
can be achieved rapidly and noninvasively. In addition, using
the AS-OCT video mode has allowed investigators to document
dynamic morphologic alterations of the anterior chamber angle
(ACA) and iris during pupillary movements without being in-
fluenced by accommodation.*®~*#

The purpose of this study was to compare the morphology
of the anterior segment of affected eyes and their fellow eyes
in cases of unilateral PEX. To accomplish this, we recorded
images of the anterior segment by AS-OCT during pupillary
dilation and constriction. Comparisons were made of the ACA
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and the iris parameters in the PEX eyes, their fellow eyes, and
normal control eyes.

SuUBJECTS AND METHODS

Patients and Control Subjects

We studied 45 consecutive patients with unilateral PEX syndrome who
visited the Department of Ophthalmology, Ehime University from
January 2009 to November 2010. All eyes were examined by slit-lamp
biomicroscopy after pupillary dilation. PEX eyes had clinically evident
PEX material at the pupillary border or on the anterior lens capsule in
one eye. These eyes were placed in the PEX eye group. Their clinically
unaffected fellow eyes were placed in the fellow eye group. Forty-five
age- and sex-matched normal subjects were also studied and one eye
was randomly selected as the normal control.

The exclusion criteria included: prior intraocular surgery, €.g., laser
trabeculoplasty, laser iridotomy, laser iridoplasty, or ocular trauma;
evidence of peripheral anterior synechiae on indentation; iris dystro-
phy or dyscoria; lymphoma, sarcoidosis, diabetic mellitus, inflamma-
tion; eyes using anti-glaucoma medications or having abnormal intra-
ocular pressure; or use of systemic medications that could affect the
ACA or pupillary reflex.

All participants underwent a complete ophthalmic examination,
including best-corrected visual acuity, autorefraction, slit-lamp micros-
copy, and intraocular pressure measurements by applanation tonome-
try (Goldmann; Haag-Streit, Koniz, Switzerland). The ocular axial
length was measured (IOL Master; Carl Zeiss, Jena, Germany). Gonios-
copy was performed with a 4-mirror lens at high magnification (X16)
with the eye in the primary position of gaze. All investigated eyes had
open-angles and all structures anterior to the scleral spur were identi-
fied by gonioscopy (Shaffer grade = 2).

The procedures used conformed to the tenets of the Declaration of
Helsinki. An informed consent was obtained from all subjects after an
explanation of the nature and possible consequences of the proce-
dures. The protocol used was approved by the Ethics Committee of
Ehime University School of Medicine.

Anterior Segment Optical
Coherence Tomography

An experienced operator who was masked to the results of the oph-
thalmic examinations performed the AS-OCT (Swept-source 1000

AS-OCT Analyses of Anterior chamber Angle and Iris Configuration
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CASIA AS-OCT, Tomey, Nagoya, Japan). This AS-OCT system had a 30
kHz axial scan rate with an axial resolution of 10 um. The use of 1310
nm wavelength coupled with high resolution Fourier domain-OCT
improved the resolution and penetration of the measuring beam into
turbid tissues with a scan depth of 6 mm. This was sufficient to image
the entire anterior segment in one frame.'® The scan of the anterior
chamber was a noncontact procedure during which the subject fixated
on an internal target.

The AS-OCT realtime video recording mode (4 frames per second)
was used to study the changes of the ACA and the iris during pupillary
dilation and light-induced constriction. The scan was centered on the
pupil, and the scan passed along the nasal-temporal axis, i.e., 0° to
180°. After one minute at 50 lux of dark-adaptation, a LED pen light
(Gentos, Tokyo, Japan), fixed at a distance of 20 cm, 45° from the optic
axis of the examined eye, was turned on. The illuminance of the light
was standardized at 2000 lux, and it was kept on for 4 seconds to
induce pupillary constriction. AS-OCT scans were recorded for 10
seconds and the operator chose the best video frame with good
centering to analyze. Data were excluded if the scleral spur could not
be identified or the frame was of suboptimal quality because of blinks
and eye movements. Each eye was examined three times with an
intertest interval of at least 10 minutes.

Image Processing

All images were processed separately and analyzed by two observers
(XZ and KN) who were masked to the clinical findings of the eye. The
video file was reviewed and one frame of the images in the dark (most
dilated pupil) and the light (most constricted pupil) were selected for
each subject. The morphology of structures on the nasal side of the eye
was analyzed. Images were first analyzed with the built-in software for
the ACA parameters: angle opening distance at 500 um (AOD500),
trabecular-iris space at 500 um (TISA500), and trabecular-iris angle at
500 um (TIA500). The central anterior chamber depth (ACD) and the
pupillary diameter were also measured (Fig. 1A).

All images were then exported and analyzed with a customized
software program written for the following iris parameters (Fig. 1B):
the iris thickness in the dilator muscle region (DMR) which was set at
one-half of the distance between the scleral spur and the pupillary
margin was measured as described'?; and the iris thickness in the
sphincter muscle region (SMR) which was set at 0.75 mm from the
pupillary margin was also measured. The ratio of the thickness at

FIGURE 1. Anterior segment optical
coherence tomographic (AS-OCT) im-
ages from which the morphologic pa-
rameters of the structures in the anterior
chamber and the iris were measured. (A)
Anterior chamber parameters of (1) an-
gle measurements (AOD500, TISA500,
and TIAS00 were used), (2) central ante-
rior chamber depth (ACD), and (3) pu-
pillary diameter. (B) Iris configurations
of (4) iris thickness (IT) at the dilator
muscle region (DMR) measured at one-
half of the distance between the scleral
spur (8S) and the pupillary margin; iris
thickness at the sphincter muscle region
(SMR) measured at 0.75 mm from the
pupillary margin, (5) iris convexity JC),
and (6) iris area (indicated by green
shading over the right half of the iris).
(C) Irislens contact distance (LCD) mea-
surement. Asferisks represent three
points selected on the lens surface for
generating estimated curved line of the
anterior lens capsule. The ILCD was
measured along the iris pigment epithe-
lium from the papillary border to the
point at which the iris was seen to sep-
arate from the anterior lens capsule.
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the DMR and SMR (DMR/SMR) was used for the statistical analyses to
reduce the intersubject variability.

In addition, the iris convexity was defined as the distance between
the posterior point of greatest iris curvature to a line drawn from the
most peripheral to the most central points of the iris pigment epithe-
lium. The area of the iris was determined by the cumulative cross-
sectional area of the iris from the scleral spur to the edge of the pupil. *°
A program was also written for the calculation of iris-lens contact
distance (JLCD). To measure this, 3 points were manually designated
on the lens surface and a curved line of the anterior lens capsule was
automatically generated by the software. The ILCD was measured
along the iris pigment epithelium from the pupillary border to the
point at which the iris was seen to separate from the anterior lens
capsule (Fig. 1C). These measurements had good reliability with the
intraobserver and interobserver intraclass correlation coefficients rang-
ing between 0.96 to 0.98 and 0.97 to 0.99, respectively.

Statistical Analyses

All data are expressed as the means * standard deviations (SDs). Gen-
der differences between PEX patients and normal subjects were eval-
uated by the y? test. Comparisons of other demographic data, biomet-
ric characteristics, and AS-OCT parameters were evaluated by paired
t-tests (PEX eye versus fellow eye) or two-tailed Student’s #tests (PEX
eye versus normal control eye or fellow eye versus normal control
eye). The ACA and iris parameters were compared with adjustment for
pupil size. The significance of the differences in the DMR/SMR ratio
among the three groups was determined by the Tukey-Kramer test. A
probability level of P < 0.05 was considered statistically significant.
Data were analyzed with statistical software (JMP version 9.0 for
Windows; SAS Japan Inc., Tokyo, Japan).

REsuLTS

Three patients with unilateral PEX and three normal subjects
were excluded due to a poor imaging of the scleral spur.
Forty-two patients (17 men and 25 women with a mean age of
72.7 * 7.4 years and a range of 61 to 92 years) and 42 normal
subjects (16 men and 26 women with a mean age of 73.6 = 8.9
years and a range of 64 to 90 years) were analyzed. The mean
age of the PEX patients was not significantly different from that
of the normal controls (P = 0.886, two-tailed Student’s #test).
Slit-lamp biomicroscopy showed that all eyes with PEX had
typical whitish exfoliation material at the pupillary edge and on
the anterior lens capsule. The fellow eyes and normal control
eyes did not have these deposits. The differences in the visual
acuity, gender distribution, refractive error (spherical equiva-
lent), axial length, intraocular pressure, and gonioscopic grad-
ing (Shaffer) of the ACA among the three groups were not
significant. The data are summarized in Table 1.
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Comparisons of AOD 500 for PEX, Fellow and Normal Control Eyes
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FIGURE 2. Comparisons of AOD500 for eyes with the PEX syndrome,
their unaffected fellow eyes, and normal control eyes. Dark, values
measured in the dark when pupils were mostly dilated; Light, values
measured in the light when pupils were mostly constricted; Light-dark,
AODS500;gp — AODS00q,.,. Statistical significance is denoted by
*#P < 0.01, and *P < 0.05.

Anterior Chamber Angle (ACA) Morphology

In the dark when pupils were dilated, the mean AOD500 was
333.6 + 56.5 um in the PEX eyes, 380.1 * 76.4 um in the
fellow eyes, and 392.6 = 87.2 um in the normal control eyes
(Fig. 2). The differences between the three groups were not
significant (PEX versus fellow, P = 0.225, paired #tests; PEX
versus normal, P = 0.133; and fellow versus normal, P = 0.416,
both two-tailed Student’s #test). When the pupils were con-
stricted by light, the AOD500 in the PEX eyes was significantly
smaller than that of the fellow eyes (P = 0.021) and the normal
eyes (P = 0.008). The AOD500 in the fellow eyes was also
significantly smaller than that of the normal eyes (P = 0.037).
In addition, the mean dark-to-light change of the AOD500 for
the PEX eyes was also significantly less than that of the fellow
eyes (20.5 = 16.6 um vs. 60.8 * 42.2 um; P = 0.007) and of
the normal control eyes (P = 0.004). The difference in the
changes of the AOD500 between the fellow and normal con-
trol eyes was also significant (P = 0.033).

