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TasLe 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 0.021t

Light, mm 2.52 £ 0.29 2,72 * 0.23* 2.89 * 0.48 0.018t
Pupillary diameter

Dark, mm 3.61 * 0.46 5.08 = 0.41 5.86 = 0.71 0.011t

Light, mm 2.73 £ 0.53 2.68 = 0.55 2.61 = 0.52 0.489t
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 0.117%

Light, mm? 1.635 * 0.36 1.589 = 0.31 1.688 = 0.21 0.2761
Iris Convexity

Dark, um 286.3 = 63.7 239.4 * 86.6 2127 £81.4 0.0291

Light, um 251.5 = 724 195.1 = 59.3 180.3 = 87.3 0.038t
DMR/SMR Ratio

Dark 0.81 £0.12 0.92 £ 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).

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

1 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 feliow 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 (» = 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
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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.

MEeTHODS. 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 0 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 (ECD) 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 guttaec 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 hospitalbased 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.

METHODS
Subjects

Clinical records of outpatients who underwent specular microscopy
for corneal endothelial cell counts from January through December
2009 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/d(f) = —(D/100) - E,

E(t=g) = 3600

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

Endothelial Cell Loss in Fuchs’ Dystrophy 7889

where ¢ 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:

Ey = 3600¢l 011001

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 0 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 (n) Total (n) 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 = 12.4 3 14 17 0.86 ]2’08 0.32 ]1'07 135 |*98
Total 66.6 = 15.4 931 1040 1971 12.73 8.91 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.
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Ficure 1. Scatterplots (left) and
contour maps of nonparametric den-
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)
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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).1%-'2-1¢

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, o),
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.

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

45 65 85
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

09y 10-14y 15-19y 2024y 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 4549y 50-54y
Eyes ECD Eyes ECD Eyes ECD Eyes ECD Eyes ECD
Stage 0 58 2732.6 = 511.3 54 2741.9 £ 324.7 80 2672.2 * 462.5 99 2687.8 = 507.8 128  2754.6 = 370.5
Stage 1 0 — 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 60-64y 6569 y 70-74 'y 75-79y
Eyes ECD Eyes ECD Eyes ECD Eyes ECD Eyes ECD
Stage O 195 2701.2 *+ 408.1 325 26719 £ 4644 384  2677.7 = 449.1 494 26984 * 435.0 496  2691.2 * 4213
Stage 1 25 2105.2 = 673.3 28 22194 *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 2845 = 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 26989 * 440.4 116 26245 = 457.3 22 2563.7 + 299.3
Stage 1 47  2264.2 *+ 556.2 17 2279.2 £597.9 5 2962.0 = 597.1
Stage 2 7 680.6 + 318.1 3 723.3 = 155.7 0 —
Stage 3 5 302.4 = 54 3 482.3 +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,

Stage 1b, borderline guttata cornea (BGC): between ECO,
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 et al.'? 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 Guttata 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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FIGURE 2. (A) The contour map of
nonparametric density smoothing in
stage 1. Stage 1 consisted of several
peaks, and the age-ECD curve of

1000

soasa beree b a by

(=]

Endothelial cell density (cells/mm?

=]

AGE (years)

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

Endothelial cell density (cells/mm?)

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%.

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

—~ 4000 | -
£ i
£ N
k4 R
= O
g 3000 N
> a:ﬁ\x\%
a I N Stage 1a: AGC
a S “m%
T 2000
7‘3 P R
o 1000 \\\ T~ ECOy,
=
= [ Stage 1c: Pre-FCD ’ o FIGURE 3. Proposed classification of
= : o T eyes in stage 1 based on ECO, 4 and
= ECO;, ECO,,. Eyes in stage 1la above
0 - . SR ECO, 4 were named AGC, which had
) a decrease rate as low as stage 0. Eyes
0 20 40 60 20 100  in stage lc bei;)v&;l Ecgé (1’) h(ad a dez-
( crease rate as high as stages
Age (years) and 3), and therefore, this stage was
oy 5 e ) = 5 T & 5 named pre-FCD. Stage 1b between
Age lyears 5 z : - ECO, 4 and ECO, , was named BGC.
ECD ECOw | 2918 2537 2208 1917 1867 1443 1260 1095 The table below the graph shows the
(eslie/in™) [ ECUgg | 2607 2184 1788 1464 1188 481 803 658 coordinates of ECO, ; and ECO, .
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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, 4 and ECO, ,
runs through a clearly defined trough between peaks on the
scatterplot, and ECO, , divided stages O+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 slit-lamp 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, 4, 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 1¢) 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 0 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 0 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'

Purrose. To determine the transcriptional response of cultured
human comeal endothelial (HCEn) cells after herpes simplex
virus type (HSV-1) infection and to charucterize the primary
functional elements and antiviral responscs.

Meruoos. Immortalized HCEn cells were infected with HSV-1,
and the global transcriptional profile was determined. The
wranscriptional networks of HCEn cells were constructed, and
the inflammatory network nodes were evaluated for induction
of camdidate inflammatory mediators by protein array analyses.
HSV-1-specific allogencic T cells isolated from HSV-T-infected
donors were co-cultured with HSV-1-pulsed HCEn cells, and T
cell activation wus assessed for antigen-specific proliferation,

Resuers, HSV-1 infection induced a global transcriptional acti-
vation with 331 genes significantly up- or Jownregulated com-
pared with mock-infected HCEn cells (£ < 001 4< or .25
threshold). Network analysis showed that the HSV-1-induced
ranscriptome was specifically associated with antigen presen-
tation. interferonerelated responses, and cellubar development,
andl was characterized by NFxB and extracellulae signal-regu.
fated kinase signaling pathways, The primary associated func-
tion in the transcriptome was antigen presentation. Protein
areay analysis identified significant clevation of genes refated to
antigen presentation; 11-6, 1P-10, HVEML, and interferon-y, In
addition,  inflammatory  cytokines  including 18, MCP-1,
TIMP-1, RANTES, 1309, MIF, MCP-2, 1L-10, and SDF1, in de
scending order, were significantly elevated, Mixed lymphocyte
reaction assays showed that HSV-l-pulsed HCEn cells stimu-
lated antigensspecific proliferation of allogencic T lympho-
cytes,

Conauesions, HCEn cells respond to HSV-1 infection by initiat-
ing antigen presentation-related inflammatory responses, and
they may serve as antigen-presenting cells, (fnvest Opbthatmol
Vis Sci. 201 1:52:4282-4293) DORI0 1167 /ovs. 10:691 1
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Camcnl endotheliitis is 2 progressive form of cormneal endo-
theliopathy that is characterized by focal, linear, or diffuse
comeal edemi. It can lead to progressive endothelial cell loss
and to endothelial dysfunction. Refevant to this study, an int-
racameral injection of herpes simplex virus (HSVE ¢an lead w
comeal endotheliitis,” and molecular diagnostic methods have
shown that HSV contributes to the pathogencesis of cormneal
endothetiitis.

The most frequent HSVaassociated diseases of the cornca
are epithelial keeatitis and stromal keratitis, although stromal
keratitis is known to involve the corneal endothelial cells as
well. In contrast, pure endotheliitis without stromal keratitis
due to HSV-L is rare. Generally, detailed evaluations of the
endothelial celis after HSV infection cannot be made by slit
famp examination and specular microscopy because of corneal
opacification.* However, Hillemaar ¢t al?® found by in vivo
confocal microscopy that 43% of patients with common HSV
keratitis had characteristic signs of endotheliitis, including
pseudoguttata, enlarged intercellular gaps, infilertion of in-
flarnmiatory cclls into the endothelium, loss of cell boundary,
spotlike holes, and endothelial denudation. These alterations of
the corneal endothetial cells were shown to be resolved after
antiviral and -inflammatory treatment, but the density of the
endothelial cells in the affected eye decreased by 10.3%/year,

Corneal endothelial cells are permissive to HSV infection, as
shown in human corneal endothelial (HCEn) cells grown in
vitro by Sugioka et al.* Of note, the HCEn cells had higher
susceptibility to HSV-1 and produced more vireal particles than
the representative peomissive CV-1 cell line, So, the question
arises as o how HCEn cells resist HSV infection despite their
inherent susceptibility to HSV-1 infection. One possible answer
e this question is the immune-modulatory properties of HCEn
cells,

Anterior chamber-associated immune deviation (ACAID) is
a welkknown mechanism of peripheral immune tolerance.”
and HCEn cells appear to be an important player in this pro-
cess, For example, HCEn cells inhibit the CD3-stimulated pro-
liferation of cffector T cells in a cell-contact- dependent mans
ner using programmed cell death 1 ligand | (PD-LD." The
HCEn cells can also convert CD8™ T cells into regulatory T
cells through membranc-bound TGF-B.” Thus, HCEn cells have
the ability to modulate immune responses; however, it is still
not known whether HCEn cells possess antigen-presentation
capabilities.

