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Abstract

effective and helpful in diagnostic prediction of POAG.

Primary open-angle glaucoma (POAG) is one of the major causes of blindness worldwide and considered to be
influenced by inherited and environmental factors. Recently, we demonstrated a genome-wide association study for
the susceptibility to POAG by comparing patients and controls. In addition, the serum cytokine levels, which are
affected by environmental and postnatal factors, could be also obtained in patients as well as in controls,
simultaneously. Here, in order to predict the effective diagnosis of POAG, we developed an “integration approach”
using different attribute data which were integrated simply with several machine learning methods and random
sampling. Two data sets were prepared for this study. The one is the “training data set”, which consisted of 42
POAG and 42 controls. The other is the “test data set” consisted of 73 POAG and 52 controls. We first examined for
genotype and cytokine data using the training data set with general machine learning methods. After the
integration approach was applied, we obtained the stable accuracy, using the support vector machine method with
the radial basis function. Although our approach was based on well-known machine learning methods and a
simple process, we demonstrated that the integration with two kinds of attributes, genotype and cytokines, was
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Introduction

Glaucoma is a progressive eye disease that shows charac-
teristic degeneration of the optic nerve and visual field
defects (Kwon et al. 2009). Among the subtypes of glau-
coma, primary open-angle glaucoma (POAG) is a major
cause of blindness worldwide. The results of many stud-
ies have suggested that a genetic contribution is one of
the risk factors for the development of glaucoma (Ray &
Mookherjee 2009). However, it is still unclear if the
genetic risk factors contribute to all of the pathogenesis of
glaucoma. To investigate the mechanism(s) of common
diseases such as glaucoma, genome-wide association stud-
ies (GWAS) have been widely performed (Consortium
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TWTCC 2007; Balding 2006). GWAS is one of the power-
ful tools to identify genetic association to common
diseases with genotype data for single nucleotide
polymorphisms (SNPs). Previously, we performed a
GWAS to identify the common POAG-associated genetic
factors (Nakano et al. 2009) and found a number of SNPs
significantly associated with POAG. GWAS for POAG
has also been performed by several other research groups
(Meguro et al. 2010; Thorleifsson et al. 2010; Burdon et al.
2011), and we also recently published additional GWAS
research results on POAG (Nakano et al. 2012). However,
compared with the genetic risk for another type of glau-
coma, Exfoliation Glaucoma (EG), which was carried out
by deCODE using only two SNPs (http://www.decode-
health.com/glaucoma), genetic contribution for POAG
seems to be a complex. In EG, SNPs were highly signifi-
cant on a single gene, LOXL1, by GWAS (Thorleifsson
et al. 2007; Williams et al. 2010; Mabuchi et al. 2008; Fan
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et al. 2008), while in POAG, several genes are involved as
genetic risk factors. In addition, besides the genetic factor,
POAG is considered to have other risk factors (Kwon
et al. 2009) as well. Thus, precise disease mechanism(s) of
POAG remains elusive.

For the purposes of diagnostic prediction or finding
out the pathogenesis of diseases, genotype data have
been applied in several machine-learning algorithms
(Relton et al. 2004; Listgarten et al. 2004; Ritchie et al.
2001; Nelson et al. 2001; Hoh et al. 2001; Wang et al.
2012). Genetic data and the other risk factors (e.g.,
smoking, body mass index) were combined for these
prediction models (Seddon et al. 2009). In such studies,
careful extraction of attributes for prediction from large
volumes of data and appropriate data selection from sev-
eral attributes are essential. As the development of com-
mon diseases like POAG is influenced by many factors,
the contribution of each attribute weighs variously
among the patients. Thus, for the diagnostic prediction
of POAG, clarification of each attribute obtained for
analysis needs to be carefully assessed. In this regard, it
is important to develop a new strategy of integrating the
data with various attributes for establishing useful diag-
nostic prediction.