In the dark, the TISA500 was not significantly different
among the three groups. However in light, the TISA500 of the
PEX eyes was significantly smaller than that of the fellow eyes
and normal control eyes (Fig. 3).In the light, the PEX eyes also
had significantly narrower TIA500 than that of the fellow and
normal control eyes. Similarly, the dark-to-light change of the
TIA500 of the PEX eyes was significantly less than that of the

TaBLe 1. Demographic and Biometric Characteristics of PEX Eye, Fellow Eye, and Normal Control

Eye Groups
PEX Fellow Normal P

Age, y 727+ 7.4 - 73.6 = 8.9 0.886*
Sex, male/female 17/25 — 16/26 0.763t
Spherical equivalent, D —0.34 * 2.8 —-0.22 + 1.76 —0.28 + 1.52 0.521%
BCVA, LogMAR 0.04 = 0.05 0.03 = 0.04 0.00 £ 0.03 0.554%
Axial length, mm 23.71 + 0.94 24.06 + 0.81 24.5 + 1.01 0.669+
Intraocular pressure, mm Hg 148 * 3.1 13.6 = 3.8 13.1 = 4.8 0.375%
Gonioscopy grading (Shaffer) 2.9 *0.68 3.1+0.77 3.1 +0.82 0.428%

Data are given as mean * SD. All groups, n = 42. BCVA, best-corrected visual acuity; D, Diopter;
LogMAR, logarithm of the minimum angle of resolution.

* PEX patients versus normal control subjects (two-tailed Student’s Ztest).

1 PEX patients versus normal control subjects .

} PEX eye versus fellow eye (paired rtest).
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Comparisons of TISA 500 for PEX, Fellow and Normal Control Eves
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FIGURE 3. Comparisons of TISAS00 for eyes with the PEX syndrome,
their unaffected fellow eyes, and normal control eyes. Dark, values
measured in the dark when pupils were mostly dilated; Light, values
measured in the light when pupils were mostly constricted; Light-dark,
TISA500igne — TISA 5004, Statistical significance is denoted by
*P < 0.05.

fellow eyes (Fig. 4). The PEX eyes had significantly smaller ACD
than that of the fellow eyes both in dark and light (P = 0.021
and P = 0.018, respectively; paired t-tests; Table 2). The ACD
of the fellow eyes was also significantly smaller than that of
normal control eyes (P = 0.038 and P = 0.032 for dark and
light respectively; two-tailed Student’s #-test).

The pupillary diameter in dark for the PEX eyes was signif-
icantly smaller than that of fellow eyes (P = 0.011). When the
dark-to-light change was analyzed, the PEX eyes had signifi-
cantly less pupillary change than that of the fellow eyes (P =
0.025) and the normal control eyes (P = 0.008).

Iris Configuration

The difference in the area of the iris was not significant among
the three groups either in dark or light. The mean iris convex-
ity of the PEX eyes was 286.3 * 63.7 um in the dark and
251.5 = 72.4 um in the light. The mean iris convexity of the
fellow eyes was 239.4 = 86.6 um in the dark and 195.1 * 59.3
um in the light. The iris convexity was significantly greater in
the PEX eyes than that of their fellow eyes both in the dark
and the light (P = 0.029 and P = 0.038, respectively; paired
i-tests). The convexity of the iris of the fellow eyes was also
larger than that of the normal controls but the difference
was not significant.

The DMR/SMR ratio in dark for PEX eyes was significantly
less than that of the fellow eyes (P = 0.037; Tukey-Kramer
test). The differences in the DMR/SMR ratio among the three
groups in light were not significant (Table 2).

Iris-Lens Contact Distance (ILCD)

The mean ILCD of PEX eyes was 0.523 * 0.14 mm in the dark
and 0.908 = 0.15 mm in the light. The mean ILCD of the fellow
eyes was 0.346 £ 0.12 mm in the dark and 0.732 * 0.11 mm in
the light. The differences in the ILCD between PEX and fellow
eyes were significant both in dark and light (P < 0.001 for
both; paired #-tests; Figure 5). In the light, the ILCD of the
fellow eyes was also significantly longer than that of normal
control eyes (P = 0.035; two-tailed Student’s #-tests; Fig. 5).

DIsSCcUSSION

Our findings showed that AS-OCT can be used for noninvasive,
quantitative, and reliable analyses of the ACA and iris morphol-
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ogy in eyes with the PEX syndrome. These findings would
probably not be obtained by regular gonioscopy or slitlamp
examination. Analyzing the video files provided us with a
useful method to accurately examine the ACA and iris config-
uration when the pupil was most dilated or constricted. This
then allowed us to detect subtle changes between the dark and
light conditions.

The differences in the ACA parameters, namely, the
AOD500, TISA500, and TIA500, among the three groups were
not significant in the dark. However, when the pupil was
constricted by light, the PEX eyes had significantly smaller
values for all the ACA parameters indicating that the widening
of the ACA was significantly more impaired in PEX eyes than in
their fellow eyes or normal controls. These findings combined
with the smaller ACD in PEX eyes indicate the possibility of a
weakness of the zonular fibers and forward shifting of the lens,
which is consistent with the previous UBM studies.'®~** For
our PEX patients, although the lens shifting was too small to
cause a statistically significant change in the refraction, this
alteration could be detected by the highly sensitive AS-OCT
analysis.

It is known that melanin granules derived from the iris
pigment epithelium and PEX deposits form posterior synechiae
starting from the early stages of the PEX process.'” These
morphologic changes may account for the poor mydriasis,
increased iridolenticular contact, and decreased ability of ACA
widening during pupillary constriction.

On the other hand, these morphologic alterations may be
pathogenic factors for PEX development or the cause for PEX
progression in the PEX process. The morphologic changes may
also lead to decreased blood flow or circulatory disturbances
resulting in abnormalities in the microenvironment of the an-
terior chamber such as hypoxia and elevation of cellular
stress.’>® Increased pathologic cytokine or chemokine levels,
hypoxic conditions, and circulatory factors in the anterior
segment of the eye may also play pivotal roles in the progres-
sion of PEX. The relationships among these factors with the
morphologic changes need to be investigated.

The irislens contact distance (JLCD) was also compared
among the three groups. Although ultrasound microscopy can
be used for direct measurements of ILCD,*'~** our study pro-
vided a rapid, noncontact method in evaluating this parameter
by AS-OCT imaging. The use of Fourier domain AS-OCT pro-
vided excellent images of the iris configuration and in combi-
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TABLE 2. Comparisons of Anterior Chamber Depth and Iris Configuration Parameters for PEX, Fellow,

and Normal Control Eyes

PEX Fellow Normal P

ACD

Dark, mm 2.52 = 0.36 2.71 * 0.34* 2.89 = 0.36 0.0211

Light, mm 252 *+0.29 2.72 + 0.23* 2.89 + 0.48 0.018%
Pupillary diameter

Dark, mm 3.61 = 0.46 5.08 = 0.41 5.86 = 0.71 0.011%

Light, mm 2.73 £0.53 2.68 = 0.55 2,61 = 0.52 0.489%
Pupil change (Dark-Light, mm) 1.04 = 0.48 1.57 = 0.62 1.55 = 0.51 0.025t
Iris area

Dark, mm? 1.371 £ 0.27 1.368 = 0.26 1.473 + 0.24 0.117t

Light, mm? 1.635 * 0.36 1.589 = 0.31 1.688 = 0.21 0.276t
Iris Convexity

Dark, um 286.3 * 63.7 239.4 = 86.6 2127 £ 814 0.029t

Light, um 251.5 £ 72.4 195.1 =593 180.3 £ 87.3 0.038t
DMR/SMR Ratio

Dark 0.81 = 0.12 092 *0.17 0.97 = 0.21 0.037%

Light 0.86 = 0.21 0.88 = 0.14 0.87 =£0.13 0.133%

Data are given as mean * SD. Each group, # = 42. ACD and iris area analyses were adjusted by pupil

size.

* Significantly different compared with normal control eye (P < 0.05; two-tailed Student’s #test).

T PEX eye versus fellow eye (paired #test).

} PEX eye versus fellow eye (Tukey-Kramer test).

nation with our customized software, we were able to measure
the ILCD reliably with high intra- and interobserver intraclass
correlation coefficients.

Our findings showed that the ILCD was significantly longer
in the PEX eyes than that of their fellow eyes both when the
pupil was dilated and when it was constricted. The difference
was also found when fellow eyes were compared with normal
control eyes with the pupil constricted. The fact that PEX
material is often observed at the pupillary border and on the
lens capsular area of pupillary movements suggest the produc-
tion of visible PEX material may be associated with iridolen-
ticular friction. In a separate study, our data showed that PEX
eyes with longer intermediate zone, the area between central

Comparisons of Iris-Lens Contact Distance for
PEX, Fellow and Normal Control Eyes
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FiGure 5. Comparisons of iris-lens contact distance for eyes with the
PEX syndrome, their unaffected fellow eyes, and normal control eyes.
Dark, values measured in the dark when pupils were mostly dilated;
Light, values measured in the light when pupils were mostly con-
stricted. Statistical significance is denoted by **P < 0.01, and *P < 0.05.

disc of PEX material on the lens capsule and peripheral gran-
ular zone, tended to have longer ILCD (r = 0.584, Spearman’s
correlation coefficient; P = 0.006) and higher iris convexity
(r = 0.649; P = 0.002). The relationship between the morpho-
logic alterations of the iris and the progression of PEX syn-
drome remains to be investigated. We suggest that the in-
creased iris-lens contact and iris convexity may be related to
increased iridolenticular friction and increased PEX material
formation leading to inflammatory responses. As a result, PEX-
related cytokines or chemokines can be released to trigger or
further accelerate the process.?*~2¢

The clinical significance of our results are: first, the AS-OCT
parameters, e.g., increased ILCD and decreased widening of
the angle during pupillary movements, may be used as addi-
tional evidence for an early diagnosis of PEX. In addition,
identifying these patients before surgery can help the cataract
surgeon be prepared for potential problems, and glaucoma
specialist to better manage the ocular pressure and reduce the
progression of eyes that would ordinarily be diagnosed as
normal, ocular hypertensive, or having primary open angle
glaucoma.?” Second, our AS-OCT analysis indicates that it is a
rapid, noninvasive, and quantitative method for following and
evaluating the severity of the PEX process. It would be inter-
esting to conduct a prospective study on PEX suspects with
AS-OCT to follow the conversion from unilateral PEX to bilat-
eral disease. Third, if the morphologic alterations are the patho-
genic factors for PEX development or progression, cataract
extraction to reduce the ILCD and to widen the angle might be
considered to prevent the progression of ocular PEX. Evidence
is accumulating to show the effects of cataract surgery on a
reduction of intraocular pressure and possibly reducing the
number of patients with PEX glaucoma who progress to med-
ication or surgery.”®?® Future studies are needed for long-term
follow-up on PEX patients to observe the PEX progression after
cataract surgery.