How comeal epithelial and endothelial ¢ells respond o
pathogens is an important unanswered question, as i how
they respond globally 1o pathogens. To try to answer these
questions in an carlier study, we used human comneal epithelial
cells (HCEps), which are representative cells permissive (o
HSV-1, to characterize the global transcriptional responses of
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the HCEp cells wo HSV-1 infection. Application of bivinformatic
methods showed that HCEp cells responded to HSV-T infection
by initiating mitogen-activated protein kinase-related transcrip
tional events, and also enhanced the release of 116 which
induced an armay of inflammatory mediators.®

In the same way, determining how HCEn cells respond 1o
HSV infection may provide important clues about the physio-
tegical functions and contribution of HCEn cells. We will show
thar the global responses of HCEn cells o HSV-1 are muarkedly
different from HCEp cells and are preferentially set to antigen
presentation. This antigen-presentation capability was con-
firmed by their ability to stimulate HSV-1-specific allogencic
T-lymphocyte responses.

MATERIALS AND METHODS

Cells

The HCEn cell ine was established by transduction with hTERT ad
the Jange T gene, as described.” Retrovirl vectors, BABBhvgro W TERT
(for WTERTY, and MFGSTIRESneo (for SVA0 large T antigen), were
used, as deseribed in detait.™"™ The HCEn cells were propagated to
confluence an & or Yewell plates in DMEM (Dulbecco’s modificd

Eagle's mediuny IavitrogenoGibeo, Grand tstand, NY) supplomented
with 1% feral bovine serum,

Virus

Confluent monolavers of Vero oclls were infocted with HSV-L (KOS
straind” To analyze the transcriptome of HSV-1-infected HCEn cells,
we used the HOEp transcriptome 4 2 refesence, as reported.™ Purified
virus stock was prepared as described® After 1 hour of adsorption, the
medinm comtaining the virus was aspirated, and the monolayers were
re-fedd with fresh HSV-1 ~free media. At the maximum cytopathic effect,
the media were discarded, and the cells with a small amount of
remaining media were frozen, thawed, sonfcated, and centrifuged xt
3000 rpm for 10 minutes. The supernatint wis overfaikt onto a sucrose
density gradient (1095 60% wi/vol and centrifisged on 3 swing rotor
(SW2E: Beckman, Pullerton, CAY for 1 hour at 11500 rpm. The resud
tant visible band at the lowey part of the geadient which contained the
HSV-T was washed by comrifugation at 14,000 rpm for 940 minutes and
resuspended in a small volume of serum-free DMEM. The sample was
then atiquotted and stored ar -80°C umil use, The infectivity of the
virus wiis determined by plaque titration assay and was typically
1 107 plague forming units (PFUY per milliliter, To infecs HCER cells
with HSV-E., the cells were adsorbed with sucrosedensity, gradiens-
purificd virus stock for 1 hour and refed with fresh medium,

Microarray Procedures

HSVeinfected HCEn colls were transcriptionally anslyzed using a whole
human genome microareay (Agilent Technologies, Santa Clara, €A)
carresponding 10 ALOOO human genes and teanseripts, HCEn cells
were infected with HSVET ata multiplicity of infection (MOD of 1. Total
RNA was isolated from the HSVinfeeted HCEn colls 12 hours postin.
fection (P1 RNeasy Mini Kit Qiagen, Hilden, Genmuny), according to
the manufiecturer’s instructions. Mock-infected HCEn cells were used
a5 controls, )

Cyanine-3 labeled ¢RNA was prepared from 0.25 gg of RNA (One-
Color Low RNA Input Linear Amplification PLUS kit; Agilent). Frag:
mentéd CRNA was hybridized to the whole human genome olige
microarray (mode! GALEZF. Agllent) using 3 hvbridization kit (Gene
Expression Hybridizatdon, G2Z545A: Agilenty and scanned with a mi-
cooarray scanner (model GRS658A: Agilent), The acquired data were
bicinformatically analyzed (GeneSpring GX 1E Agilent), and the genes
differentially up- or downregulated after HSV infection were extracted
from the whole genome by using #rest

HSV-I-Infected HCEn Cells as Antigen-Presenting Cells 4283

Functional Analysis of Data Set

Functional analysis was used to identify the bindogical function anddor
disease thar was most significant 1o the data set (Ingenuity Pathway
analysis 7.00 Ingenuity Systems, Redwood, CA. computer program
based on the Ingenuity Pathsay Knowledge Base: hupu/avww ingenuity.
com/products/pathways_analysis.himly Genes from the data set that
met the outoff of fourfold difference (P < 0.01) and were associated
with biological functions and/or diseases in the Ingenuity Pathway
Knowledge Base were selected for the analysis, Fisher's exact test was
used o calculate a 2 vidue determining the possibility that cach
hivlogical function andfor disease assigned to that data set was due o
chance alone, :

Canonical Pathway Analyses of Data Set

Canonical pathway analyses were used to identify the pathways from
the pathiways analysis hibrary of canonical pathwavs that were nost
significant to the data set. Genes from the data set that met the cuteft
of fourfold difference (P < 0.01) and were associated with a canonicad
pathway in the pathway knowledge base were selected for the analy.
sex, The significance of the association berween the data set and the
cmonical pathway was measured in two ways: (13 2 mtio of the
number of genes from the data set that pap 1o the pathway divided by
the total number of genes that map to the cinonical pathway, and (23
the use of Fischer's exact test to calculate 2 Pyalue determining the
probability 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 analyzed for transcriptional networks of
moleculiar events using puthway analysis. The resulting networks were
evaluated by the significance scores, which were expressed as the
negative logarithm of the £ vidue, The obtained score indicated the
likelibood that the assembly of a set of focus genes in a nerwork could
be explained by modom chance alone,

Real-time RT-PCR

Towd RNA was isolated from the HSVinfected HCEn cells and reverse
transeribed using (QuantiTect Reverse Transcription Kit; Qlagen), and
the ¢INAs were amplificd and quantified (LightCOyeler: Roche, Mann-
hetm, Germany, QuantiTect SYBR Green PCR kit). The sequences of
the realtime PCR primer pairs were [FNerf forward 5 GOAGTTT
GATGGCAACCAGTS and reverse 3 CTCTCOTCCTGOATCACACA-3";
and glveeraldehyde-3-phosphate dehydrogenase (GAPRHY, forward §7
AGUCACATCGCTCAGACACS and reverse 5 GOUCANTACGAC:
CAAATCCS .

To ensure equal loading and amplification, all products were nor
malized o GAPDH tanscript as an internal control,

Cytokine Array Analyses

o profile the inflammatory oytokine after HSV infection, supernatants
were collected from HCEn cells 12 hours P and assaved with a
cvtokine antibody armay (Human Body Armay: RayBiotech, Norcross,
GAY. This process determined the fevel of expression of 80 cytokines.
The intensity of the chemiluminescence signals was digitized (LAS.
1000plus with MultiGauge software ver. 2.00 Pujifilm, Tokyo, Japan).

T-Lymphocyte Proliferation Assay

T lymphocytes were prepared from peripheral blood mononucher
cells of human donors with Nistories of recurrent herpetic lesions by
wsing negative selection with an immune magnetic beads- based isoke
tiass kit (IMag: BD Biosciences, Frunklin Lakes, NI These cells were
further negatively selected for D47 T cells with an isolation kit
(IMag). HCEn cells were seeded into 96-well plates, exposed o puri-
ficd HSV-1 (KOS strain) for 1 hour, and treated with mitomycin C
{SigraeAldrich, St Louis, MOS at 4.5 hours PL The HSV-primed HCEn
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cedls were cocultured with isolated T cells for 3 days and pulsed with
Brdll for 12 hours. The incorporation of BedU was measured by
chemiluminescencebased ELISA (Rochey, Interferon-y levels in the
supernatnt were measured with an ELISA kit, aconrding to the man-
ufactures's instructions (eBioscience, San Diego, CAx

The procedures used conformed to Decluration of Helsinki Ine
formed consent was obtained from all the participants.

Statistical Analyscs

Date are presented as the mean = SEM. Swatistical analvses were
performed using ftests or ANOVA as approprite,

Resurrs

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

Viral infection usually induces an imerferon response from the
hiost: however, the interferon response is generally silenced by
HSV-1 infection by its exploitation.”’ Therefore, we first wested
whether the HSV-1 infection induced an interferon response of
HCEn cells, Similar to the HCEp response,” the HCEn cells
teanscriptionally induced an interferon response that was de-
tected at 12 hours P1and was higher at 24 hours, The expres
sion of 1FN-al relative to GAPDH was 734 = 194 refative
copies at an MO of 1 of HSV-1 and 6.4 = 0.5 relative copics for
a mock infection (F < 0.00%),
To determinge the carly global responses to HSV-1, we con-
“ducted @ transcriptionat profiling of HSV-T-infected HCEn cells
by microarray analysis. We identified 8979 genes that were
differentially expressed in HSV-1-infected at 12 hours PLat an
MOT of 1 (P < 0.01) To extract scts of virasresponsive genes,
we set a threshold of fourfold expression changes. This threshe
old resulted in the detection of 453 upregulated genes and 8
downregulated genes in the HSVA -infected HCEn coells (Table 1y
Thus, HSV-1 infection of HCEn cells globally activired transcrp-
tional responses.