In order to evaluate the risk factor of POAG, we inte-
grated cytokine data together with genetic data as a new
strategy. We focused on the serum cytokines because
the relation between glaucomatous neurodegeneration
and immune response was previously suggested (Tezel
2011), and several cytokines were reported to be linked
with glaucoma (Huang et al. 2010; Yang et al. 2001).
Cytokines, which include both chemokines and lympho-
kines, are small soluble proteins that play a pivotal role
in immune system. The concentration of serum cyto-
kines may reflect the physiological condition of the hosts
affected by environmental and postnatal factors as one
of the important indices useful for the diagnostic predic-
tion of certain diseases. Obviously, cytokine data as an
attribute weigh differently from those of the genotype
data. In addition, the equipments that many cytokines
can measure simultaneously under the same condition
could have been developed and applied to diagnostic
analysis (Ray et al. 2007; Lambeck et al. 2007). There-
fore, we especially tried to measure and handle many
cytokines simultaneously.

Here, for predicting the risk of POAG development,
we attempted to establish a new integration approach
with a good potential as a useful and simple tool. This
procedure performs the integration of data with vari-
ous kinds of attributes by using several machine learn-
ing methods with random sampling. In particular,
because both genotyping and cytokines attributes were
obtained from blood sample, our approach is consid-
ered to be useful for assessment of the risk of POAG
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and predicting the onset possibility before consulting
ophthalmologists. This strategy may give us with new
prototype for a clinical approach in understanding the
underlying mechanism(s) of various diseases, not lim-
ited to POAG.

Methods

Sample Information

To obtain the peripheral blood samples, 115 POAG
patients and 94 healthy control volunteers were
recruited at the University Hospital of Kyoto Prefectural
University of Medicine (Kyoto, Japan). This study was
approved by the institutional review board of Kyoto Pre-
fectural University of Medicine and conducted in ac-
cordance with the principles set forth in the Helsinki
Declaration. All participants were interviewed about
their familial history of glaucoma and other diseases and
diagnosed either POAG or control by three ophthalmol-
ogists (YI, MU, and KM). The 115 POAG patients had
peak intraocular pressure = 22 mmHg without treat-
ment. Peripheral blood samples were collected simultan-
eously from each participant for obtaining genomic
DNA for genotyping and serum for cytokine measure-
ment. DNA and sera were stored at -80°C until
examined.

These samples were divided into two groups, since the
cytokine data was obtained with two conditions. The
first was defined as the “training data set” and the other
as the “test data set” (Table 1). The former consisted of
42 POAG and 42 healthy control samples and was uti-
lized in the training process of the machine learning.
The latter consisted of 73 POAG and 52 healthy control
samples, which were applied for the diagnostic predic-
tion of POAG.

Genotype data

All genotype data were obtained by GeneChip® Human
Mapping 500K Array platform (Affymetrix) according to
the manufacturer’s instructions. Although this array sys-
tem carries the probes for more than five hundred thou-
sand SNPs, we needed a number of SNPs significantly
associated with POAG for the tests. Our previous study
(Nakano et al. 2009) suggested that 40 SNPs were sig-
nificantly POAG-associated which had both Mantel-
Haenszel p-value of less than 0.01 and a p-value of
Cochran’s Q test (Ioannidis et al. 2007) equal to or more
than 0.05 in the two stage GWAS. Because the pairs of
SNPs showing high linkage disequilibrium (LD) could
cause a multicollinearity problem, the Haploview pro-
gram (Barrett et al. 2005) was applied to calculate LD.
As a result, 11 of the 40 SNPs were excluded because
of their high LD and remaining 29 SNPs were employed
in this study (Table 2). All of the genotype data except
for the missing by genotyping failure, which were
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Table 1 Clinical characteristic of samples
Training data set Test data set

POAG Control POAG Control
Number of sample 42 42 73 52
Famale / male ratio 1.00 083 062 1.74
Age at blood sampling 56.4£55 553434 70.9+10.7 618 £ 113
Storage period of blood (days) 880.1£112.0 865.7£106.0 1044.0+1144 8922+ 1299

represented by a pair of letters (e.g, AA, AT and TT),
were converted into discrete numerical values according
to the number of allele with higher frequency in the
POAG (i.e., risk allele) as followed: risk allele homo-
zygote, 2; risk allele heterozygote, 1; and other allele
homozygote, 0. Then, all the genotype data were