There are some limitations of this study. First, this was a
comparative correlation study, and a causal relationship be-
tween alterations of the morphologic parameters and the PEX
development was not determined. The argument certainly re-
mains that the morphologic alterations observed in this study
could be the result of the asymmetric manifestation. Thus, a
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study designed to test the null hypothesis that the morphologic
parameters of the structures in the anterior chamber do not
cause or promote PEX must be tested before the “chicken-or-
egg” question can be solved. However, our findings showed
that the fellow eyes also had the same tendency of morpho-
logic alterations. Therefore, it is reasonable to suggest that the
morphologic alterations might take place earlier at least before
the clinically evident PEX manifestation.

Second, although the morphologic changes observed might
be caused by PEX, they might be the clinical features of the
shallow ACD with poor pupillary dilation. In our study, com-
paring with PEX eyes and their fellow eyes, because PEX is the
most discernible difference that can be appreciated by slit-
lamp microscopy, it is possible to correlate the morphologic
changes to be PEX-related.

Third, our study is limited because it is a cross-sectional
study, and was performed on the morphology of structures on
the nasal side of the eye. Because this affected all groups
equally, our study also showed similar results in other radial
directions, and changes in nasal direction are known to take
place earlier in the PEX process.>® Therefore, we believe that
this limitation has a small effect on our results.

In summary, our study showed that PEX eyes had narrower
anterior chamber angle, decreased angle widening during pu-
pillary movements, and increased iridolenticular contact and
iris convexity. The fellow eyes shared similar features to some
degree. PEX is bilaterally involved; the morphologic differ-
ences in the anterior segmental anatomy between the two eyes
may be related to the asymmetric manifestation in clinically
unilateral PEX.
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Mathematical Projection Model of Visual Loss Due to

Fuchs Corneal Dystrophy

Shin Hatou,' Shigeto Shimmura," Jun Shimazaki,> Tomobiko Usui,®> Shiro Amano,?
Hideaki Yokogawa,* Akira Kobayashi,* Xiaodong Zbeng,> Atsushi Shiraishi,’
Yuichi Obashi,® Tsutomu Inatomi,® and Kazuo Tsubota’

Purrose. To devise a mathematical disease classification
model for eyes with primary guttata cornea, on the bases of
endothelial loss trajectory and probability of advanced dis-
ease.

METHODS. A series of 1971 patients (3281 eyes), some with
and some without guttata corneas, undergoing specular mi-
croscopy were retrospectively reviewed. The eyes were
classified into four stages; stage 0, without guttae; 1, guttata
cornea without edema; 2, mild Fuchs’ corneal dystrophy
(FCD); and 3, severe FCD, according to clinical records, and
patient age and corneal endothelial cell density (ECD) were
plotted. Nonparametric density smoothing was used to cre-
ate a contour map, and a best-fit curve for ECD loss was
calculated. The relation between ECD decrease rate and the
stages were evaluated.

Resurts. Endothelial decrease rate in stage O was 0.44%/year,
which was compatible with that of normal eyes reported in
previous studies. Decrease rates of stages 1, 2, and 3 were
0.81%, 2.65%, and 3.08%/ year, respectively. The age-ECD loss
curves of 1.40%/year (ECO, ,) and 2.00%/year (ECO, ) further
divided stage 1 into three subgroups; stage 1a, asymptomatic
guttata cornea; 1b, borderline guttata cornea; and 1c, pre-FCD.
The ECO, , cutoff line differentiated eyes with FCD from those
without edema with a sensitivity and specificity of >90%. Stage
1c eyes were below ECO, ,, and had a decrease rate as high as
FCD.

Concrusions. This mathematical model can be used to predict
the prognosis of patients with primary guttata cornea. (Invest
Opbthalmol Vis Sci. 2011;52:7888-7893) DOI:10.1167/
i0vs.11-8040
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Fuchs’ corneal dystrophy (FCD) is a progressive, bilateral
corneal dystrophy.’ There is a progressive loss of corneal
endothelial cells with secretion of an abnormally thickened
basement membrane, leading to corneal guttae formation.®
On specular microscopy, these corneal guttae are observed
as dark areas.’? As endothelial function deteriorates, cor-
neal edema increases and visual acuity declines,” and FCD is
a major indication for keratoplasty (corneal transplants) in
the United States.>"> Although FCD is recognized as a dom-
inantly inherited disorder, females are predisposed to it and
develop corneal guttae 2.5 times more frequently than do
males, progressing to corneal edema 5.7 times more often
than do males.® The prevalence of primary guttata cornea
and FCD are lower in Japan than in the United States.”-® This
difference in prevalence is thought to be mainly attributable
to the racial difference.”

Primary guttata cornea is believed to be a preliminary stage of
FCD. Krachmer et al.® graded guttata cornea and FCD according
to a spread of guttae and reported that there was a positive
correlation between age and grade of guttae. However, the exact
natural course of guttata cornea, or whether all cases of guttata
cornea progress to FCD remains to be determined. A prospective
study that follows the decline in endothelial cells density (ECD)
with age would be ideal for predicting the natural course of
guttata cornea; however, a very long follow-up would be re-
quired, and recruiting asymptomatic potential patients is practi-
cally impossible, especially in Japan. A retrospective study with a
large database and an adequate mathematical model can be used
in a similar way to predict the prognosis of patients with guttata
cornea. In this report, we retrospectively reviewed age and ECD
in a large group of hospital-based patients and evaluated the
prevalence of guttae, male:female ratio, and distribution of age
and ECD. In addition, we propose a new classification of guttata
cornea based on a mathematical model that adequately predicts
the prognosis of disease.

MEgTHODS

Subjects

Clinical records of outpatients who underwent specular microscopy
for corneal endothelial cell counts from January through December
20009 in six hospitals affiliated with the Fuchs’ Corneal Dystrophy Study
Group of Japan were retrospectively reviewed. The purpose of spec-
ular microscopy for those patients were routine examination before
ocular surgery, follow-up for corneal diseases that were thought to
have little effect on endothelium (such as keratoconus or lattice cor-
neal dystrophy), or follow-up for diagnosed Fuchs’ corneal dystrophy.
Patients who had a history of trauma, corneal infection, intraocular
inflammation, intraocular surgery, or laser iridotomy were excluded
from the study. Endothelial photographs were taken at the center of
the pupillary area with a noncontact specular microscope (Nonkon
Robo F & A; Konan Medical, Nishinomiya, Japan, or EM-3000; Tomey,
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Nagoya, Japan), and analyses of the photographs were performed with
an automatic cell analysis system attached to the microscope. Data
concerning patient age, sex, presence of guttae, and ECD were re-
corded. The eyes were classified into four groups by slit lamp exami-
nation according to modified Stocker’s classification”:

Stage 1: Guttata cornea without the stroma or the epithelium being
affected

Stage 2: Permeation of corneal stroma with fluid, edema of epithe-
lium, and bullae formation

Stage 3: Late stages with subepithelial connective tissue formation,
vascularization, and scar formation

Other eyes without corneal guttae were classified as stage 0. During
the rest of the article, the term Fuchs’ corneal dystrophy (FCD)
represents stage 2 and 3, since eyes in these stages have symptoms
related to corneal edema. The study complied with the Declaration
of Helsinki. Approval was granted by the Committee for the Protec-
tion of Human Subjects of each hospital.

Mathematical Model of Endothelial Cell Loss Rate

To construct a mathematical model of decrease in endothelial cells, we
made the following two assumptions:

1. The ECD at 5 years of age is 3600 cells/mm?. This is common to
all classes.

2. From 5 years of age, the decrease rate (percent/year) of ECD
is constant in each class, but different between classes.

Murphy et al.'® reported that during first 2 years of life ECD decreased
rapidly because of corneal growth, and after that the decrease rate slows
down to 0.56%/year. The effect of corneal growth on ECD ends at 5 years
of age or earlier. To simplify our mathematical model, we assumed that
ECD at 5 years of age was common to all classes and regarded this point
as the base point of age-ECD curve in our mathematical model. Because
the onset of FCD is in adulthood, we believe that this assumption is
acceptable. We substituted the mean ECD of normal 5-year-old children
(3600 cells/mm?) in the report of Nucci et al.*! for the base point. We
assumed that the (percentage) decrease rate is dependent on the class,
and it is constant in each class from 5 years of age. Based on these
assumptions, the following differential equation stands:

dE(t)/d(t) = —(D/100)* Eq

Ey-qy = 3600

TAaBLE 1. The Age, Sex, and Stages of Reviewed Patients and Eyes

Endothelial Cell Loss in Fuchs’ Dystrophy 7889

where 7 is age 5 years; E,, is endothelial cell density at # years (in cells
per square millimeter); and D is the decrease rate (percent).
The solution to the differential equation is the following:

E(t) _ 3600@[ —(D/100}]

Using this mathematical model, an age-ECD curve in each class can be
drawn by the least-squares method. An age-ECD curve of optimal
decrease rate can be drawn as well.

Statistical Analysis

Scatterplotting, analysis of variance (ANOVA), nonparametric den-
sity smoothing, age-ECD curve, and other statistical analyses were
calculated by or written in commercial software (Excel 2007; Mi-
crosoft, Redmond, WA, and JMP 8 software; SAS, Cary, NC). P <
0.05 was considered statistically significant.

REsuLTS

Characteristics of Patients

Age, sex, and stage of reviewed patients and eyes are presented
in Table 1. The prevalence of guttata cornea (stage 1+2+3)
was 12.73%. The prevalence of stage 1 was 10.65%, and FCD
(stage 2+3) was 2.08%. The male: female ratio in each stage
was as follows; 1: 1.03 (stage 0), 1: 1.88 (stage 1), 1: 2.43 (stage
2), and 1: 4.67 (stage 3). Females were more predisposed to
stage 1 or FCD than males, and the ratio increased in advanced
stages.

Age-ECD Curve of 2.0% Differentiates
Fuchs’ Dystrophy

Figure 1, left shows the scatterplot between age and ECD for
each stage. Nonparametric density smoothing was drawn on
the scatterplot (Fig. 1, right), which represents the contour of
plot density. The age-ECD curves based on our mathematical
model were drawn by the least-squares method. Table 2 shows
ECD with sample sizes at 5-year intervals for grades O to 3,
which enables the mean ECD data of grade 0 to 3 to be
compared at various ages.