The upregulated genes at the highest mtio were R4S, dexi-
methasoneinduced 1 (RASDI. 8like 1 (DLLDH. SRY-box 3
CSOX3), activity-regulated oytoskeletonsassociated protein (ARC).
thyroxing delodinase type HE (D03, indoleamine 2.3-dioxyge-
mase | G, FLIOOOGY, and 10 kD interferon-y-induced pro-
tein (P10, CXCLI).

The downregulated genes at the highest ratio were chro-
mosame 18 open reading frame 55 (CI8orf35), EFhand do-
main (Cerminal)-containing 2 (EFHC2), and arachidonate
Slipoxygenaseactvating  protein (ALOX5AP), which s re-
quired for leukotriene synthesis with Sdipoxygenase.

Network Analysis of Upregulated or
Downregulated Genes in HSV-Infected Human
Corneal Endothelial Cells
To obtain a global view of HSV infection-induced phenomena
in the HCEn cells, 330 genes were extracted from the 461
genes (fourfold difference, P <0 0,01 and were analyzed for
signaling interactions using a systems biological approach.

Using the data set of 330 genes, functional analysis was used
w reveat functional associations with the HCEn transcriptome.
The highest significant association was detected for antigen
presenation function, and as much as 23% of the data st was
associated with this function (Table 2). This analysis was fol-
lowed by determining significant associations with antimicro-
bial response function and ccllmediated immune response
(data not shown).

We next applicd canonical pathway analysis o the dat set
to reveal their refutive associations with the puthways. The
results shown in Table 3 showed that the HCEn transcriptome

FOVS, June 2011, Vol 52. No. 7

is heavily favored toward interferon signaling as the primary
pathway, The second association was with the pattern recog
nition receptor pathway, which would recognize HSV. These
associations were consistent with their function as antigen-
presenting cells (APCs).

To obtain a global view of hiological interactions in the data
set, we applicd network analysis using the data base (Pathways
Knowledge Base; Ingenuity Systems) of known signaling net-
works., We successfully generated five major biological networks
with their significance scores (P < 107 Table 4, Fig. D

Network 1 provided the highest significance score (P <
107 %%y and was represented by interferons including 12-29,
interferon regulatory transcription factors (REFS), and interfer-
onresponsive genes including absent in melanoma 2 (UIM2).
interferon-induced proteins (47, melanoma differentiation as
sociuted proteinS (JFIH 1, MDAS), interferondnduced proteins
with tetrtricopeptide  repeats (TR, interferon-stimulated
protein, 15 kDa (5G 15), 2'-5"oligoadenylate synthetase (OAS).
radical Sadenosyl methionine domain- containing 2 (RSAD2),
SP110 nuclear body protein (3P7 103, and signal transducer and
activator of transcription 1 (STATTY and STATZ,

Another category in network 1 was the recognition of
dsRNA and related molecules, This network included Toll-like
receptor (TLR) 3, DEAD box polypeptide 58 (DDXSS, RIG-1),
IFIH T (MDAS). RIG-Hike receptor LGP2 (DHX58), and OAS.
Of these, TLR3, DDXS8 (RIG-Ty, and MDAS are representative
sepsors of dsRNA. In addition, tumor necrosis factor ligand
superfamily member 9 (TNESF9, 4 1B8-L). which are crucial
costimulatory molecules for antigen presentation to induce T
Iymphocyte proliferation. were found to be significantly asso-
ciated with this network, Thus, network 1 was annotated as
antigen presentation, antimiceobial responses, and celbmedi-
ated immune responses, Activation of this nerwork was calow
lated to be significantly associated with the NE-xB cascade,

Nertwork 2, with the second highest significance score (P <
107, was annotated as cellular development, hematologic
system development and function, and hematopoiesis. This
network was summarized to the extracellular signalregulated
kinase (FRK) cascade. and granulocyte colony-stimulating fac-
tor (C3F3), CXC chemokines receptor 4 (CXCR4). phosplio-
lipase € (PLC) gamma, and spleen tyrosine Kinase (SYKWE
associated protein (ZAF) served as crucial nodes.

Network 3 was annotated as cell-to-cell signaling and inter-
action, hematologic system development and function, and
immune cell trafficking. This network included CCL3 (M5
ey, CCLS (RANTESy, imterleukin (L»12 (112, H-12). and
wmor necrosis factor (EVF) ligand family molecules, including
TNF superfumily, member 13b (TNFSFI3B, BAFF), TNF ligand
superfamily member 10 (INFSFIO, TRAIL). and TNF receptor
superfamily, member 1B (TNFRSFIB, INFR-2),

Network 4 was another significant antigen-presentation,
functionrefated netwaork, which was annotated as antigen pres
sentation, cellbmediated immune response, and humoral im-
mune response. This nerwork included antigen-presentation-
refated genes, Thirelated chemokines and cytokines, and
interleukin 6 (JL6, 1.6y, which will determine the type of T
Iymphocyte responses. Bssential componems of the antigen
presentation machinery, including MHC molecules and trans-
porter associated with antigen processing (FAPT), were found
in this network. Herpes virus entry medistorligand (INFSF14,
HVEMI) found in this network is a costimulatory factor for T
cells o interact with APCs and acts as a receptor for HSV.

Network 5 was annotated as cellular growth and prolifers-
tion, embrvonic development, and gene expression. In the
context of antigen presentation, Class 11 Major Histocompati-
bility Complex and transactivator (CHTA), a master transcrip-
tional regulator essential for class 1 expression, was located in
this network, Network $ was also characterized by nuclear
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Tawer 1. Significantly Upregulated or Downregafited Genes of

Human Corneal Endethelial Cells after HSV-1 Infection

Famee L (oontinuedy. Significantly Upregulated or Downregulated
Genes of Human Comeal Endothelial Cells after HSV-1 Infection