Table 2 Summary of 29 SNPs used in this study

normalized using the equations in EIGENSTRAT
(Price et al. 2006), so that the missing data were set
to 0.0. According to the allele frequency and the
average of numeric genotypes calculated from the
training data set, this normalization was carried out
and the normalized data represented discrete values.

dbSNP ID Chr. SNP type Nearest gene Genotype frequency

1547984 1 intergenic ZP4 AA(0.263) AC(0.488) CC(0.249)
151892116 1 intronic AHCTF1 AA(0.507) AG(0.445) GG(0.048)
154666488 2 intergenic OSR1 AA(0.100) AG(0.397) GG(0.503)
152268794 2 intronic SRD5A2 AA(0.005) AT(0.319) TT(0.676)
rs7574012 2 intergenic QPCT AA(0.373) AG(0.459) GG(0.168)
151990702 2 intergenic LRP2 GG(0.120) GA(0:433) AA(0.447)
rs10930437 2 intergenic SP5 AA(0.429) AG(0.454) GG(0.117)
15779701 3 intronic GRM7 AA(0.490) AG(0.413) GG(0.097)
1$6550783 3 intergenic UBE2E1 AA(0.412) AG(0442) GG(0.146)
16550308 3 intergenic ARPP21 GG(0.215) GA(0.488) AA(0.297)
1$3922704 3 intronic PLCXD2 CC(0.034) CG(0.254) GG(0.712)
rs17279573 4 intergenic KIAA0922 GG(0.120) GA(0483) AA(0.397)
15818725 5 intronic ADAMTS12 CC(0.019) CG(0.226) GG(0.755)
11750584 5 intergenic HEATR7B2 CC(0.029) CG(0.292) GG(0.679)
rs9640055 7 intronic GLCCh GG(0.038) GA(0.344) AA(0618)
1$2966712 7 intergenic LOC285965 AA(0.005) AG(0.211) GG(0.784)
rs411102 9 intergenic KRT8P11 GG(0.749) GA(0.242) AA(0.009)
157850541 9 intergenic GBGT1 GG(0.514) GA(0.361) AA(0.125)
rs7081455 10 intergenic PLXDC2 AA(0.644) AC(0.293) CC(0.063)
15493622 1" intergenic CHORDC1 AA(0.565) AC(0.383) CC(0.052)
rs610160 11 intronic GRIA4 AA(0.693) AG(0.262) GG(0.045)
1s7961953 12 intronic TMTC2 GG(0.522) GA(0.397) AA(0.081)
1510492680 13 intergenic FLJ42392 GG(0.005) GA(0.187) AA(0.808)
11571379 14 intergenic SELTL AA(0.440) AG(0.454) GG(0.106)
1s9788983 17 intronic RPH3AL AA(0.770) AG(0.215) GG(0.015)
1516940484 18 intronic TTC39C GG(0.469) GA(0.450) AA(0.087)
152864107 19 intergenic ZNF175 GG(0.684) GA(0.301) AA(0.015)
rs6115865 20 intergenic C200rf194 AA(0.125) AG(0.428) GG(0.447)
1s5765558 22 intergenic ATXN10 AA(0.287) AG(0.478) GG(0.235)

The dbSNP ID represents with build 130. Chr. denotes the number of chromosome. The Nearest genes are positioned nearest by each SNP and referred to NCBI
Build 36. Genotype frequencies are calculated by total samples used in this study, which are 115 POAG patients and 94 healthy control volunteers.
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Cytokine data

Serum cytokines were measured by the bead flow-
cytometry analysis by the Becton Dickinson (BD, San
Diego, CA) Cytometric Bead Array (CBA™) Flex Set Sys-
tem according to the manufacturer’s protocol. The data
was examined by a BD FACSArray™ (BD) flow cytometer
with FCAP Array™ software and the BD FACSArray”
Bioanalyzer (BD).