The decreased rate curve of stage 1 age-ECD was 0.81%,
which was closer to that of stage 0 (decrease rate, 0.44%) than
that of stage 2 (2.65%) or stage 3 (3.08%). The decrease rate of
stage O in our study was 0.44%, which is within the range of

Prevalence (%)

Patient Stage Age, y (Mean * SD) Male () Female (1) Total (1) Total Male Female
0 65.3 + 16.2 848 872 1720
1 68.5 *+ 14.3 73 137 210 10.65 7.84 13.17
2 70.3 £ 10.6 7 17 24 1.22 0.75 1.63
3 75.1 * 124 3 14 17 0.86 ]2‘08 032 ]1‘07 135 ]2‘98
Total 66.6 = 15.4 931 1040 1971 12.73 891 16.15
Eye Stage Male (n) Female (n) Total (n)
0 1426 1483 2909
1 103 205 308
2 13 28 41
3 5 18 23
Total 1547 1734 3281

Prevalence of FCD was calculated as sum of stage 2 and 3. In this table, if a patient had eyes in different stages, then he or she was classified

in the severer of the stages between the eyes.

_47 -



7890 Hatou et al.

A-2

IOVS, October 2011, Vol. 52, No. 11

.

4 @5
AGE {years)

i T T i
45 65 8 105
AGE {years)

¥ ¥ T ¥

FiGURE 1. Scatterplots (left) and
45 65 8 105 contour maps of nonparametric den-
AGE (years) sity smoothing (right) of each stage.

(A-1, A-2) Stage 0, (B-1, B-2) stage 1,
(C-1, C-2) stage 2, and (D-1, D-2)

stage 3. Red curves: age-ECD curves
of each stage calculated by least-
squares method. The decrease rates
of each stage were 0.44% (stage 0),
0.81% (stage 1), 2.65% (stage 2), and
3.08% (stage 3). The contour maps
showed that the age-ECD curve of
2.00% decrease rate (ECO,,, black
curves) ran through a trough be-
tween peaks of all stages. Most of the
peaks in stages 0 and 1 were located
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normal eyes reported in previous studies (Table 3).
Contour maps show that most of the peaks in stage 0 and 1 were
located above the age-ECD curve of the 2.00% decrease rate,
whereas peaks of stage 2 and 3 were located below this curve.
Table 4 shows binary classification based on the age-ECD curve of
a 2.00% decrease rate, designated novel ECD cutoff 2 (ECO, ),
dividing stages 0+ 1 and stages 2+3 (Table 4) or stage 1 and stages
2+3 (Table 4). The high sensitivity and specificity of these
classifications suggested that ECO,, is an adequate cutoff be-
tween eyes with corneal edema and those without edema.

above ECO,, whereas peaks of
stages 2 and 3 were located below
ECO, 4.

45 V
AGE {years)

Age-ECD Curve of 1.4% and 2.0% Divides Stage 1
into Three Distinct Groups

The contour map of stage 1 consisted of several peaks. Figure 2
shows that the age-ECD curve of the 1.40% decrease rate,
designated novel ECD-cutoff point 1 (ECO, ), divides these
peaks into a high-density group (>ECO, ), and a low-density
group (<ECO, ). ANOVA revealed that the age-ECD curves of
each group predicted ECD according to age, with statistical
significance: The F ratio and P value were 803.3 and <0.0001
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TABLE 2. Mean ECD with Sample Sizes at 5-Year Intervals for Grades 0 to 3

0-9y 10-14 y 15-19y 20-24y 2529y
Eyes ECD Eyes ECD Eyes ECD Eyes ECD Eyes ECD
Stage 0 4 3073.3 + 392.6 7 3020.4 * 330.1 47 2769.2 = 530.1 31 2837.4 * 567.3 60 2853.1 * 507.6
Stage 1 0 — 0 — 0 — 4 2765.0 = 128.8 6 2954.5 = 175.6
Stage 2 0 — 0 — 0 — 0 — 0 —
Stage 3 0 — 0 — 0 — 0 — 0 —
30-34y 3539y 4044y 45-49 y 5054y
Eyes ECD Eyes ECD Eyes ECD Eyes ECD Eyes ECD
Stage 0 58 2732.6 £511.3 54 27419 £324.7 80 2672.2 = 462.5 99 2687.8 = 507.8 128 2754.6 = 370.5
Stage 1 0 e 4 2423.0 + 474.1 7 2503.7 = 541.9 7 1934.3 = 763.9 14 1865.2 = 703.0
Stage 2 0 — 0 — 0 —_ 2 881.0 = 60.8 2 592.0 = 120.2
Stage 3 0 — 0 —_ 1 461.0 1 622.0 0 —
5559y 60-64 y 6569y 70-74 y 7579 y
Eyes ECD Eyes ECD Eyes ECD Eyes ECD Eyes ECD
Stage 0 195 2701.2 = 408.1 325 2671.9 £ 464.4 384 2677.7 * 449.1 494 2698.4 = 435.0 496 2691.2 = 421.3
Stage 1 25 2105.2 = 673.3 28 2219.4 £ 695.5 39 2124.8 = 743.7 61 22425 *719.4 44 2159.0 = 741.7
Stage 2 4 645.8 = 224.3 2 797.5 £ 282.1 7 562.9 * 329.5 7 730.7 = 149.5 7 483.0 = 183.7
Stage 3 2 284.5 = 21.9 0 — 0 — 2 3025 +£35 7 524.0 * 418.9
80-84y 8589y =90y
Eyes ECD Eyes ECD Eyes ECD
Stage 0 309 2698.9 = 440.4 116 2624.5 = 4573 22 2563.7 = 299.3
Stage 1 47 2264.2 = 556.2 17 2279.2 £ 5979 5 2962.0 = 597.1
Stage 2 7 680.6 = 318.1 3 723.3 £ 155.7 0 —_
Stage 3 5 302.4 54 3 4823 £97.1 2 352.5 = 74.2

Eye data are expressed as the number, and the ECD in cells per square millimeter.

in the high-density group and 945.7 and <0.0001 in the low-
density group. The decrease rate of the age-ECD curve in the
high-density group was 0.56%, which was very close to that of
the stage 0 age-ECD curve. On the other hand, the decrease
rate in the low-density group was 2.00%, which coincided with
ECO, . These results suggest that the decrease rate of the
high-density group in stage 1 was nearly normal, whereas the
low-density group in stage 1 was located on the border be-
tween eyes with and without corneal edema. We therefore
classified stage 1 on the basis of ECO, 4 and ECO, ,, as follows
(Fig. 3):

Stage 1a, asymptomatic guttata cornea (AGC): above ECO, 4

Stage 1b, borderline guttata cornea (BGC): between ECO, 4
and ECO,

Stage 1c, preliminary stage of FCD (pre-FCD): below ECO,

TaBLE 3. Decrease Rates of Stage 0 in the Present Study and Normal
Unoperated Eyes Reported in the Previous Studies

Author Decrease Rate (%/y) Nation
Murphy et al.*® 0.56 United States
Cheng et al.*? 1.00 England
Ambrose etlil.’i’ 0.60 England
Numa et al. 0.30 Japan
Bourne et al.'® 0.60 United States
Rao et al.'¢ 0.30 India
Present study 0.44 Japan

DiscussioN

To obtain a sufficient number of age-ECD data to compare FCD
(stage 2+3), guttata cornea without edema (stage 1), and control
group without guttata cornea (stage 0), we performed a retro-

TABLE 4. Binary Classification of Clinical Stage

Classification Based On ECO,

Clinical
Stage Below ECO, , Above ECO, , Total

Total Eyes
Stage 2+3 60 4 64
Stage 0+1 122 3095 3217
Total 182 3099 3281
Sensitivity, % 93.75
Specificity, % 96.21
Eyes with Guitata Cornea
Stage 2+3 60 4 64
Stage 1 27 281 308
Total 87 285 372
Sensitivity, % 93.75
Specificity, % 91.23

Data are based on the age-ECD curve of 2.00% decrease rate as a
novel ECD-cut-off (ECO, ), sensitivity and specificity to detect stage
2+3 from total eyes or the eyes with guttata cornea based on the
classification.
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1.40% decrease rate (ECO, 4, green
curve) ran through a trough between
peaks of high ECD group (black as-
terisks) and low ECD group (red as-
terisks). (B) High-density group in
stage 1 above ECO, 4. The age-ECD
curve of this group (red curve) was
close to that of stage 0 (red dotted
curve), and the calculated decrease
rate was 0.56%. (C) Low-density
group in stage 1 below ECO, 4. The
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spective, hospital-based review of total 1971 outpatients. In this
study, we found a somewhat higher prevalence of guttata cornea
than that found in previous reports in Japan. The prevalence of
corneal guttae was reported to be 3.7% (1.5% in men, 5.5% in
women) in Japan,'”'® whereas it ranges from approximately 7%
up to a remarkable 70.4% in North America, Iceland, and Eu-
rope.®® In our study, the fact that subjects were hospital-based
may have caused a higher prevalence. However, such bias does
not have an effect on the validity of the mathematical model
derived from the data. The following tendency of prevalence
was apparent in our group of subjects: First, females were

age-ECD curve of this group (red
curve) coincided with ECO, , (black
dotted curve), with a decrease rate of
2.00%.

45 65
AGE {years)

more predisposed to stages 1, 2, and 3 than were males, and
the female ratio increased as stages progressed. Second, the
prevalence of FCD was much smaller than stage 1. An
increase in the female ratio in progressing stages suggested
that sex may have some role not only in the onset but also
the progression of the disease. Apparent difference of prev-
alence between FCD and stage 1 suggest the existence of a
patient group in stage 1 that does not progress to corneal
edema despite having guttata cornea.

Our model is based on the assumptions that the ECD at 5
years of age is common to all classes and that the decrease rate

;;g 4000 N
. %%’x
é &“i';m,
g 3000 RN
= ) ~
L e, .,
., :
§ ~ EStage la: AGC }
S 2000 ‘ —
g ~
&
) ECO, 4
£ 1000 e
o - 1 _»ﬁ%’i_ﬁ___l FIGURE 3. Proposed classification of
g 1 Stage 1c: Pre-FCD i T eyes in stage 1 based on ECO, 4 and
b . ECO,, ECO,, Eyes in stage la above
i : ECO, 4 were named AGC, which had
a decrease rate as low as stage 0. Eyes
0 20 a0 60 20 100  in stage lc below ECO,, had a de-
crease rate as high as FCD (stages 2
Age Wears} and 3), and therefore, this stage was
- o e - named pre-FCD. Stage 1b between
Age iyﬁaésf G&g{; wﬁ f@p 50 0 n f’G Qgg ECO, 4 and ECO, , was named BGC.
. ECD :Q«C*ag ﬁgié 2&’3" :,26;: 381?‘ 1567 Me}ﬁ ?:.523 i j}% The table below the graph shows the
Loslis/mm ) t:Cngg 7887 2184 1788 1464 1188 a1 203 558 coordinates of ECOI_4 and Ecozio.
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of ECD percentage per year) is constant but with a different
value of each class. The use of these assumptions may be a
debatable point when discussing the validity of our study.
However, the results of our mathematical model show ECD
decrease rates that are acceptable when compared with clini-
cal observations. The decrease rate of 0.44% in stage O is within
the range of values of normal unoperated eyes reported in the
previous studies.'®*?7'¢ Furthermore, since ECO, , and ECO, ,
runs through a clearly defined trough between peaks on the
scatterplot, and ECO, , divided stages 0+1 and stages 2+3 or
stage 1 and stages 2+3 with high sensitivity and specificity, we
believe our mathematical model for classifying patients with
guttae based on ECD decrease rates is adequate for predicting
the prognosis.