GenBank 1D

GenBank 1D* Gene Symbol Change  Regulation Gene Symbol Change  Regulation
NM_DE6084 RASDF 2395 Up NM_I82597 FLL39575 o4 Up
NM_ (05618 ML 1SR.7 Up NM_ 022168 1 16,3 Up
NM_IB634 SOX 3 185 Up NM_O17699 STy 16,1 Uy
NM_015193 ARC 9.3 tip AFOET 190 AFROT 190 15.6 Lip
NM_0 362 DI TS Up NM_002661 PLEG2 15.6 ip
NM_002164 e 623 tip NM_0H 4383 ZBIR32 15.6 Up
AKO24457 FLIOGOGY 620 Up NM_005623 CCL8 15.3 Up
NM_001563 CXCL g 4.1 Lp NM_O17R7R HRASIS2 15.2 Up
NM_ 138800 TRIM3 5330 Up NM_ 153450 HSOST3 15.1 Up
ENSTOOMORZATTO  ENSTOOOO03 34770 3.0 Up NM 001104 ACINZ 148 Up
NM_US06ST RyA02 51.2 iip NM_ 002301 156G 20 14.7 Lipy
NM_(05404 CXCLIt 0.7 tp NS_OOTR65 PA2 4.3 Up
BCI4IR1Y BCT4181Y 49.6 Up NM_O06G8™ GMPR 14.3 Up
NM_020978 RETY 8.3 tip NM_O010085-i0 CXCRG 14.1 ip
NM_152677 LSCANG 178 tip NM_G21804 ACE2 140 Up
NM_M2500 PCDHS 0.7 Lip INM_OO0T00 AVPRIA 133 Up
NM__ 201589 MAFA 438 iUp NM_K2460 IRFa 151 tip
THUZTSOTHL THCITSOTRZ 408 ilp BCH25540 MGCIUI72 130 Up
NM_002523 NPYX2 38.3 Up NM_033.261 2 15,0 Up
NM_ITOG72 RASGRP 3 38.3 Up INM_ 06158 NEFL 128 Up
NM_00%382 NEFM e ip INM_ 002010 FGiFg 128 Up
NM_D20358 TR i tip NM_01549 s 128 ip
NM_ 002522 NPTXT 387 tp NM_H02403 MX2 128 ip
NM_OG1005217 FRG2 3B Up AYBI 1080 AYBIIG80 126 Up
NAL_052042 GBPS 322 tp NM_ITS887 PREIS 128 Up
NM_ 003733 OASE 298 tp NM_ 018295 TMEMII0 124 tp
NM_TH461 MBDiL2 2%.3 tip BI910GGS BIGIO66S 124 Up
NM_03285% HSH2D 5.4 tp NAEGO4976 Kenet 124 Up
NM_G1012276 PRAMEFR 6 Up NM_ 001548 115 123 Up
NM_004561 VoLt T tp NM_O207 06 PCOH Y 123 Up
NM_ 002776 KiK 1 o tp NM_O0HR48 Clorf3s 122 Up
NM_00148% GBX2 .8 tp NN 203311 CSAGEA 120 Up
NM_O02416 CXCLY 266 tip ENSTOOO202729  LSP47 2 el Up
BCOA0ONZ PRAMEF2 Wi Lip BX1 10856 BX 10856 Ho tp
AWTO5154 AWIG5 154 6.3 tp ENSTOMMIGAOLR0T  LBAT 1.5 Up
NM_OGST3 TNESFIAR 263 Lp NM_O04522 KIFSC 115 iip
ENSTOOODOZ73083  GRIPZ 6.4 Up M 144983 ATPGVIC2 [ Up
NM_ 016323 HERCS 3.7 tp NM_ 1784 sprs 114 Up
XR_016154 LOCHA2425 5.3 iip NM_014398 LAMEPS 114 Up
NM_(H6358 IRXA4 24.8 tip NM_ 031917 ANGPTLO 1.2 tp
NM_OO7TS (#3524 244 Up NM_D02534 AN 1.2 Up
NM_002196 INSM 243 Up NM _(HB438 FRXH 1 Up
NM_D4310 RASD2 238 Up NM_ISAA8T SECH6ATT 1 Up
INM_ G300 SECTMT 236 tip NM_ 003885 CLKSRT 1t Up
NM_006705 GALIMSG 225 tp NM_0170%0 SaMpy ird ip
NM_052%41 GRPY PR tip AWGTTA62 AWYTTI62 1 Up
NM OO PCDHI™ 218 i NM_O17805 RASIPY 110 Up
NM_022454 Soxer 218 Up THCI6587303 THE 2657594 1069 Up
NM_DGHBAS AFM2 4 v Up MO0 729 BIC Hr6 tp
NM_002507 NGFR 213 Up NM 5220 [2 8% % Up
NM_003956 CH5H 204 Up NM_OOIDI 7303 LGRG Hd tp
NM_EARASG BATF2 199 Up NM_ BS28R ZNF342 1.4 ip
NM_ 172374 tats 19.6 ip NM_0007s CORNTC 1A Up
NM_O03810 INESFIO 19.% Up NM %5430 WaT? 9.9 Up
BGSATSST HG5475587 19.% tp NM, 0240625 ZEINAVT 95 Up
NM_ (7RG LHX2 187 iip NM_002009 POU3FE a8 tp
NM_ 001080535 LINCR 184 Up ENSTOMOOMOUSE  HSISTIBY 9.8 Lipr
THC251958 THC2O65 1938 182 tp NM_017554 PARP LA @7 Up
NM_ 001712 CEACAME 182 Up AROZAT43 FLIZIG33 9.6 Up
NM_001 847 FEr2 80 Up NM_ 003205 TLR} 9.5 Up
NM_(H6135 Ervy 17.9 Up ENSTOOOOO302057  IRX2 9.5 tp
THC2559380 THC2359380 179 Up NM_ 63582 SCrsad 9.5 Lip
NM_ (K817 HBAZ 174 Up NM_19891 EROILE 9.4 tip
NM_ 004304 ALK 17.0 Up © D004 CCES 9.4 tip
NM 205848 Rauii 169 ip NM_004256 NC22413 9.4 Up
NM_ 002985 LS 1069 tip AFOSAG LA AFUBS913 9.3 Up
NM_022147 RIP4 168 Up NM_O15900 PLALA 92 tip
NM_I52611 CHhorf?s 16,6 Up NM 006684 CFHR a2 up
NM_014314 DIIXS8 6.6 Up BOCOHZD2SS BCH29255 9.2 Up

{eontinuesy {ranntinues)y
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Tasue 1. (continued). Signiticantly Upregulated or Downregulated
Genes of Huntan Comeal Endothedial Cells after ISV Infection
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Tames 1. {eontinued), Significamly Upregulated or Downregulated
Genes of Hunun Comeal Endothetial Cells after HSV- Infection

GenBank (D Gene Symbol Change - Regulation GenBank 1D Gene Symbol Change  Regulation
ABOOI3RA Courfi2 9.2 Up ARKGGLB4 FL}34515 68 tp
NM_ 024119 Loe2 @42 Up THOC2474831 THC2474831 6.7 Up
NM_(KH 235 Kird 4.2 tp NM_ 14817 KiAAGG-44 [ % Lip
NM_152703 SAMDH. 9.1 tip NM_TO0TSR CSE2 6.7 tUp
NM_ CRAG2 9.1 tip NM_(KI5RS3 IRXS 6.7 Up
ARUT433% NANP 9.1 Up NM_(00558 HBA 6.7 tp
NM_{KKISET LEALSY G0 tp NM_O07352 TRPAI 6. tp
NM 014587 SOXE 4.0 Up ALB3 4280 ALS 3280 G5 tip
NM (4438 EPHAS Q.10 Up AlIRSTT CARSTT 6.6 ip
AM_O2 100G CAUNATL 8.9 tip NM_ (K050 HIPIR 6.0 Lip
MM 024490 ATPIOA R tp NM_ (06228 PNOC 6.5 Lip
NM_3516 HIST2H2AA S 8.8 Up NM 153470 CRAGT 6.5 Up
NM_IOK2T RASLTEA 87 Up ARG25221 LOC i1 108 6.5 tp
ARDD2G2 BET3L 87 tip NM_002574 MAP2 6.5 Up
NM_152309 PIK3aAPI RO tUp NM_H 000 GIMAP2 6.3 Up
NS 5515 HLXBY 83 Lip NM_ 020715 PLEKHH 6.5 tip
NM_D16569 TEX3 835 tp ENSTOOMOI 24559 THEMIGE 6.5 Up
NM 032200 NERCS R5 Up ENSTOOMOORI2843  ENSTOOOG0 3 32894 .4 tip
NM_144002 Cloorf™8 8.4 tp NM_000339 Tas .4 Lip
NM_0G775 CYr2p2 8.3 Up NM_ET2200 1SR4 6.4 Up
NM_004165 RRAD B3 tip NA_OBGR20 14t 0.4 tp
NM_000240 CHTA B2 Lip NM_O0AL1 TRIM2Y 0.3 tip
NM_D12193 FLIG B2 tip NM_ 003811 INFNFY .3 tp
NM_OCHO80454 Clarf3d 81 tip NM_002147 HOXBS 0.3 tp
AK125510 Clorf 104 ]1 Up NM_OOT 335 DLECT a3 tip
NM_O19055 ROBOG XY tp ALY ETa81 DRELPS 3806 6.4 tp
NM_O0031 nF T8 tip W92 wargil 0.3 Up
NM_IKH 243 TNFRSFS T4 tip BOOT 3018 BOOT30E8 0.2 Up
ARGTA050 MYOrG . tp INM_ OO0 3 far: 6.2 tp
NM_138433 KIHIX™B TR Up BOOA A6 CFTorf6™ 6.2 Up
KM_013435 RAX RE tip NM_O06781 Clwprf1i 6.2 Up
NM_21065 HINTHH2AD T8 Up NM_H 2165 itz 6.2 tip
AROUL 308 ARS8 7 Lip NM_I 5611 A3 6.2 Up
BMOZBOGT BMO28667 7.7 ip NM_O03807 TNFSFI4 0.2 Up
NM_ 06186 NRAA2 " Up NM 032727 Na G2 ip
KNM_014290 TORD™ v tp NM 004364 CERPA 6.1 Up
NM_OGTOGT 3% E2 w6 Up NM_021052 HISTHIZAE G Lip
NM_ 138621 BCr2Let 76 tp ARDSS2Z™ CRorfs3 .1 Up
NM_ITHIS CORLY A Lp ENSTOMN0I6999  ZE0HC2 6.4 Lip
NM_O0467 3 ANGPTLY T8 i EXNSTOODOOIGOISR  ENSTUOOGG369 158 (R Up
XM_21179 LOC 2RS4 T4 ip NM_025127 PMALPT 6.4 Lip
AFOROULL AFGsont i T Up NM_O089K2 SiXI G0 Up
NM_021258 H22RAT A Up AVTRGLTO AVTEOLTH 6.0 Up
NM_(KA7T8 CRABPY T4 tip NM_OGH0A0G7E LG54 340 6.0 U
BCAKI3RN HSPRG T ip KM _f2is22 APORECIG 59 Up
AROOFT2T AKOYSTET T3 Up NM_01338% THx21 5.9 uUp
BOOLIRG HOGH 4 346 7.3 Up NM_(K15252 Foy 3.4 tp
WM 172E40 02 T3 p DOQTRGIE EXITBOI D4 59 iUp
NM_ 006261 MY 7.3 . Alp INM_ O 500 PERFR3 4.4 Up
NM_O02170 N A tip NM_ ooz SON3A 5.9 Up
NM_DloR1T A2 T.2 Up THO26G63297 THE2663297 3.9 tip
NM_017639 FRCHS2 T2 tp NM_E90 FOxAl a4 Up
NM_OG2448 MSX 1 7.2 Up NM_OOOGHS AMRALC 5.8 iip
NM_ 173544 EAML29C 7.2 Lp NM_O30041 APILG 58 Up
NM_003655 CHXY . Up NM_ T80 Clorfle2 5.8 tip
ENSTOOONIATEIS3  ENSTOOOOG3 78953 1 Up NM_0123067 OR2BG 5.8 Up
NM 207539 PAGE2 T tip NM_O0ODT74 TRIM22 a8 p
NM_ OG0T 4 RORE R tp NM_D57I8T CYP2641 38 Up
THO25 261402 THC252641002 T tp NM_ (2557 WGP 5.8 Up
NM_03A28 XK ] Up ENSTOOOO03D0258  ENSIIOOOG390253 58 Up
NM 153006 FAMTIA T4 Up NM_01T9 2 HERCO 5.8 tp
NM_ 130467 PAGES ] Up NM_014755 SERTADS 5.7 Up
NM_02091g RNF213 A0 ip ENSTOOOOOATTIRG  ENSTORRNIZ ™™ I8G 8.7 tp
NA_MI2096G CXICLT O Up NM_016642 SPYBNS 8.7 ip
NM_1OR493 ANKRIAS T8 Up NM_KITS9 CSFR 5.7 Up
NM_KHABR0 CREBRP 0 Up NM_D05533 135 5.7 tp
NM_1T21H8 KONG2 ] tp ENSTOMMIAB2595  PAMOOAD 57 iUp
NM_017523 XoAF? 68 tip NM_032265 ZMYNDIS 3.7 Up
NM_O06 T 4 GAMA 6.8 tip NM_HERAG8 MYIIRE 5.7 Up