In this study, we first assayed 29 cytokines in the sera
from “the training data set”, and each cytokine concentra-
tion was calculated from each raw data by the Four Par-
ameter Logistic Model (FPLM), which was recommended
by the manufacturer (http://www.bdbiosciences.com/
documents/Analysis_of_data_from_CBA_using_FCAPAr
ray.pdf). Before we performed the statistical analysis, the
quality of the cytokine data was evaluated. Of 29 cyto-
kines, 21 cytokines were excluded; 7 were for measure-
ment failures (over 5% of the 84 samples) and 14 for
concentration of zero (over 5% of the 84 samples). The
remaining 8 cytokines were tested by the Student’s t-test
between the POAG and control samples, of which 5 cyto-
kines were excluded with a p-value over 5%. Eventually,
only 3 cytokines, i.e., Fas Ligand, Eotaxin, and MIG, were
picked up to be significantly associated with POAG from
the training data set samples (Table 3).

Subsequently, these 3 cytokines were determined with
the same assay procedure on 126 samples (73 POAG
and 53 controls) from the “test data set” samples. Data
were obtained from 125 samples, excluding one control
sample of failed assay (Table 3). For statistical analysis,
the cytokine concentration data were standardized in
order to minimize the biases among the assay conditions
as followed. Let ¢; be the cytokine concentration mea-
sured for cytokine i and sample j, where i = 1 to 3 and
j=1toM (M is 84 in the training data set; 125 in the
test data set). Let m; and s; be the mean and standard
deviation of cytokine i, respectively. At each data set,
m; and s; were calculated only for the control samples
because it was considered that the cytokine concentration
of healthy control samples might act fairly consistently
under each experimental condition. The standardized

Page 4 of 10

value n; was calculated using the following equation:
ny = (c; - myls;. Notably, the cytokine concentration
data was obtained as continuous values when they
were calculated by FPLM.

Finally, results of a total of 32 attributes, which con-
sisted of 29 SNPs (Table 2) and 3 cytokines (Table 3),
were applied for “integration approach” in this study.

Base classifiers

In this study, well-known machine learning methods,
i.e., Linear Discriminant Analysis (LDA), Support Vector
Machine (SVM), Naive Bayes Classifier (NBC), and Decision
Tree (DT) were applied. We defined these methods as “base
classifiers”.

LDA is a method used in statistics and machine learn-
ing to find a discriminant function by which two or
more groups can be separated. LDA seeks a linear func-
tion of the variables (e.g., genotype and cytokine) in the
training data set that maximizes the distance among
means in each group as it minimizes the within-group
variance. Hence, a discriminant function can be com-
puted explicitly and used as a linear classifier.

SVM is a supervised machine learning method based
on the idea of classifying two groups by a hyperplane
with a large margin. SVM maps the data in the training
data set into a possibly higher dimension of space by
using a kernel function. In the space, SVM learns the
classifier by seeking a hyperplane that may separate the
two groups by a certain distance. If the training data set
is not separated linearly, SVM optimizes the separation
between the two groups. The kernel function in SVM is
decided according to the attribute of the data. In this
study, we used SVM for learning with three kernel func-
tions: linear, polynomial, and radial basis function (RBF).

NBC is a simple and efficient probabilistic classifier
based on Bayes’ theorem. Assuming there is independ-
ence between each set of attribute data (e.g., genotype or
cytokine); NBC calculates the probabilities used for the
prediction from the training data set. As each sample in
the test data set is given to the NBC, it predicts to which

Table 3 Summary of the three cytokines used in the integration approach

Cytokine Training data set Test data set
Concentration P-value” Concentration P-value”

Fas Ligand POAG 63.5 (52.2-87.3) 0002 375 (31.8-46.6) 0.877
Control 53.3 (34.9-634) 36.2 (28.0-45.4)

Eotaxin POAG 309.1 (273.6-342.9) 0.038 70.6 (54.9-90.8) 0.013
Control 2685 (236.7-311.6) 63.5 (54.4-73.9)

MIG POAG 4109 (306.8-524.9) 0.021 318.1 (182.9-511.7) 0.109
Control 3404 (198.9-470.1) 1484 (117.7-241.9)

“Concentration” represents the median concentration and interquartile range. * P-value of the comparison between POAG and control calculated by Student’s

t-test.
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group (e.g., POAG or control) the sample belongs by the
highest conditional probability.