The ECO, 4 and ECO, , curves based on our mathematical
model divided stage 1 into three subgroups, stage 1a, 1b, and
1c. The ECD decrease rate of stage 1a was close to that of stage
0, that is, almost normal. Schnitzer and Krachmer reported on
44 relatives of 12 families with guttata cornea which appeared
normal on slitlamp examination and endothelial cell parame-
ters.”® These eyes presumably belonged to stage 1a of our
classification. In addition, because the distribution of patients
of stage 1a was located above ECO, , the risk of progressing to
corneal edema may be as low as stage 0. If a patient was on the
curve of a 1.4% decrease rate, the ECD would be 1095 cells/
mm? even when he was 90 years old. Presumption of low risk
of stage 1 is supported by analysis of variance, showing that
age-ECD curves of each stage had significant predictability.

It was surprising that the age-ECD curve of the low-density
group of stage 1 (stages 1b and 1c¢) coincided completely with
ECO, . The former was calculated by the least-squares method
of the low-density group of stage 1, whereas the latter was
obtained from trough between peaks of stages O to 3 on
scatterplots. This result suggests that the low-density group of
stage 1 was located on the border between stage 0 and FCD.
Eyes in stage 1c below ECO, , have a decrease rate as high as
FCD, suggesting that these eyes have a risk to progress to FCD,
even if there was no corneal edema present. This was the
rationale for referring to stage 1c as pre-FCD. Further prospec-
tive study of patients in stage 1b and 1c is needed to determine
whether stage 1c is a preliminary stage of FCD.

Recently, several pathogenic mechanisms, such as oxidative
stress or unfolded protein response, have been reported as
causes of FCD.?"*? The difference in resistance against such
stress may cause the difference in decrease rates between
stages. Previous reports suggested that ECD of some eyes with
guttata cornea did not decrease significantly compared with
normal eyes after cataract surgery,”’>> whereas some eyes in
other reports showed a significantly higher decrease.?* When
we adapted data from these reports to our classification, we
found that most of the former eyes with no difference in ECD
(18/21 eyes) were categorized as stage 1a, suggesting that our
classification may be used to identify patients with a higher risk
of endothelial damage due to external stress. Future studies on
guttata corneas using our classification may help clarify the
mechanism of FCD progression.

In conclusion, we assessed distribution and endothelial loss
rate of guttata cornea stages O to 3 and determined new cutoff
curves ECO, 4 and ECO, , by using scatterplots. Our mathe-
matical model is a simple method for predicting the prognosis
of patients with guttata cornea.
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Herpes Simplex Virus Type 1-Induced Transcriptional
Networks of Corneal Endothelial Cells Indicate Antigen

Presentation Function

Dai Miyazaki,' Tomoko Haruki,' Sachiko Takeda,' Shin-ichi Sasaki,' Keiko Yakura,'
Yuki Terasaka,' Naoki Komatsu,' Satoru Yamagami,® Hirokazu Touge,” Chizu Touge,'

and Yoshitsugu Inoue'

Porrose, To determinge the tmascriptional response of cultured
human corneal endothelial (HCEn) cclls after herpes simplex
virus type (HSY-1) infection and 1o characierze the primary
functional clements and antiviral responses,

Memops, Immortalized HCEn cells were infeoted with HSV-1,
and the global transcriptional profile was determined. The
transcriptional networks of HCEn cells were constructed, and
the inflammatory network nodes were evaluated for induction
of candidate inflammatory mediators by protein army amadyses.
HSV-1-specific allogencic T cells isolated from HSV-T-infected
domors were cocultured with HSV-1-pulsed HOEn cells. and T
celi activation was assessed for antigen-specific proliferation,
Resvrrs, HSV-1 infection induced a global transeriptional act-
vation with 331 genes significantly up- or downregulated com-
pared with mockdnfected HCEn cells (7 < 0.01: 49 or 025>
threshold), Network analvsis showed that the HSV-1-induced
rranscriptome was specifically associated with antigen presen-
wtion, interferonrelated responses, and cellular development,
and was characierized by NF&B and extracellular signal-regu
tated kinase signaling pathways, The primary associsted func
tion in the transcriptome was antigen presentation. Protein
array analysis Wdentified significant vlevation of genes related o
antigen presentation: [0, 1P-10, HVEML, and interferony, In
addition,  inflammatory  oviokines  including 118, MUP1LL
TIMP-1, RANTES, 1309, MIF, MCP-2, L1, and SDE, in de
seending order, were significantly clevated. Mixed lymphoote
reaction assavs showed that H8V-1«pulsed HCEn cells stimue
Lted antigenspecific proliferstion of allogencic 7 bympho-
CYIes,

Conciesions, HUEn cells respond 1o HSV-1 infection by initiat-
ing antigen presentation-related inflammatory responses, and
they may serve as antigen-presenting cells. (fnvest Opbthalmol
Vis Sei 2011;32:4282-4293) DORIO 16T fiovs 100911
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Ca:mmﬁ endotheliitis is 3 progressive form of comes! eado-
theliopathy that is characterized by focal, linear, or diffuse
comeal edema. It can lead 1o progressive endothelial oclf Joss
and to endothelial dvsfunction. Relevant to this study, an int-
racarmera! injection of herpes simplex virgs (HS) 1 canlead wo
comeal endotheliitis,” and moleaular disgnostic methods have
shown that HY contributes to the pathogencsis of comeal
endotheliitis.

The most frequent HSVassociated diseases of the comea
are epithelial keratitis and stromal keratitis, afthough stromad
kertitis is known to invoebve the vomeal endothelial cells as
well, 1n contrast, pure endotheliitis without stromal keratitis
due o HIV-D s mre. Generally, deiled evaluations of the
endothelial cells after HSV infection cannot be made by sl
famp examination and specular microscopy because of corneal
opacification.® However, Hillensar ¢r al”® found by in vivo
confocal microscopy that 3% of paticnts with common HSY
keratitis had chamcterstic signs of endotheliitis, including
pseudoguttata, enlarged intercelludar gaps, infiltration of in
flammtory cells into the endothelivm, loss of ocll boundary,
spatlike holes, and endothelial denpdation. These alierations of
the corneal endothelid colls were shown to be resalved after
antiviral and -inflammatory treatment, but the density of the
endothelial cells in the affected eyve decreased by 10. 3% year.

Corneal endothelial colls are permissive 1o HSY infection, as
shown in human comeal endothelal (HCEm cells grown in
vitro by Sugicka et al* Of note. the HCEn cells had higher
susceptibility to HSV-1 and produced more viral particles than
the representative pemissive OV-1 cell line, So. the guestion
arises as 1w how HCEn cells resist HSY infection despite their
inherent susceptibility to HSV: infection. One possible answer
10 this guestion is the immune-modulatory properties of HCEn
cells,

Amenor chamber-associated immune deviation (ACAID) is
a welkknown mechanism of periphersal immune wicrance.”
and HCEn cells appear to be an important plaver in this pro-
cess, For example, HCEn cells inhibit the CD3-stimulated pro-
liferation of offector T oells in a cellcontact-dependent man-
ner using programmed coll death 1 ligand 1 (PDLDY The
HCEn cells can also convert CD8™ T cells intoe regulatory T
cells through membrane-bound TGERB.” Thus, HCEn cells have
the ability to medulate immune responses; however, it is still
not known whether HCEn colls possess antigen-presentation
capbilities.

How corneal epithelial and endothelial cells respond 1o
pathogens is an imporant unanswered question, as & how
they respond globally 1o pathogens. To try 1o answer these
guestions in an carlier study, we used human corneal epithelial
cells (HCEpsy, which are represeatative oolls permissive o
H8Y-1, 1o characterize the global transcriptional responses of

Eovestigagive Ophshialaciopy & Visuad Scienee, Jute 2011, Vol %2, No. 7
Copyright 2011 The Association for Research in Vision angd Ophthalmelogy, e
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the HCEp cells o HSV-1 infection. Application of bivinformaric
mwthods showed that HCEp cells responded 1 HSV-T infection
by initiating mitogenactivated protein kinaserelated transerip-
tional events, and also enbunced the release of 106 which
inchaced an armay of inflammatory mediators ™

In the same way, determining how HCEn odlls resporsd w
HSY imfection may provide important clues about the physio
fogical functions and contabution of HOEn cells, We will show
that the global responses of HOEn cells to HSVAT are murkedly
different from HCEp colls and are preferentially set to antigen
preseatation. This antigenprosentation capability was cone
firmed by their ability 1o stimulate HSV-L-specific allogeneic
Tlymphooyte responses,

Marerias anp MernoDS

Cells

The HOEn ooll line was esablished by transdacrion with WTERT and
thie Targe T gene. o deseribed ” Retrovinl vectors, BAREmygro B TERT
efor WTERT), and MPGTIRESneo (for SV40 brge T antigens, were
wsed, @5 described b detail™ ' The HCEn cells were propagated 16
comflusnee on & or Wewell plates fn DMEM (Dulbecco’s swsdified
Eagle's medium ImvirogenGiboo, Grand Ishand. NY3 supplemented
with 0% fetal bovine serunm.