Conmlinuess {continmnes)
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Taps 1. (comtinuedy, Significamly Upregulared or Dowaregubated Tamr L (continnedy. Significamly Upregulated or Downregulated
Genes of Human Comest Endothelial Cells after HSV-1 Infection Genes of Human Comeal Endothelial Cells aftor HSVHI Infection
GenBank ID* Gene Symbol Change  Regulation GenBank ID* Gene Symbol Change  Regulation
NM_ 30030 LNCYIRT ke Up NM_ 00090 NRIC2 48 Up
NM 005170 ASe12 8.6 tip ALEIT235 FICHD 4.8 tp
(Y21 ARSG B2 IRSG S Up NM_001304 DUSPS 8 ip
NM L3RS FAMLI2C 56 tip NM_024956 TMEMG2 48 tip
NM_006671 SCIAT 56 tp NM_ 003641 M 4.8 Up
BCOIGD3A ReTOES 5.6 Up NM_O06095 ATPRAT +8 tp
THC2661318 THEI6613T8 5.6 Up NM_ 014080 DUGX2 48 Up
INM_ 1 TO09 GPBART 5.4 Up NM_ 138287 DX L 4.8 Up
NM_OUG3SE2 wiser 3.6 tp THCZO8819%6 THC2O88196 4.8 ip
NM_ 004510 SPr 5.6 Up BHI24%48 BHIXI548 48 Up
NM (585 RARRES3 5.% ip NM_ 519 FAM 1244 4.8 Up
NM O8RS CYP26R 55 Up NM_(K6417 WFtad 48 tp
NM_O05557 KRT1G 5.5 Up AKI27225 L IRI296 4.7 Up
NM_ 006G BATF 5.5 tip NM_O06869 CENTAT 47 tp
NM_023940 RASLIIR 5.5 tp NM_005.248 FOR 7 Up
ENSTOOOOU3O3RE0  ENSTOMMIG3033140 5.4 ip NM_ (502402 MX? 4.7 tip
AKE251G2 AKI25162 5.4 Up NM_ 002286 LAGS 47 tip
AASEOHS0 AA4TI656 5.4 tUp BOOTOOON MED 4.7 Up
NM_ 152431 PIWHA 54 Up NM 182612 COAC G B tp
ENSTOOO003SBATS  ENSTOIOGO3583™8 54 Up BUSHEAGY BUSGL60 47 Up
NM_003277 CLONS S.4 Up NM_ 203446 SYNH 4.7 Up
NM_OX7RE AGBL2 5.3 Up NM_ (06424 SLC39A2 47 tip
NM 02700 POUSES 5.3 Up NM_025198 Ry 4.7 Up
NM_D05980 Stoop 5.3 tip NM_0062218 o 7 Up
NM 038212 MOC25428 3.3 Up NM_030706 Bor2Lid *.7 Ligy
NM_ 006620 HBSIL 5.3 iip NM_ 024778 LONRFS 4.7 Up
NM 021035 ZNFX} 5.3 Up NM 021784 FaxA2 4.6 tp
NMITA042 H.i88P 5.3 tip ARG2IT 204 ARG2T 294 4.6 tip
NM_(33238 s 32 tUp NM_1TERA SHOX EX0 tp
DH518508 DESIHS08 5.2 Up NM_ K290 INFAIPS 1.6 Up
NM 017709 FAMIGC 5.2 Up BOOLAETY Beaiji~s &6 tp
AF3O5R1Y AFIOUSRIY 5.2 tp BCO3Z1266 TRIMGY 4.6 Up
NM_0016] GCHIT 5.2 Up NM_GISwT rAr: 4.6 tp
NM_ (25079 ZUIHI2A 5.2 tUp NM_D05419 STAT2 4 Lipy
INM, 019001 XRNY 5.2 tip HCO31310 B33y £ Up
INM_ 0206004 PLEKHAG 5.2 Up NM_ (00060 TNFRSFIB 46 tp
NM_O32784 RSPOI3 5.1 Up THCZGT 3062 THC2673062 4.0 Up
NM_15334¢ THRIX: 5.1 tp THC.2513333 THC2513333 4.5 tip
NM_153010 CMYAS 51 tip NM_ 145053 UBHNL 4.5 tp
NM_(22750 PARPIZ 8.1 tip NM_(18381 PLITI2EG 4.5 Up
NM_033292 CASPY 3.1 Up NM_ 175065 HIST2H2A8 15 - Up
BX LT BXIOU76 %1 tip INM_O00600 Ho 1.5 Up
AKODO515 EOC2E3603 3.1 tip NM_024913 FELIIO86 4.5 Lip
BCOZTTHH BCGITT9E 3.0 iip NM_O19102 HOXAS 4.5 Up
NM_O80552 ME32AT a0 Up NM_H7539 DNAKS 4.5 tip
NM_06G 18T OAS3 5.0 Up AKOG4730 LOC2B 3454 4.5 Up
AJ205982 AF2UTON2 L1 Up NS T80 KRTOC 15 tp
INM_(25179 PLXNAZ 5.0 iip NM_ 0124920 s 4.5 Up
NM_(331009 PNPTY 5.4 Up NM 02053 GaP 45 Up
NM_ITRIA0 PHZLZ 50 tip XR_ 17251 LOC IR 380 EE ] Up
NM_005101 ISGIS 3.0 ip BCORASTL BCOI4971 A Up
NM_(H17631 FLI20035 5.4 Up BCO3SHRA Kiaanguy A Up
NM_ 021105 PLSCR 3.0 Up INM_OSOR29 X175 4.4 Up
NM_ 000070 CAPN3 5.0 tp BCOOSO32 Coorfi™6 aid Up
NM_{I52886 MALZ 5.0 Up NM_ 198183 UBEXNG A Up
ARG23773 ARD23ITTS 4.9 itp NM_ 1392006 Srary LR Up
AASTRI R4 AAST 3434 19 tp NM_ 014400 LYPD3 4.4 Up
NM_ 033255 EPSTIE 4.9 Up NM_ 0307 POU3F4 4.4 Up
NM_ 001080391 APk 49 Up NM_ITHS 1D EXCW 3L 44 Up
NM_203393 LOCARYI58 4.9 Up NM,_ 115637 A2 44 Up
NM_014850 SRGAPS R Up NM,_00iB21 HANDI? 44 Up
ARG21546 ARG2 540 1.9 ip NM_ET3000 TMEMET 44 Up
ARDBO8TT FLI32255 49 Up NM_KI208Y CXCLE (R | Up
NM_ 0576 AVIL 4.9 Up NM_L3Ra22 LOCII3179 4.4 Up
ARORGI DENBS Y ERY tUp NM_OO68 GPR IO i3 Up
ENSTOUNAZ044G  LOCIRTTO3 49 Up NM_ 173198 NRA4AS 4.3 Up
NM_D02135 NR4AT 4.5 tp ENSTOOOO0AGTOTS  ENSTOOOOO36767S 4.3 ip
NM 004688 N 49 ip NM_GI18964 SLCATAL 4.3 ip
NM (2198 IRFY 49 ip ENSTOODGOI 19902 KidA 1618 4.3 Up
Ceantinuesy {eontinnes)
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Tame L Coomtinwed). Significamtly Upregulited or Downregulated
Grenes of Human Comeal Endothelial Cells afier HSV-1 Infection
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Tame 2, Molecules Significantly Associited wit Antigen
Presentation, as Revealed by Functional Analysis