DT is a tree-like data structure used for learning a
method to classify data hierarchically by sequential deci-
sion process. Basically, DT is a binary tree and each node
splits the data by each feature (ie., large/small, male/fe-
male). In this study, DT was performed by CART (Classi-
fication and Regression Trees), and used to classify SNPs
(each data consisted four discrete; three genotypes and
missing data) and cytokines (each data was continuous).

All the data analysis and drawing figures were per-
formed with R software (version 2.14.0) (R Development
Core Team 2011); the LDA was implemented by the
MASS (version 7.3-16) R package; the SVM and NBC
functions were implemented by the 1071 (version 1.6)
R package (Dimitriadou et al. 2011); and the DT func-
tions were implemented by the mvpart (version 1.4-0)
R package. In addition, each classifier was performed
with default parameter settings.

Accuracy, sensitivity and specificity of the data (geno-
type and cytokine) for the POAG prediction were calcu-
lated by these analytical procedures.

Integration approach
In this study, the data consists of two kinds of attributes
in that the genotype data are discrete and the cytokine
data are continuous. In most cases, it is easy and no prob-
lem to apply these data for each method simply and sim-
ultaneously. However, one must be careful to integrate
them while considering each attribute, especially to note
how each attribute contributes. The prediction may be
made possible from analytical results for each type of attri-
bute data instead of applying the data directly, because of
the difference in the attributes. In addition, if the analytical
results show differences between each attribute, the pre-
diction for each sample has interesting information how
each attribute contributes. For these reasons, we per-
formed the integration approach so that after the genotype
and cytokine data are separately applied in the processes,
their results are integrated after the last process. To enable
an effective analysis by integrating these two kinds of data,
this approach is based on the idea of ensemble learning (e.
g.» Bootstrap aggregating (Bagging) (Breiman 1996)). Bag-
ging is one of the powerful prediction tools for improving
other basic classifier. For example, bagging is used for the
purpose of improving the diagnosis of Valvular Heart Dis-
ease by SVM (Sengur 2012), or assessing the interactions
of SNPs (Schwender et al. 2011).

For the training data set L consisted of cases ... .,lﬁ)
and controls (/3,...,/;) and the test data set T = {t;,.. .t}
the integration approach consists of the following steps:

1) Obtain Sg, which is the subset of the training data
set, by random sampling without replacement from
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L so that the same number of samplings is taken
from the cases as from the controls.

2} Apply the base classifiers to the genotype data of Sg
to obtain a predictor Pg as a training result.

3) Repeat above steps (1) and (2) K times; this process
produces genotype data predictors {Pg;,. . ..Pgx} from
g - 1521

4) In addition, repeat the same process as in (1) and (2)
above N times for cytokine data; cytokine data
predictors {Pcy,. . ..Pcp} are produced from the subset
of the training data set {Sc,. . .,Scpg

5) For each ¢ in the test data T, the predictor gives a
result which predicts whether ¢ belongs to the cases
(positive) or the controls (negative). Thus for each ¢
in the test data 7, the genotype data predictors
{Pg1,. . .Pgid produce K prediction results {Rg,. . .,
Rgx} and the cytokine data predictors {Pcy,. . ..Peag
produce N prediction results {Rcy,. . ..Rcy}

6) For each ¢ in the test data T, the majority vote of the
N + K prediction results is the final prediction for ¢.

This procedure adopted the same number of sam-
plings, for example, 20 POAG and 20 healthy controls
were sampled from 42 POAG and 42 healthy controls in
the training data set, respectively. This reason is that the
contribution of the characteristics of POAG and control
should be as close to equal possible. Besides, it is prefer-
able for the genotype and cytokine data to be evaluated
as equally as possible (e.g., K = N.) However, it may be
impossible to predict one group by dividing it in half if
the total number of sampling repeats is an even number.
In this study, since the size of the genotype data set was
greater than that of the cytokines, K is taken as N + 1 to
avoid the situation of a tie vote. In addition, note that
use of the base classifier should be limited to one kind
of classifier from the beginning of this procedure to the
end.