Virus

Confloent monclavers of Vers cells were infected with B8V (KOS
straind® To anabvze the manscripiome of HSY E-infected HOEn eolls,
wie used the HOED transcriptome as 4 reference, o reported ™ Purified
sirus sock was prepared as described ¥ After | hour of adsorption, the
medivgy containing the virus was aspirsted. and the monolivers wery
re-fed with fresh HSV-1 -free media, A1 the maximum ovtopathic effect,
the medis were discarded, and the oolls with 2 soull amount of
remaining media were frozen, thawed, sonicared, and centrifuged =t
0 rpm for 10 minutes. The supematast was overfaid onte o sucrose
dhensity gradient {H0%-00% wiivol) and ventrifuged on 2 swing mtor
{SW28; Beckman, Fullerton, CAY for 1 Bour 31 11,500 rpm. The resul
tant visible basd at the lower part of the gradient which contained the
ESV-1 was washed by contrifugation ar LLO0S rpm for 990 msinutes and
resuspended i g small volume of serumefree DMEM. The sample was
then aliquoried and stored 2t ~80°C until wse, The infectivity of the
virus was determined by plague titnation assay and was typically
1 plague forming units (PFU) per milliliter. To infec HOER cells
with HSV-1. the cells were adsarbed with sucrosedensite, gradien-
purified virus stock for 1 hour and reded with fresh medium,

Microarray Procedures

HSVeinfeeted HCEs cells were vanseriptionally maalyeed using 3 whole
human genome microamay {Agilent Technologies, Santa Clars, €O
vorresponding o FLODO human geoes and transoripts, HOEn cells
were infected with HSV-T at g multiphcity of infection (MOD of 1. Total
RNA was solaed from the HSVanleoted HOEn colis 12 hours postine
fection (PL Rieasy Mini Kit Qiagen, Hilden, Germany), sccerding 1o
the mesufaciures’s instractions. Mockanfected HOEn cells were used
a% controls,

Cyanine3 labeled cRNA was prepared from 025 pg of ANA (Une
Color Low KNA Input Linear Amplificaton PLUS kit Agilenty, Frag
mented CRNA was hyvhridized to the whole human genome oligo
microarrey {model GATI2F, Agilent) using 3 hvbridizanion Bt (Gene
Expression Hybridistion, G254%A40 Agilenty and scanned with 2 mi-
croarray scanner (model G25058A: Agilent), The acquired data were
hivindormatically aalvzed (GeacSpring GX W Agilent), and the genes
differentially up- or downregulated after HSY Infection were extractesd
from the whole genome by using soest.
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Functional Analysis of Data Set

Ponctional analysis was wed 10 klontify the biological function andior
disease that was most significant o the data sot Ongenuity Bubway
aalesis AN Ingennity Systems. Hedwood, CAL computer program
based on tie Ingenuity Fatveay Knowledge Hase: Intpdssaw ingenuiny,
comyproducts/patiways snaivsis himls Genes from the data set that
met the ol of fourfold difference (F < 0013 and were associated
with bisdogical functions andfor diseases in the Ingenuity Pathway
Knowledge Base were sefected for the analysis. Fisher's oxacn 108 aas
used 1o caleulze 2 2 value dorermining the possibility that each
hicdogical function and/or disease sssigned to that data set was due o
chance alone,

Canonical Pathway Analyses of Data Set

Canomical pathway aralyses were wsed to identify the parthways fram
the pathways analvds Bbrary of canonical pathways that were mnt
sigmiticant to the dats set. Genes from the dats set gar met the cotolf
of fourfold difference OF < 0401 and were associated with 2 canonical
pathway in the pathway knowledge hase were selecred for the analy-
ses The significanoe of the association berween the data sof and gl
canomival pathway was messwred in two wave (1) 2 mto of the
sumber of genes from the data s that amp 1o the pathway divided by
the tonl number of geoes it map 1o the canonical pathway, and (23
the wse of Fischer's exact tod o caloulate a Paalue determining the
probabiliny that the association between the genes in the dataser and
the canonical pathway can be explained by chance alone,

Network Analysis of the
HSV-1-<Induced Transcriptome

The set of extracted genes was analvzed for transoriptions] nepworksof
mselecalar events using pathoay anabvss, The resulting netwoorks were
evalaated by the sgnificance soores, which were expressed as the
negative logarithm of the £ value. The abiined score indicated the
likelihood that the assembly of 2 set of focus genes in 2 network could
be explained by rundom chance zlonc.

Real-time RT-PCR
Total RNA was isolated from the HSVanfeoted HOEn colls and reverse
trnscribed using (OQuantiTect Reverse Trunscription Kit Qlages), and
the <NAs were amplified and guantified QighuCyclern Roche, Mann.
heim, Germmany, QuantiTect SYBR Green POR Bty The sequences of
the realzime POR primer paiss were IFNaf forward S GOAGTTT
GATGGUAACCAGT-3 and reverse S CTUTOOTCOUTGUATUACATA A"
and glyeeraldehyde-3phosphate dehvdrogenase (GAPDHD: forward 5
AGUCACATOGUTCAGAUACE and reverse 57 GUUCAATACGAC
CAMTILCS.

oy ensure egual Jowding andd amphification, 3l products were noe
malized to GAPDH transeript as 3w internal control,

Cytokine Array Analyses

Tor profile the inflammatory ovtokine after HSY infection, superaatants
were collecied from HOEn cells 12 Bours P oand assaved with a
evtokine anmtiboedy sy (Human Body Arrmayy RayBiotech, Noroross,
GAY This process detesmined the level of expression of 89 cxtokines.
The imessity of the chemiluminescence signals was digitized (1AS
fiplus with MoliiGauge software ver. 240 Fujifidm, Tokyo. Japany.

T-Lymphocyte Proliferation Assay

T Wmphocytes were prepared from peripheral blood mononuclear
cells of lumnan donors with histories of recursent herpetic lesions by
using negative selection with an immune magnetic beads-hased isole
tion kit (EMag BD Blosciences, Frankln Lakes, NI These oolls were
further negatively selected for CIMT T cells with an soladon ki
iMags. HOCEn colls were seeded into 96-well plates. exposed 1o purd-
fredd SV CROS straing for 1 hoeur, and trepted with mitomvein ©
{Sigmaaldaich, SL Louis, MO at 4.5 hours PL The HSVoprimed HOEn
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colls were cocultared with isolated T colls for 3 days and pulsed with
Brdll for 12 bours. The incorponstion of Brdll sas messurad Iy
chemiluminesconorbosed ELISA (Roche)y, Interforony Jovels dn the
superaatan were measured with an BLISA kiU secording 1o the man
ufacturrs's Instrtions teBioscience, San Dioge, CAL

The procedures wed conformal o Dedlantion of Helsinki Ine
formed consent was obiained from all the participants.

Statistical Analyses
Dats are prosested as the mean = SEM. Sttistical analvses were
performed wsing fHests or ANOVA @ appropriate.

Hesvrrs

Microarray Analysis of HSV-1-Infected Corneal
Endothelial Cells .

Viral infection usually induces ap interferon response from the
host: however, the imterforon response is generally silenced by
HSV-1 infection by #ts exploiaton.’ Therefore, we first rested
whether the HSV-1 infection induced an interferon response of
HCEn colls, Similar to the HCEp response.” the HOEn clls
transoriptionally induced an imerferon response that was de-
tected at 12 hours P and was highoer at 24 hours, The expres.
sion of IFN-al relative to GAPDH was 734 = 194 relative
copies at an MOLof Tof HSV-1 and 6.4 = 0.5 eelative copies for
a mock infection (P < 0.00%),

To determine the carly global responses 1o HSV-1, we cone
ducted 3 transcriptional profiling of HSV-L-infected HOEn colls
by microarsay analysis, We identificd 8979 genes that were
differentially expressed in HSV- 1 ~infected at 12 hours PLat an
MOLof 1 (P < .01 To extract sets of virustesponsive genes,
we st g threshold of fourfold expression changes. This threshe
ofd resulted in the detection of 453 upregulated genes and 8
downregulited genes in the HSV-1-infecied HCEn cells (Table 13
Thus, HSV-1 infection of HCEn oelis globally activated transcrip-
shonal responses.

The upregulated genes ar the highest mtio were 845, dexae
methasoneinduced 1 (RASD, &like 1 (DLL. SRYbox 3
(80X 33, activitvregulated ovtoskeletonassociated protein (ARO),
thyruxine delodinase bvpe W GO9S, indoleamine 2 3<ioxvee
aase 1 DOy, FLIOOGGY, and 10 KD interferonsvwinduced pro-
rein (P70 CXCLI,

The downregulued genes at the highest satio were chro-
mosome 18 open reading frame 3% (C78n755), Efhand do-
main {(Crerminali-containing 2 (FFHC2). and arachidonate
Sdipoxygenaseactivating  protein {AL0X34°), which b re-
guired for leukotdene synthesis with Sdipoxygenase,

Network Analysis of Upregulated or
Downregulated Genes in HSV-Infected Human

To obiain 2 global view of HSV infection-induced phenomena
in the HCEn cells, 330 genes were extracied from the 461
genes (fourfold difference. £ < 0.01) and were analyzed for
signaling interactions using a systems biodogical approach.

Using the data set of 330 genes, functional analysis was used
o reveal functional associations with the HCEn transcriptome,
The highest significant association was detected for antigen
presentation function, and as much a5 23% of the data set was
assockuited with this funcyon (Table 23, This analysis was fol-
lowed by determining significant associations with antimicro-
bial response funcon and cellmediated immune response
{ddata not shown),

We next applicd canonical pathway analysis 1o the data set
to revesl their relative associgtions with the pathways, The
results shown in Table 3 showed that the HCEn transcriptame
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s heavily favored towasd interforon signaling as the primary
pathway. The sccond association was with the pattern recog.
nition receptor pathway, which would recognize HSV, These
assecittions wore comsistent with their function as antigen
presenting colls (APCs)

To obtain o glebal view of Biological interactions in the dana
set, we applicd petwork analysis using the dats hase (Pathways
Kaowledge Base: Ingenuity Systems) of known sigoading ot
works, We surcessiully generated five major biological networks
with their significance scores (F =< 1075 Table 4, Fig. 1)

Network 1 provided the highest significance score (P <
7%y and was represented by interferons including £-29.
interferon regulatory transcription factors (IRF), and interfer
wrrresponsive genes including absent i molanoma 2 (A2,
mierterondinduced proteins RN, melanoma differentiation as
suciared proteinS (FFIH T MDAS), interferondnduced proteins
with tetratricopeptide  repeats (U070, interferonstimulated
profein, 15 kbDa (485G 155, 25 woligoadenvine syathetase (045,
radical Sadenosyl methionine domain- containing 2 (R3¥402),
P10 auclear Dody protein (3P 70, and sigaal transducer and
activator of transcription § (S7TAYT) and 37472,

Another category in norwork 1 was the recognition of
dsRMNA and related molecules. This network included Tolldike
receptor (720 3. DEAD box polyvpeptide 58 (DDXSE, RIG-T .
FEHT (HDAT), RiG-Hike receptor LGP2 (DHX A8, and 04X,
OF these, TLR3, DDXSE (RGN, and MBPAS are reprosengative
sensors of dsENAL In addition, tumor necrosis factor ligand
superamily member 9 (FNFSFO, 4 - TBE-L), which are crucial
costimulatory molecules for antigen presentation 1o induce T
tymphocoyte prolifesation, were found to be significantly asso-
chated with this network, Thos, nevwork 1 was annotated as
amtigen prosentation, antimicrobial responses, and cellmedi-
ated immune responses. Activanion of this neowork was calcw
fated o be significantly associated with the NF-xB cascade,

Nerwork 2, with the second highest significance score (£ <
107, was annotated as celluler development, hematologic
system development wnd function, and hematopoiesis. This
network was summarized 1o the exmacellvlar signalregalated
kinase (FRK) casgade, and granulooyte colonystimulating fac-
tor (C5F3), UXC chemokines receptor 4 (CXCRY). phospho.
lipase € (PLO) gamuma, and spleen tyrosine kinase (SYKy/&-
associated protein (ZAP) served as crucial nodes.