GenBank 1D Gene Symbol Change  Regulation
XE_ora10a LOCGSO517 .3 tip
NM_(0I823 CKR .3 up
NM_G1a51 FOXFT | 1.3 Up
NM_O00BR2 HizA 4.3 Up
NM_ 194284 CLINES i3 Lp
NM 004405 X2 4.3 Up
NM_F30436 DYRK 1A 43 Up
XR 015273 LOWT28371 4.2 Up
BUGRT 302 PPPIR2ND 4.2 ip
NM_031458 PARPY 4.2 tip
NM_(KI3335 UBETL 4.2 tip
NM_003649 Do 4.2 tip
KM_04 184 WARS 4.2 Up
COROT il CHFS6T46 4.2 Up
NM 15343 APOLT 4.2 Up
NM 01050 SNIR2 4.2 tip
BX 110908 BX 10908 4.1 tip
AK 128592 DNEHZ it Up
BCOZAT4% BCOITHS 4,1 Up
ENSTONKNIAS 2591 FAMDOA D it tip
AR 226060 OB i Up
NM_O01017534 COPY 41 Lip
NM_O14059 CE3orfis 1 Up
ALOAYTRZ a2 4.1 ip
NR_002139 HOGH al Up
NM_O01003845 se5 1 tp
KM_015%6:§ LRRIMZ At tp
NM_053001 USRS Ll tip
BT 30147 BQISOIGT 40 tp
ENSTOROO0294663  GBP2 A0y Up
NM_OG4024 ATER 40 Up
ARG92450 AKOY2450 4.0 tip
BCOOGTT2 BCOOTT2 4.0 Up
NM_ (16585 THEG a0 tp
NM 0522 FAMTTC 4.0 Lip
NM 173649 FEF0172 4.0 tip
NM_O24989 PGAPY 4.0 tip
N 152542 PPMIK 4.0 tp
ALB33THY LOCT46439 0 tp
NM_014177 Cl8onf55 %2 Bown
NM_625184 EFHC2 A9 Down
NM_001629 ALONSAP 4.5 Blown
NM_ 022469 GREM2 Ak Prewn
AK126014 KiaA1211 1.3 Prorwn
NM, 000812 GABRE 4.2 Perw
ENSTOOOATO420  ENSIOO000G379426 ES Brwn
NM_051905 GLS 4.0 Pown

£ 001,

* btpsdiwww nebiolmonib gov/Genbank/,  National Center for
Hintechnology Information, Bethesda, MD.

transcriptional regulationrelated  genes: cAMPresponse cle-
ment binding protein (Chpyp300, CCAAT/enhancer binding
protein alpha (CEBPA)Y. CREB binding protein (CREBBP), act-
vating transcription factor 3 (ATF3), histoac, and retinoic acid
receptor-related genes (eytochrome P50, family 26, subfamily
A, polypeptide 1 CYP26A T, nuclear receptor corepressor 1
{N-cory, promyelocytic leukemia (PML), retinoid acid receptor
(Rar), retinoid X receptor (Rxr), and SWISNF complex. The
retinoid acid receptor family genes are nuclear receptors and
act as transcriptional repressors, which are involved inantipro-
liferative effects of retinoic acid.

Corneal Endothelial Responses to HSV-1 in
Common with Corneal Epithelial Cells

T understand the specific responses of the HCEn cells, we
then compared the transcriptome of HCEn cells and the re-

Molecules in Network P
HISRA, ALMZ, 16, TEX 21, IR, APOLS. 505 % 1071
CXCLIO SO, IFt4E, TNFSFG, COLE, FGR, 534 % jot

INESFUSE, GZMA, DLLE, CXCL, TRIM 2T,
HSHAY, ZCIHAVE, LAGS, CSF3. IRFL,
APOBEC3CG, HABBP, IRET, DUOX2, PLCG2,
LN, RARRESS. 101, PNOC, PIK3APL.
STAT2, 129, TRIM22, CX3CLL, 1124, IFNBI,
CHTA, TNFSFI0, TNFAIPS, CCLS. CCL3, LGALSS,
SECTMI. TAPL NGFR, CASPL, CI38, CCRLE,
GBP2 TLR3. YNFRSFIB, STATL PLSCR1,
CXCLLE DHIXSE, MX2, OANL IRFA, MYDSS,
CXCRA, ALOXSAP, MX T, UNCUIBE, 1P,
APOLE, CEACAMI FOS, ZBTBS2, NMI, CXCLL
CSE2 NGO, BCLALYT, andd TNESFTG

ported ranscriptome of HCEp cells after HSV infection (12
hours PD.S OF the 10 highest induced genes in HCEn cells,
RASDI, DLLI. SOX3. ARC, DI}3. FLIOOO43Y9, and tripartite
motif-containing 43 (TRIM4 3) were also observed in the trane
scriptome of HCEp cells, In contrast, 1DOT and 1P-10 were
observed only in the HCEn transeriptome. Therefore, we reas
soned that the networks of the HCEn cells represent general
antiviral sesponses to HSV and corneal endotheliume-specific
TOSPIMSCS. .

To delincate the general responses of HCEn cclis to HSV, we
constructed shared networks using genes detected in the tran-
scriptomes of both HCEn and HCEp. IPA generated two major
biotogical networks with high significance scores (P < 107
Table 8). Shared network 1 was annotated as embryonic de-
velopment, tissuce development, and skeletal and muscular
system development and function, Shared network 1 was char
acterized by interferon response, MAPK., and NFxB cuscades.
i+1.2. chemokine (GX-C motif) ligand 2 (CXCL2), and fibro-
blast growth factor & (FGFY) were identificd as shared media-
tors (Table 5% As a costimudlatory molecule, TNFSFY (i -
1BB-4y was also observed in this network. Shared network 2
was annotated as cellular development, hematologic system
development and function, and hemuatopoiesis and was Char
acterized by retinoic acid metabolism.

Corneal Endothelial Responses to HSV-1 Distinct
from Corneal Epithelial Cells

Next, we amslyzed how HCEn cells respond to HSV-1 infection.
Genes in the transcriptome of HCEn celis that were shared
with HCEp with more than fourfold difference compared o
the mockdnfection control were eliminated, After comple-
menting with statistically significant connecting nodes, the IPA

Tame 3. Canonical Pathway Analysis of HSV-L-Induced
Transcriptome of Corneal Endothelial Cells

Canonical Pathway P Ratio
tnrerferon signaling LU 107t 1209037
Role of patternr ecognition receptors 134 % 107 15/88(0.17)
iy recognition of bacteria and
virises .

Activation of IRF by ovtosolic pattern L2 1704
recognition receprins

115 Production 28 WY S£30(0.167)

Role of RIGHike receptons in antivicad 412 % 170 /5240115

rmate mmunity
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Tame 4. Transcriptional Networks of HSV-L-Infected Comeal Endothelial Cells
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Score
Network Molecules in Network (~log #) Function

i AIM2, BATE, DRXSS(RIG 1), DIIXSE. FOXFL, IFL35. IFM4, IFIIT A4 Antigen prosentation, antimicrobial
CMDAS) IFETE, IFEEZ IFITS, NG/ B, 129, IRF, IRFL, IRFT. ISGTS, response. ceflmediated imnune
ISGEICIRFY), NFRB teomplexh, (s, OASE OASZ, OASS, PARPY, FESPOTISE
RARRESS. REL/REIA/RELB. RNFIOB, RSAIZ, SIGOP, NPT, STAT2.
Stat §-Statd, TLR3, INESFY (4« 1BB-L), andd TRIMGD

2 ADRAZC, ALK, ANGPTLE, ASCL2, BCLZLI4, BCR, BTC, CLDNS, €SF3, 40 Cellular development.,
CXICLE, CXCR4, P03, DUSPE, FPHAS, ERK, Feerl, Fgf, FGFY, Ige. hematological system
INSME, MAP2K 1/, OVGPL, PLC gamma, PLOG2, PPPIR2G, Rapl, development and function,
RASEI. RASGRPS, RET. Statl dimer, SYK/ZAP, SYNJI, TBX 21, TRIB, hematopoiesis
aned TXK

3 BCL2LTE, Caspase, CCLS, CCLS, COLE, CORLT, Cytochwume ¢. FATA, 3 Celbtorcell signaling and
GLS, GEMA. HBAT. HBAZ, HSH2D. IFEEM L, IgG, Igm, kb, IKK interaction, bemaological
Ceamplexy, HA. HA2 fcomplex), L2 (family). 11284, IRF4, 15620, system development and
nk, KRTHs, MYDRS, NGFR, RRAD, SPIOG, STAT L. Tuf recepor, function immune cell trafficking
TNFRSEIR, TNESFI0, and TNFSFIZR

4 BUBS CO38, CXCL2, CNCLY CXCLIG CXCLEL, GEPZ, HLA-DR, XL, 36 Antigen presentation, cellbmediated
IEN Heta, Ifn gamama, IENBL, LG, ILTSRA, TLISBE, huerferon alpha, immune response, humoral
IRES dimer. MEC CLASS 1 (family). MX T, MX 2. NE&appatt (family), HIMUNe respemnse
NRB-RelA, Nucleotidyitransforase, PYAIPI. PNPTT, Sod. TAPL, Tiv.
TNFAIPS, TNFRSES, TNFSFIHHVEML), TRAF, USPIS. WARS. and
XAFY