Results

Single classifier analysis ‘

Single classifier analysis was performed for each base
classifier on 29 SNPs and 3 cytokines each and both
integrated (Table 4). All of these tests were first done by
the training data set and evaluated to predict the test
data set. Except for DT, the accuracy of genotype data
prediction was higher than that of cytokines for each
base classifier. The integrated accuracy was better than
each base classifier, when tested with use of the polyno-
mial SVM, RBF SVM, and NBC. However, the integrated
sensitivity (0.521) was lower than the genotype (0.589)
or cytokine (0.658) prediction alone, when tested by
polynomial SVM, in spite of increasing the integrated
specificity (0.846) from the genotype (0.731) or cytokine
(0.308) prediction alone. By contrast, RBF SVM test
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Table 4 Summary of the three cytokines used in the integration approach
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Base classifier

Single analysis

Analysis with sampling’

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity
LDA Genotype 0.688 0712 0.654 0671 00N 0693 + 0015 0639 + 0014
Cytokine 0.592 0466 0.769 0.584 + 0010 0457 £ 0012 0.763 + 0010
Integrated 0632 0616 0.654 0655+0022 0611 +0034 0717+ 0015
SVM linear Genotype 0.664 0699 0615 0683 £ 0013 0.754 + 0023 0584 + 0016
Cytokine 0.568 0452 0.731 0.577 + 0008 0458 + 0012 0.745 £ 0013
Integrated 0.659 0648 0673 0668 + 0014 0.640 + 0024 0.706 + 0.012
polynomial Genotype 0648 0.589 0.731 0633 + 0010 0.539 £ 0026 0.764 £ 0018
Cytokine 0512 0.658 0.308 0457 £ 0012 0.275 + 0077 0.713 + 0086
Integrated 0.656 0521 0.846 0624 + 0010 0480 £ 0.065 0.827 + 0078
RBF Genotype 0.688 0.712 0.654 0676 + 0010 0.685 + 0016 0664 + 0013
Cytokine 0.648 0.712 0.558 0662 + 0.006 0.701 £ 0011 0607 + 0.020
Integrated 0.744 0.767 0.712 0.740 £ 0013 0.805 + 0.020 0650 + 0014
NBC Genotype 0.640 0671 0.596 0.630 * 0.006 0651 + 0013 0601 +0.014
Cytokine 0.624 0479 0827 0.621 £ 0.006 0489 + 0013 0.807 + 0019
Integrated 0.744 0.767 0712 0.698 + 0013 0644 + 0027 0.775 + 0.051
DT Genotype 0.536 0.342 0.808 0562 + 0.025 0411 +£ 0070 0.774 + 0043
Cytokine 0.624 0.904 0.231 0605 + 0.018 0.874 + 0,099 0.226 + 0.126
Integrated 0.600 0.959 0.096 0617 £ 0013 0.668 + 0.032 0.545 + 0.040

"These values are represented as the mean and SD of each statistics. The mean of each statistics included extremely good or bad result, especially small sampling

size and few sampling repeat time.

increased all of the accuracy (0.744), sensitivity (0.767)
and specificity (0.712) on the integrated data from either
genotype or cytokine prediction. These results suggested
that both genotype and cytokine attributes contributed,
especially when integrated, to improve the diagnostic
prediction based on the base classifier.

Integration approach analysis

The results of single use with base classifier demon-
strated fluctuations on each or both applying attribute
(Table 4; Single analysis). Therefore, the further inte-
grated approach was performed using each base classi-
fier by changing the size and time of parameters
(Table 4; Analysis with sampling). One of the changed
parameters was the size of the subset sampling from the
training data set (defined as “sampling size”), and the
other was the sampling repeat times (defined as “sam-
pling time”). The sampling size was increased from 40
(consisted of 20 POAG and 20 healthy controls) to 80
(consisted of 40 POAG and 40 healthy controls) with an
equal number of samples from POAG and controls. (i.e.,
21 steps were tested) On the other hand, the sampling
time for each genotype and cytokine was also increased
from 25 to 1,500 by 60 steps. (i.e., 25, 50, 75, -, 1,450, 1,475
and 1,500 repeat times were tested) Moreover, because the
sampling time for the genotype data was increased by one,
the total sampling repeat times increased from 51 to 3,001.

As a result, the integration approach was performed on
1,260 tests (21 steps of sampling sizes x 60 steps of sam-
pling times) per each base classifier.