Nerwork 3 was annotated as colbtoocli sipnaling and inter
action, hematologic system development and function, and
immune ool rafficking. This setwork included CCL3 (Ui
I, CCLS (RANTES, wwricukin (L3312 (JL12 11823, and
wamar necrosis factor (TNF) Ligand family molecules, including
TNF superfamily. member 13 (INFSFI3B, BAFF), TNF ligand
superfamily member 10 (TNESFIO, TRAIL), and TNF receptor
superfamily, member 1B (TNFRSFIB, TNFR-2).

Network 4 was another significant antigen-presentation,
functionrelated network, which was annotased as antigen pre
septation, oclbmediated immune response, and humoral ime
mune response, This nerwork included antigen-presentation-
relted genes, Thirclated chemokines and ovtokines, and
interleukin & (AL6, 716y, which will determine the tvpe of T
Iymphoecyte responses. Essential components of the antigen
presentation pachinery, including MHC molecules and tans
porter associated with antigen processing (TAPT), were found
in this network, Herpes virus entry medimtor-ligand (IAFSFI4,
HVEML) found in this network is 2 costimulatory factor for T
cells to interact with APCs and acts as a receptor for HSV,

Network 5 was annotared as cellular growth and prolifers
tion, embryvonic development, and gene expression. In the
comext of antigen presentation, Class I Major Histocompati-
bility Complex and tmnsactivator (CHTA), a master transeripe
tional regulator essential for class 1 expression, was located in
this network, Network 3 was alse chasactedzed by nuclear
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Tamr 1. Smificantly Upregslaed o Dowaregulared Genes of

Human Corneal Endothelial Cells after HSVL Infection

Tawie L, fvontinueds. Sgmticantly Upregslated or Downreguiated
Leenes of Human Comeal Endothelisl Cells after H5V-1 Infection

GenBank 1D Gene Symbol Change Hegulation Genfiank 11 Gene Symbol Change Regulation
NM_TFEAURA RASIH 2355 tip WM ER2S9T FLE3USTS 1G4 tip
NM_056GIR PHEY §eR7 Lip NAL_ 23168 liaiit i3 Up
NM_OR634 MIX G 1185 iip MM G760 XY [Ec Up
M GIS194 ARG S Ui AWEITIO0 APIT R 156 i
NAL 01402 {303 .} iip SAL O02661 Pleis 15.6 iips
AM 1EI2164 Hrir 623 tp [ R FBTH3Z 156 ip
ARDZ9457 Flyeioqs Hi0 tip NAL 05623 CCER i5.3 ip
MM AMHIS6S LRI a5 ip NM_(HTHETR HREANIS2Z 152 lip
WAL ARHOD TRIM43 240 tip NM_I534%0 HAGAT 3 i51 iip
ENSTOMEWIAAITTO ENSTOMRHHIS34T™0 530 ip WAL 0L ACTNRZ 148 tp
A IS R4l 51.2 i B 0220 ISG20 14.7 Lip
NM_Ba0e CXCLIE 0 Up NM 07365 PADIZ 14.3 ifp
B 141D HOPIRTY 2.0 tip NALOGLETT GMPR i4.3 Up
NM 020975 BEY HA iip NAL_OO100RSG0 CXCRS 4.1 I'p
NM 15267 Z5CANG 178 tp KAL 021804 ACEZ 144 tip
M K250 LR ah.7 Up WM D00 AVPEIA 133 ip
NM 01589 MAFA LY. tin MM 0024048 IRF4 131 Up
THCITSTR2 THC27SO782 L iip BOB25300 MGC3U3T2 130 tip
M K523 NPTR2 3R lip NM 93261 Hu2 130 Up
NM_ITO6T2 RASGRPS 3.3 tp NAL_OGOISH NEFL, 128 tp
NM KSR NEFM 379 ip NM 2010 FGE9 [P Up
MM 020358 TRIMGY T ip KM D01%99 fFIT3 128 tp
MM {12522 NPIXT Ei tip WA_1HG2403 M2 128 tp
NM OS2 FRG2 348 ip AYBAIGAD AYBI NG 1246 i
NM_R2042 CHPS 322 iip WAL_ETRERT PRES 125 ip
NM_KIZTAS 3487 258 ilp NAE 8208 TMEMIG P24 Up
NMTRAGL MEDLZ 2.3 Up BIOIUGGS Bioionns 14 tp
N A2HSS HASHZD 251 tip NAL_OUEYTH RonNes 124 Lp
NM_GLIETG PRAMEFR IR lip KM 001548 IFrr: 1L Up
NM_ESHT OVeLg il ip NA O2TGH PTG 123 ip
NN D027 KiKin el tp NAL 0848 Clorfis 12.2 tp
MM 185 LHY2 2648 iUp WM 203311 (54634 124 Up
KA GKI2416 CXCLY 26 ip ERSTOOOOG202729  USPad 1.7 Up
OO PRAMEF2 264 ip BX110856 BX 11085 110 tp
AWEOSTSG AW SIS 26,3 ip ENSTOOKIZOIROT  [BAT iis Up
SA OO6STE INFSFISE %) ip RAM_K522 KEF5¢ 115 ip
ENSTOODOGZT RN GRIPZ 261 Up A PA45ES ATPEVIC? itA iUp
MM 016323 HERCS 257 Up MM GITR L3P18 114 ip
XH 016184 LM 642425 253 ip AL Gl LAMPy ti4 ip
NM_(16358 IRXS 24.8 iip HA D31 ANGPTLG 112 ip
NM_GITTS 138 244 ip NM 2534 3487 112 tip
NM_OG219G INxAfF 243 ip KA AR FBN 11t iip
NS D431 Basise 238 ip WM 184457 SICIATT it ip
WM O0E SECTMY 236 Up WM _ARRS CIRIRT 11} Up
NM_D06TO5 GADEHSG 225 iip N3 TES4 3AMIF i1 ip
MM IA2041 GHPA 219 iip AWYTTAO2 AWYTT 02 113 ip
MM 00300420 POIHIT™ 218 ip NM_O17R05 RASIPY 1560 ip
NM_02245%4 SOXIT 21 B ip THO2657593 THO2657 504 1y Up
NN GMHRAR AlM2 217 ip NA 001720 i b ip
NAL_ (2507 NGFR 213 Up NM_O0S220 N3 15 tp
N OOASSES CH2SH 4 tp NM_O017403 TGRG 4 ip
NM_FERIS0 BATEZ 19.9 Up NM_pi5288 ZNFRa2 Hrd tip
NM_1T23T T4t 9.6 ip KM BERTS CORN FELN ] il
NM 003810 INESFIG 195 tp NM_005430 WAT? 949 tip
BO:5478457 BG347557 %3 tp NM_D24625 ZC3HAVE 99 Up
NM_TED IHX2 W7 iip NM_O02090 POUSFY 98 Up
M OGIONSAS LINCR 184 ip ENSTOHROAGOSSY  HSISTIHI G.8 Up
THOZG51958 THC206371958 R2 iip NM_(175%4 PARP 4 9.7 tip
NM_n0ETiz CEACAMT 1852 iip ARGZ3743 FLiziosd G Up
AM_O01547 Hiv i 4 80 ip NM_I03265 1IR3 9.5 Up
NM_016135 P 7.9 ip ENSTUHHEOAI2057  IRXZ “9.5 tip

THC25539580 THC 2559380 179 ip NAL_(HH5H2 SLCT343 95 tip
MM _MESLT HEAZ 174 tp SM_RET ERGILR 9.4 tip
NM_(04304 ALK ] Up DO cr3 9.4 tip
KM _ZD5RIH NT6 FE% Up KM 001256 SIC22A13 9.4 Up
NM_(K32985 €Cis H Lip AFORSULA AFDRZOIS 4.3 Up
NM_22147 RBP4 L8 ip WM_O15900 Praia 92 [£2]
NM_152611 C200rTS 166 ip NM_ 00608 CFHREF 9.2 tip
NM (14314 X538 (53323 i BOA2O259% BUO2O25S 9.2 Lip
Coomtintiiesy {eantinues)
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Tams 1. toontinned). Senificantly Upregulated or Downregulated
Gones of Husan Corpeal Endotholial Cells after U8V Infection

GenBank 1B Gene Symbol Change  Regulation GenBank 1D Gwene Svmbol Change  Regulation
ABNIZ384 Coerfid @42 ip AROUIBA FLi134545 H.8 L
NM g24159 LGP2 @2 Un THO 2474831 THO24T4851 6 Ligs
M 0235 KiF4 @2 i'p WA B1ARET KEAACH 4 [ el i'p
KM 152703 SAMIL @4 iip MM GO0TSR C8F2 67 tp
M D L5842 9.4 tp MM OISR IRXS 67 i
ABG74335% XANP a1 p M MSS8 HuA7 6.7 Up
MM USSR e ALRY G0 b MM T3 TRPAL 6.7 tip
W G457 SaxE B0 iip AlB3i250 AL 280 G4 tp
A G0 AR EPHAS 20 tip AMEHSTT L ANIZESTT 6.0 tip
XM _G21096 CACNALE 849 Up KM 053959 HiPiR 6.0 tp
KM_024a00 ATFi4 8Y Ugp WM 0628 PR 5 ip
BA IS0 FHNT2HIAAS BE p MM %3479 {8467 .5 Up
N _06HZT RASLIIA BT bip ARDI2%22% P 441 1008 (A1 iUp
ARG HETE BT Lin MM 0023749 MAPZ (%] tp
M 52 PIK3ART #e ilp MM S0 £iMAP2 6.5 in
B HBSES FHIXEY B4 tp MM G275 PLEKH T a5 Lip
NW_DIAO9 FHAI HE ip ENSTOOOOOAS5S  TMEWIGE 6.5 Up
BM G20 MERCS L] e ENSTOOOAA2REY  ENSTOHMM 12849 .4 Up
M Paia2 £ itwn{H A ip RN (K350 oM iR ] tp
WAL_GGTTS CyPL2 "3 Up WAL §T2200 HESRA R ip
RM_ G55 RBRAL B3 ip RA HRD Hiwdl 6.4 ip
NAS IRMR2EG CIFEA H2 ip KM_005847 TRIMST A% iip
KM _012193 b ar ] 82 tp WM ORI TNFREY 6.3 tp
BM GOm0 %4 8.1 ip NM_ 002147 FHINES .3 Up
AKI2%580 i lorf i3 A1 iip MM _GOT345 LB 6.3 ip
MM 019055 RBiphi 84 iip ALEET 8 DRFLPIAGBUGT (8] iip
A IR0 IRF™ =9 vp W42 Wores2 [ Uip
KM 023 TNFRSFS % Up W as HEGT30IR 0.2 Up
AR50 YOG T8 ip NAL G593 Tap? 6.2 lip
KM _I38433 AEHIHTE T8 iip B bah” CF o™ 6.2 lip
NAL H 3435 RAX w5 ip M oahTRg Lo 16 6.2 ip
MA G2I065 HISTIHIAL TH Uip MM 12465 T2 6.2 ip
ARUHIA0R AR s s iip wM_Ei561 A 6.2 ip
BMOZRGT HBMI2E66T N ip KM G080 INESF A .2 Lip
MM _O06IEG NR4AZ i tip NS 32Tz iNA .l a,&p
M B a20h FIRDT - ip MM 36 CEBPA 6. ip
M OHOOTIAY Her2 i ip NM 021052 HISTIHIAE 6.1 Up
NAL EaMG Bl Th ip AROSS2T0 CBorf53 il ip
KM ETB445 CORET TA iip ENSTOOOI0UYS 200CHED 6.4 ip
MM G673 ANGPILY 75 ip VITHRKIIAGDISH  ENSTOHREHIAGUISE i1 iip
KM 21170 LM 2RS0T 7.4 iip NM 2127 b AT 6.1 iip
AFand AFtmnii § T4 iip NM_ 05082 5ixi 64 ilp
"ﬂ% ii”’i 288 H22RAL “4 ip AYTSLITO AVTERGITG .01 ip