5 ALOXSAP. ATES, Chp/p3on. CERPA, CHTA, CREBEE, CYP20ATL, FOXAL 30 Ceflular growth and proliferation,

FOXAZ GBPE, GCH L, Growth bormone, BISTONE, Histone b3,
Histone b, HOXAS, KLF, SHC Class § Ccomplex), Noor, NIACR2,
NML NRIC2, P38 MAPK, PEPCK, PML, Rar, Byr, SECTM 1, Sox, SOX3,

embryonic development. gene
CXpression

SOXH, SOXT7, SWESNE, TRIM2E, and Vitamin D3VOR-retfid X

recepler. gt

generated four major biological networks with high signifi-
cance scores (P < 107 Y Table 6),

The HCEn-preferred network | of highest significance was
annotated as antimicrobial responses, inflammatory responses,
and infection mechanisms. This network was characterized
muinly by interferon responses, In network 2. antigen-presen
tation-related genes, TNESEIO CVRAMLY. TNFRSFIB (TNFR-2).
and CHTA, and granulocyte-macrophage colony stimulating
factor (CSF2, GMCSP, were identified. Network 3 was anno-
tated as infection mechanism, infectious disease, embrvonic
development, and was charicterized by antivieal mediators
including €CL3, CCLS (RANTES), H-12, and interferon o
HCEn-preferred network 4 was annotated as cellto-cell signal
ing and interaction, hematologic system development and func
tion, and collular movement. This network was characterized by
antigen presentation and brmphocye functiondeterminant-re-
hated genes, including 1007, HIADR, INFSFI4 (HVEME),
CXCLY, CXCLIO ¢P-Ith, CXCLLL, imerferons, 116, and 11-12.
Thus. all four HCEn-preferred networks were found to share or to
be involved in the antigen-presentation-retated function.

Production of Inflammatory Cytokines by
HSV-1-Infected Corncal Endothelial Cells

We examined whether the observed transcriptional re-
sponses may indeed translate into a special profile of se-
creted proteins, The superpatant coflected from HSV-1-
infected HCEn cells at 12 hours PIowas analyzed for 2
cytokine secretion profile by using protein array analysis,
Significant increases in the secretion of 116, 1L-8, monocyte
chemotactic protein 1 (MCP-1, CCL2Y. tissue inhibitor of
metalloproteinase 1 (TIMP-1), RANTES (CCLS)Y. 1P-10, 1309,
macrophage migration inhibitory factor (MIF), monocvie che-
moattractant protein 2 (MCP2, COLB)Y, TNFSFI4 (HVEML).
110, stromal cellderived factor 1 SDED, and interferon-y
were found in a descending order (Fig. 2), Antigen-presentas
tion-related genes, including 16, 1P-10, CCL8, HVEML. and
imterferon-y, were confirmed for induction by HSV-1 infection,

Priming of Allogencic T Lymphocytes by
HSV-1-Infected Corneal Endothelial Cells

Fisally, we tested whether HCEns may indeed function as
APCs. HCEn cells infected with HSV-1 were treated with MMC
o suppress DNA synthesis and proliferation. and then cor
cultured with allogencic T cells from donors previously in-
fected with HSV-1, The proliferation of CD4” T cells measured
by BrdU uptake was significantly stimulated by HSV-1-primed
HCEn cells at an MOL of 5 (Fig. 3A). Allogencic T cells from
healthy donors without a history of HSV-1 infection did not
show an appreciable stimulnory effect (data not shown). For
the control of allogeneic responses. Vera cells (kidney epithe.
Hial cells derived from the African Green monkey) were used as
@ stimulator. As expected, no significanmt Teell proliferation
was observed (Fig. 38) To confirm HSV-1-stimulated allogeneic
responses provoke a Thitype response, we assessed interfer-
on-y seeretion. HSV-l-primed HCEn cells stimulate allogencic
T cells to produce significant amounts of interferon-y (Fig, 3C),
No imterferon-y was produced by T cells cocultured with
HSV-1 primed Vero cells,

Discussion

Our results showed that HSV infection affected the expression
of numerous genes. and the majority of the mRNAs were
ranscriptionally  activated.  Importantly, our  bioinformatics
analysis of HSVinduced transcriptome of HCEn cells showed
that the molecular signature profite of these genes is strongly
directed 1o initiate the acquired immune system as APCs,
Generally, HSV infection induces global silencing of host-
derived transeripts,'* " This is mediated by viral proteins or
by the inunediate carly genes including 1CPO, ICP27, or
CP34.5.1 4% Thus, global transcrptional activation after
HSV infection, which was also observed in HCEp cells.®?”
appears to be an uncommaon event. Epithelial cells, including
HCEps, are part of the primary defense systemy that initiates an
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Figure 1. Network analysis of the biological processes underlying the HSV-1 infection-induced responses of HCEn cells, Networks 1 1o 5 are
summurized a8 the menged networks. Interactions between the networks are shown as yellae lines.

arsenal of proinflammatory mediators on infection. This may
explain the presumed evolutionary requirement te resist tran.
scriptional silencing exploited by HSV. In contrast, corneal
endothelinl cells are located inside the eye and are not casily
accessible to HSV, which is different from corneal epithelial
cells. Thus, the resistance of HCEn cells to transcriptional
silencing appears to reflect a specific property.

On infection, HSV hijacks the transcriptional machinery of
the host and diverts the canonical NFxB inflammatory signaling
cascade for its own replication.'™ To resist viral replication,
HCEn cells initiate an antiviral program with global transcrip
tional activation, which results in the release of inflammatory
cytokines (Fig., 2). These cytokines subsequently prime the
acquired ccllular immunity to protect the corneal endothelial
cells.

In the HSV-induced transcriptome of HCEn cells, we
detected several antigen-presentation-related genes, For ex-
ample, MHC class 11 is used for the presentation of exoge-
nous proteins. The expression of MHC class I is regulated
by the master transcriptional regulator CHTA (Fig. 1. Tables
4, 6), which is a signature molecule of professional APCs,
Moreover, HCEn cells express the co-stimulatory molecules
CD80 and CD86 on the cell surface, and they are stimulated
to express CD40 after interferon-y stimulation.® All these
molecules are essential for APCs to provide the appropriate
strength of antigen stimuli 1o recognize T-cell receptors.

Another important signal for APC function is a maturation
stimulus, which is typically mediated by GMCSF (CSF2; Tables 1,
6; Fig. 13, Thus, these observations fusther support the functional
capabifity of HCEn cells as APCs after HSV-1 infection.

-73 -



I0VS, June 2011, Vol. 52, No. 7 HSV-1-Infected HCEn Cells as Antigen-Presenting Cells 4291
Tane 5. Transcriptional Networks Shared with Corneal Endothelial and Epithelial Cells after HSV-1 Infection
' Score
Network Molecules (=log Py Functions
i ALP, CaMRU, CBXA, COKSRI, CORNIC, CR2, CRABPL, Creb, 13 Embrvonic development, tissie
CREBRE, CXCL2E Cyclin A DLLE, DEX2, FGFO. FOS, FOXFS, development, skeletal and
GADEMS G, Gske3, IGE2, TL1L2 foompdex), Bterferon alpha, KONCTE, muscular systent
L8, MEX T, SHUCSAC. NFRB tcomiplex), P38 MAPK. PDGF BB, development and funetion
RRAD, STATSa/M. TRX21, 1y beta, INESFO, TRIBT, and WNTT
2 ARC, BST2, CCRCT MG, CLONS, CLDN L ELAVLS, EWSRI, GBX.2, 35 Celtubar development,
GLIL, HTT, IRX4, KCNQ2 LIXIRT 763, MDFL (includes BG4 188), hematological system
MERS, MIRIBA, NEFL. NEFM, NPMI (includes EGAB69). PAX S, development and function,
POOMS, POUSFL, PPARy Hgand-PPAR v Retinofc acld RARw, hematopoiesis

PICHERY, BARA. RASLEIB, vetinoic acld, Retinofe actd-RAR, RPSI™
(includes FGE20068), SIK3. SOX3, SYNJL TBX 15, YWHAZ and

INFESE

Recently, an analysis of the transcriptional signature of
the genome of dendritic cell (DC) responding to pathogen
stimuli has been conducted. and crucial regulitory Circuits
were found. These circuits comprised 125 transcription face
tors, chromatin modifiers, and RNAbinding proteins.' The
study showed that the responses of dendritic cells o patho-
gens consisted essentially of inflammatory and antivird pro-
grams, In the inflammatory program, 116, 1112, CXCL2, and
1118 were representative effector molecules,” and, in our study,
these modecules were found in major networks 3 amd 4 of HCEn
cells (Table 43 In contrast, P10 (CXCLIY, interferonstimu-
lated protein, 15 kDa (I5G15). and interferoninduced protein
with tetratricopeptide repeats 1 (FITH) are other representas
tives of antiviral programs. ' They were identified in networks
1 and 4 of the HCEn cells CTable 4), Interestingly, 1910 was the
cighth highest induced gene in the HCEn tanscriptome (Table
1), 1P-10 directly inhibits HSV-1 replication. ™

In dendritic cells, antivieal programs are initiated by viral
sensors, including TLRs, melanoma differeatiation associated
protein-3 (MDAS, [FIH1), and DDXS8 (RIG-1}, which again are
found in network 1 of HCEn cells (Table 4. In contrast, HCEp
networks were clearly distinetive in their transcriptional pro-
file, andd their identified nodes did not match those of dendritic
cells. Thus, the representative transcriptional network nodes

of HCEn cells are essentially matched to those for representa-
tive effector molecules in dendritic cells,

in the antivirl program of dendritic cells, signal transducer
and activator of transcription 1 (STAT1) and STAT2 reguliate
components of the antiviral effector molecules. Consistent
with this. STAT1 was positioned centradly in the transeriptional
network-of HCEn cells (Fig. 1), Other representative transcrip-
tiomal regulators of the antiviral program in dendritic colls were
IRFE, IRFY, activating transcription factor 3 (ATF3), ets variant
6 (ETVO). JUN, STATY, and retinoblustomalike 1 (RBL1Y. OF
these, the IRFs (netwark 1) and ATF3 (network 5) were also
found in HCEn cell networks, This result is consistent with the
functonal capability of HCEn cells as APCs, and may aiso
reflect the HCEn cell-specific responses to pathogens.