These results are summarized in “Analysis with sam-
pling” in Table 4. The LDA, Linear SVM, and DT meth-
ods improved the mean of integrated accuracy from
single analysis (from 0.632 to 0.655, from 0.659 to 0.668,
and from 0.600 to 0.617, respectively), although those
values included fluctuations due to parameter settings.
The mean of the integrated accuracy (0.740 + 0.013;
mean * SD) assessed by the RBF SVM method was the
best results in analysis with sampling, however, it was
slightly lower than that in single analysis in association
with the higher integrated sensitivity (0.805 + 0.020)
than that in single analysis (0.767). Moreover, the spe-
cificities of genotype (0.664 =+ 0.013) and cytokine
(0.607 + 0.020) by SVM RBF method in analysis with
sampling were better than those in single analysis
(0.654 and 0.558, respectively). In addition, some ac-
curacy in the 1,260 tests was achieved over the single
analysis.

In order to understand how the test results improved by
changing the sampling size and time of parameters and
each attribute contributed to the prediction, the integration
results were demonstrated graphically (Figure 1). The sche-
matic presentations of the genotype and cytokine data were
plotted on horizontal and vertical axes, respectively, as
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shown in Figure la. One example of the unstable results
was shown in Figure 1b. Because those parameters were
comparatively smaller, the positive ratios of each attribute
were generally unsatisfactory with several samples being
plotted in the vicinity of the diagonal threshold. By contrast,
when the sampling size was 70 (consisted of 35 POAG and
35 healthy controls) and sampling times was 2,001 (1,001
times at genotype data and 1,000 times at cytokine data),
most of the samples were plotted in the vicinity of the axes
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(Figure 1c). Using these parameters, the accuracy was
improved for 0.768. This result was also obtained by many
other conditions when the sampling size and time were
comparatively larger; therefore it was considered as the
best stable results of the integration approach. Thus, the
predictions were improved by changing the size and time
of parameters in either the genotype or cytokine test.

In these test plot presentations, we focused on the
contribution of the genotype and cytokine data to the

-
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stable results among the POAG samples, 23 (31.5%)
showed more than 90% accuracy for both positive ratios
(i.e., plotted in the corner IV in Figure 1c). On the other
hand, 14 (26.9%) of the control samples showed more
than 90% accuracy (ie., plotted in the corner I in
Figure lc).

Discussion

Bootstrap methods, such as Bagging (Breiman 1996), are
generally applied in approaches using random sampling
techniques. In a typical procedure, bootstrap can provide
us with an estimated distribution for statistical analysis
by random sampling with replacement from all samples
in the data set. In this study, the method of random
sampling was independent for each group, and an equal
number of samples were adopted in order to avoid bias
by the difference in sample numbers among each group.
Additionally, our approach adopted random sampling
without replacement due to the potential for multicolli-
nearity. Because genotype data show discrete values con-
sisted of three genotypes and one missing data, the
combinations of values were easy to be limited as much
as causing multicollinearity. Especially, this phenomenon
was apparent when LDA method was applied with the
small sampling size. For this reason, the changing para-
meters of the sampling size were started with 40 samples
by random sampling without replacement. Besides, the
accuracy did not improve without any relation to the it-
eration times even when the sampling size was increased
enough as showed in Figure lc. This tendency was con-
sidered to be caused by highly correlated samples. To
solve this problem, it might be better to adopt the data
for random sampling with replacement than without re-
placement according to the size of the training data set.

Using genotype data, the diagnostic prediction of
POAG by RBF SVM method generally performed well
also in our study (Ban et al. 2010; Rojas et al. 2009). The
applied 29 SNPs were selected by the statistical result of
GWAS from enormous genotype data. Employment of
the SNPs selected by some large size of population was
useful for this type of diagnostic prediction study with-
out complex procedures. Thus, simple strategy might be
suitable for the post GWAS analysis. The bagging is gen-
erally considered to reduce variance of classifier such as
DT method; therefore, the classifier with less variant
such as SVM method was considered to be improved a
little by bagging. However the result of our study was ef-
fective even when SVM, DT methods with bagging was
not improved.