A LRABPI TA iip WM OG0T LM 654 390 &4 iip
HHsPRY T i NM 021822 APURECSG 59 ip
AKGUTTET TA iip MM 013351 BX2 58 iin

3 BOH 4340 7.3 Up NM 005252 Fox 5% iip
KM 1T zmx 2y k. ip POTEG D FHITRG R 4% ip
NV 0261 Mya "3 . Up NM_O0E360 PFRFRS 59 tp
KM 2170 IFNBE 7.5 Up NM_OBHu2L2 N34 59 ip
MM s {3482 7.2 tip THOIGO3207 THC2663297 39 ilp
KM G763 RS2 "2 i NAM OGh FOXAL 39 iip
MM 2948 Msx: .2 g fos BEE i ADRAZ 5.8 ilp
mx 174544 FAMIIN 2 ip M 030641 APOLG 58 i

4 CHY 2 tp WA ITARGG Clofio2 58 ip
: ﬂﬁmﬁ"ﬁ%é EXNSTepuss 78054 T Lp NM o127 QR2BG kY] iip
NM_HITA30 PAGER T ip NM 0074 TRIM22 55 ip
KM Y14 RORR 1 Up AM 057187 LYP2AT 58 iUp
THC2526402 THE 25264002 7 tip NM 002557 VeGP 58 Up
MM IEIR328 TAK T8 tip ENSTOOOODAD0ISS  ENSTHHMYIGIUI253 58 il
MM 18300 FAMTIA T ip NM 017912 HERCH 38 iip
BM_1M6T PAGES T8 Up M 014755 SERTADZ 5.7 ip
Aannia ByNF213 Y Lp ENSTUD0ATTIRG  ENSTIRHEHIZTTIRG 57 1ip
20 CXICLE 0 tip NM_ 016642 SPTBNS 57 tip
BNM_ e AXKRI»S o Up NM_ G007 CAF3 5.7 Up
BM_ 350 CREBRP T8 ip XA H5843 i35 57 Up
KM _iT2HR KON e bp ENSTOOOONARISOS  FAMUO4D 57 s
BM_G17823 XAFT “9 tip NM DA2265 ZMYNDIS k- ilp
MG GIMA 8 i NM 2408 MyYbss 57 ip
Conmiingesy {eiminesy
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Gienes of Honuan Corneal Endotheliand Colls after HSV mircz;sm Gepes of Human Corneal Endothelial Cells after HSV Infection
GeaBank 1D Gene Symbaol Change xcguiauaﬁ GeaBank 117 Gene Symbol Change  Regulation
AL A0 & ’1{“‘3 ii‘i? 57 tp WM ERNEN AR 4.8 tip
NM_(RIT0 ) B4 Up ALEIT235% Prowig LR tUp
B2 AR5 ffs' F2EIR56 S0 ip NM 01305 FHEP LR ip
WM fAHELY FAsM 22 36 ip NAM_O29956 TMEMGZ I8 ip
ML LMY SIAT 5.4 ip NAL 00305 I 8 iip
BUE G A SeHx2 5.4 iip MM 006095 ATPRAT iB ip
THZO0I318 THC2661 518 546 iip NM_(H4080 BHGX2 48 ip
MM T GPHART 3.4 L NM_TARINT DRt 4.5 iip
R L. wises 56 i THOZGER1 FHO2GEET9G 4.8 ip
LS LT AP 46 Lip HIO24%48 BH24%48 48 iip
WM _O035K5 BARRESZ 55 Up =M 489 FAMI244 48 iip
BM GRS CYP2RT 85 tip WM D01 fFlad 8 itip
WM _E5557 KET 55 Up AKI27223 I IR 296 e tip
A QOLAGY HATF 53 iip WM G CENTAT 4.7 tip
N G230 EASL 1B 5% ip NM_O05248 FOR 4.7 iip
ENSTOMMIOUAG3RI0  ENSTOOMHIIG3 316 5.4 tip KM_002462 MX 4.7 iip
AREZSIN2 AKIZ5162 %4 Ep RNM (02286 FAGS £7 tpr
AAGSHSG AA4TIOE6 5.4 tip TG MEDV 7 Eipr
NM_152431 fed ¥i 2] 54 tin NM_i526g2 CEINCIIG 4.7 i
ERSTOHENIASHATE  ENSTUO 15817 54 tip 28 BESOHLa6% 1.7 i
A OAITT g 5 5.4 tip KM Mieh S .7 Ui
NM zm‘*a% AGBL2 53 tip NM (G2 1.7 tip
FOLNE S 5.3 b MM 125195 [ A bip
y hre 53 U NM_Dn2zis el L
’\‘&! 0AE212 SLC25A08 3.4 iip "S"b% ATHG Ber2ii4 4.7 tip
WM 000620 HBSIL 53 Eigy s "7 LOANRES 4.7 Lg
WM 021035 INEXT 53 Eip k i FxA2 4.0 Eigr
ANM 1TA052 HIRBP 55 tin A&ﬁ "’2‘2}‘% ARDZT299 §4 tip
MM 03323 FA1 5.2 Ep MAL1TANAY syax E X1 Eip
IIH318505 PS5 18505 8.2 tip NM_(06296 TNFAIPS i6 tip
NM_DITTOH FAMatA 5.2 tip HUDISETE Benizi=i 4.4 tip
AFA5819 AFFO58ITG 5.2 tip BOOA 200 TRIMGY s Un
NM 6L GOHT 5.2 L RM_Giswr LAPS 46 Up
AN 025079 AC3HI2A 5.2 fin MM R4 Sta12 i6 p
NM_GE90GL XE~T %.2 tp BOOSI3Y BeH3izm 4 Lip
SM {2000 PLENHAG 52 Lip NA HHHOG0 TNFRSFER +.H b
NM_052784 BEFEI3 5.4 tip THO2673062 THEZGT 3062 i6 Up
NM_153341 IBRIN S 5.1 tip THE2513333 THC2313333 4.5 tip
NM_153610 CHMIAS %1 tip KA 15053 LBHNL 4.5 tip
MNM_D22750 PARPIZ 51 Lip MM OIR3RY FLITT280 5 ip
NM 033292 CASPY 4.1 Up NM_ITSES HIST2H2AR i5 Up
BX109076 BX 976 5.1 tp NA_§00600 e i5 tp
ARFHISIS W 2R3003 3.1 Lip NM_024913 FEI219HG 4.5 Up
BOATTOL BCHITTGE 24 ip M glen2 HOXAS 4.5 Lp
MM ORO552 SC32417 54 tp MM D1TR3Y DNAMS 1.5 ip
NM_GIRT 3483 B4 tip AREHTAG FOH PB4 54 4.5 Up
AJZURORZ Alrosunz 54 tp NM_ETAEG KERTOC 1.5 Up
NM_ 25179 PLXNAZ 34 U NM_ 612420 s 4.5 tp
NM_OA5109 PP L4 Up M O02053 GHPE 45 Up
NM_ITHIAD P32 54 iip Xk 017251 L3 389350 44 Up
MM RI0 M5 344 ip BUAT49TL BEG49™ 1 (e ip
NM_THAT FLpxsiss 34 Up BOOASSRE RG99y 4.4 Up
NM_ZIHS PISCRE 34 ip NM_OHIE20 20 iT5 4.4 tp
KM _DOIETO CAPNS 54k tp BOINBG32 Coerfi™6 44 Up
NM_OSZRE6 MALZ 5.4 ip NM_FORISS UBE2LS 4 Up
ARGZ3TTR ARG23TT3 1.9 iip NM_ 39200 sTATI 44 ip
AXSTRR AART 3434 149 Up NM_014400 LYP3 4.4 iip
N 6133255 EPsTiI 4.9 ip NAM O00307 POLAFS 34 ip
NAL_DGIOBGA9] sPioe 5 ip NM_ITHSIG EXOC3E iR | Up
NM 203393 LI 380458 4.5 ip RAL 145047 APi2 44 Up
KAM_01i850G SRGAPS 4.9 Up NM_O04821 HAND? 44 Up
ARIZ154G AR PS40 ER ip NM_IT3090 TMEMITE 44 i'p
AKORGRLT FLi32255 4.9 ip MM Q02amy CxCL2 44 Up
NM_O065TE AVIL 19 Up NM_138422 LOCTEZI id Up
AKOSGIO0 FAFNBAT 4.9 Up NM_ 0061 E GPR IS 1.3 ip
ENSTOOOOG330406  LOOI87703 4.4 p MM 1T NRE9AZ 43 tip
NA 02135 NEi4T 4.9 tp ENSTOONMTETS  ENSTOOO0I67673 4.3 Up
MM _ORGRR Nt 4.9 Up NM_018964 SEC3TAS 4.3 i
NM_G02T9R IRF1 19 iip ENSTOHENMIRIOU2 RIAAIGIR 13 ip
{eomtinuesy (ermtinnies}
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