Char results showed that HCEns can function as APCs. Gene
erally, HSV-1 is known to block antigen presentation of in-
feeted cells. ™" The observed allopriming effect of HCEn cells
would be beneficial for the effective eradication of HSViip-
fected cells. On the other hand, such climination may lead to
endothelial cell foss, which could lead to potentially blinding
bullous keratopathy. So, how does the host aveid such a dele-
terious phenomenon? 1t has been shown that HCEns can serve
as immune regulatory cells that dampen the eytotoxic effects
induced by sctivated T cells. This action may protect the

Tane 6. Transcriptional Netwaorks Preferned by Comeal Endothelial Cells after HSV-1 Infection

Score
Network Molecules in network {~log Py Functions

1 AIM2, BATE, DDXSS. DHXSE, (K135, 1FL45, {FITE, WL, IFTE2, IFEES. al Antimicrobial response, inflanumatory
I, IEN TYPE 1, 1129, ILISBP, Interferon-o huduced, IRF, IRF”, response, infection mechanism
ISGTS, ISGES. MX L MX2 NFRB (complex), OASE QAS3, PARPY,
RARRESS. REL/RELA/RELB, RNFI9B. RSADZ, $100P, STAT2, Stati~
Stk 2, TNFRSFR, TRIMGS, andd UBA”

2 Ak, ALOXSAP, ANGPILL. CLIORFIS, CDA8 CHTA, Collagen Alphal, 33 Cell death, cellubar growth and
CSEZ CYPIL FAMGSE, GRPI, GLS. GPRIOYB. Groneth bormaone, proliferation. conmective tissue
HSH2E, WFTEM 1, ey, IKK (complexs, 1ok (faorily), TLE, Interforon development and function
Regrdatory Factor, IRFI IRFS, LI, NRBERoIA, NRIA S, PARP,
PARPLL, PAR P14, Tuf receptor. TNFAIPS, TNFRSFIB, TNFSFIG,
TRAF, and WIsP? .

3 APOBECIG, APOL2, APOLS (indludes EGBOB33). ATF3, CCL3, CCL5, 3t Infection mechanism, infectious
CEBPA, CSE3S, CYP2OAL, POXAL FOXA2, GCHE, HOXAS, InG, lgm. disease, embryonic developrent
TLE2 fcomplex), Puterforon alpba, IRF3 dimer, ISG20, KLFi, KRT 16,
Nfat (family ), NRAAZ, PIR MAPK, PEPCK, PMAIPL, Rxr, SECTM &,
Sod, SODZ, TRIL. TRIM2E. UNCOIRYE, Vitamin D3 VOR-RAR, and
ZCHAVYS

4 ACEL, BUBS, CCLE CORLE, CHEMOKINE, CXCLY, CXCLIO, CXCLT L, 30 Ceflao-cell signating and interaction,
GRPZL, HEA-DR, HXOE, IFN Beta, Ifn gavoma. {fnar, IENB L, NP hematological system development

lgor, ILO, IL23, A2 (foomily), 1124, IRAK, MYDES, NfkB-RelA. Ous.
£AX2, Procinflancnatory Cytokine, SHOX, SPEUG, T, TIRA,
TNESFI4, TNFSFI3B, WARS, and XAF!

and function, cellular movement
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Frovws 2, Induction profile of inflammatory ovtokines by HSV-E-ine
fected HCEn cells, HCEn cells were adsorbed with HSV-E at an MOLof
L for 1 hour and refed with DMEM. After 12 hows” incubation, the
supermtant of HSV-1-infected HOEn cells was assayed with a eytokine
arewy. A panet of inflammatory cvtokines wis significanty induced by
HSVAL infection. s = 4 per group, <0 008,

endothelial cells from death while maintaining their priming of
immunologic memory responses. For example, HCEn cells
impair Thi ¢ l)»i cells by PDALE, which is strongly expressed
on its surface ® CD8* T cells can also bc: converted w regubie
tory T cells by HCEn cells via TGEE In the HSV-1-induced
transcriptome of HCEn cells, the sixth highest induced gene,
11, produces an immune regulatory enzyme that induces
anergy or regulatory Teell differentiation. In the HCEn net-
works, auclear receptor transrepression pathways appear also
to regulate inflammation by N-cor or Rxr, which are represen-
tative reprossors of inflammatory responsive promoters (Table
4, network 33,

The most striking difference between the HCEn and HCEp
transcriptional networks was the interferonrelated response.
This result is consistent with their functional ability of antigen
presentition. laterferons induce representative antivieal re-
sponses and modulate the immune system, and they render
neighboriog cells resistant to viral infection. In general, inter-
feron responses are commonly observed after vieal infection,
including human cymmqwm*frm 44 contrast, interferon
responses are generally silenced in cases of HSV infection.
This silencing does not occur when viedl replication is im-
paired.'t After HSV infection of HCEn cells, we observed an
induction of known interferopdinducible antiviel genes, in-
cluding OA84/273, and myxovirus resistance 1 (MXTH2 in
networks 1 and 4, m»p«rmw!} OAS activates atent RNase Lo
induce viett RNA degradation. ™ The MX proteins are dy namin
superfamily GTPases that interfere with viml replication. ™
Thus, HCEn cells have a strong propensity for interferonre:
lated antiviral or inflammatory programs o resist HSV- infec-
tion, despite their susceptibility to infection.

TOVS, June 2011, Vol, 532, No. 7

The HSV-nduced host genes of HCEn cells determined by
network analysis showed significant association with the Jun
Neterminal kinase (INK), p38, extracellular signabregulated ki
mase (ERK), and NF-xB signaling pathwiys. An association of
these cascades with the HCEp network was also observed.™
indicating that they are common signaling cascades after HSV-1
infection.,

After HSV infection, the HCEn colls produce large amounts

of L6, simikir to HCEp cells. ™ Network analysis indicated tha
116 was the most significantly shared effector molecule, It was
centeally located in the inflammstory program of the transcrip-
tiomal network, and activations of NFB and INK were shown
to be related to 11-6 induction.” In addition, 116 is a represen-
tative effector molecule downstream of TLR2, TLR3, and TLR9,
which sense HSV entry. On infection, -6 mediates an acute
phase reaction that influcnces antigensspecific immune e
sponses, ™ Importantly, 116 convernts T cells into evtotoxic T
cefls or the ThIT lincage and stimulates B cell differentiation.
In herpetic keratits, 1-6 contributes to the massive neutrophil
atteaction to the cormeal stroma™ ™** and stimulates bystander
populations and HCEp cells o induce vascular endothelial
growth factor (VEGFL™ 4%

Collectively, our data provide strong evidence that HCEn
cedls can serve as APCs after HSV-1 infection, Understanding
the immune-modulating properties of the corneal endothe-
tium would help develop efficacious strategics to block

z
- ?m
Nl l

mm:s mms
HCEn Vo

Frotre 3. HSV-T-specific Teell proliferation and interferon.y secre:
oy stimutated by HSV-Letreated HCEn celis. HCEn cells were ad-
sorhed with HSV-E for | hour at the indicated MOF and soated with
mitomvein C HSV--specific CD47 T cells were isolated from HSV-1
infectedatiogeneic donors, and cocultured with the HSV-J-adsorbed
HOEn cells (responder: stimulator matio, 4313 (A or xenogeneic Ve
cells a8 the control (), HSV-1-specific Toell profifenstion was exame
ined by Bt uprake, which wis assessed with a chemiluminescence
Based. BroUspecific FLISA. HSV. L-specific interferon secretion from
the T cells co-cultured with the HSV-1-primed HCEns or Vero cells was
measured with ELISA (Cy The HSV-E-primed HCEn cells, but aot the
Vero cells, significantly stimalared interferonsy secretion, "F < (.05,
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HSV-T~induced inflammatory responses and endotheliad cofl
lass,
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