Using cytokine data, the diagnostic prediction of POAG
by RBF SVM method also performed well, regardless of
some fluctuation between two data sets. Thus, RBF SVM
method was thought to be successfully suitable for each
attribute data, genotype as well as cytokine, in our study.

Page 8 of 10

In other words, the base classifier is necessary to select
suitably according to each attribute. However, the effect-
iveness of cytokine data analysis using SVM has been
reported for selecting the significant cytokines to elucidate
the pathway of inflammatory response (McKinney et al.
2006).

In this study, we found 3 cytokines that are associated
with POAG in 29 cytokines. In our approach, some sam-
ples was certainly predicted by only cytokine attributes
as shown in Figure 1b or ¢. These results demonstrated
that POAG patients with low genetic risk were predicted
by cytokine attributes effectively.

In terms of the integration approach, one of our goals is
to predict the diagnosis and/or prognosis by the patterning
of different types of experimental data. In the process, an
interaction between genotype and cytokine might indicate a
risk of disease development, because approximately 30% of
the samples in the test data set were performed with a high
prediction from both types of data. Our approach also eli-
cited a good classification of same sample when one of the
two data sets was used individually before integrating them.
The classification was made successful by using one data
set because either genotype or cytokine behaved as a risk of
disease development in these samples. For such reasons,
our approach is considered to be one of the good tools to
analyze the mixed data, irrespective of their interaction.

In conclusion, we demonstrated that our integration
approach improved the diagnostic prediction of POAG
with use of two attributes, SNPs as genotype and serum
cytokines. Although two attribute data are applied inde-
pendently, this approach is not affected by the differ-
ences of attribute, because the base classifier was first
set according to each type of attribute data. It was con-
firmed that when the setting of the base classifier for
one data set is successfully optimized, the integration ap-
proach might be applied using additional data with other
attributes. In view of the versatility and simplicity, our
approach was thought to be effective and useful for vari-
ous clinical applications in future.
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Impaired wound healing is a major complication of
diabetes. Recent studies have reported reduced lymp-
hangiogenesis and angiogenesis during diabetic
wound healing, which are thought to be new thera-
peutic targets. Statins have effects beyond cholesterol
reduction and can stimulate angiogenesis when used
systemically. However, the effects of topically applied
statins on wound healing have not been well investi-
gated. The present study tested the hypothesis that
topical application of simvastatin would promote
lymphangiogenesis and angiogenesis during wound
healing in genetically diabetic mice. A full-thickness
skin wound was generated on the back of the diabetic
mice and treated with simvastatin or vehicle topically.
Simvastatin administration resulted in significant ac-
celeration of wound recovery, which was notable for
increases in both angiogenesis and lymphangiogen-
esis. Furthermore, simvastatin promoted infiltration
of macrophages, which produced vascular endothe-
lial growth factor C in granulation tissues. In vitro,
simvastatin directly promoted capillary morphogen-
esis and exerted an antiapoptotic effect on lymphatic
-endothelial cells. These results suggest that the favorable
effects of simvastatin on lymphangiogenesis are due to
both a direct influence on lymphatics and indirect effects
via macrophages homing to the wound. In conclusion, a
simple strategy of topically applied simvastatin may have
significant therapeutic potential for enhanced wound
healing in patients with impaired microcirculation such as

that in diabetes. (4m J Patbol 2012, 181:2217-2224; bitp://
dx.doi.org/10.1016/j.ajpath.2012.08.023)

Delayed wound healing is a major complication of diabetes
and is caused by increased apoptosis, delayed cellular
infiltration, reduced angiogenesis, and decreased formation
and organization of collagen fibers.' Impaired lymphangio-
genesis has also recently been established as a major factor in
diabetic refractory wound healing.*® The functions of lym-
phatic vessels in wounds are to drain the protein-rich lymph
from the extracellular space, to maintain normal tissue pres-
sure, and to mediate the immune response.®” Delayed wound
healing, such as that seen in infections, appears to result from
persistent edema and delayed removal of debris and inflam-
matory cells due to reduced lymphatic development.®
Statins are HMG-CoA (5-hydroxy-3-methylglutaryl-coen-
zyme A) reductase inhibitors that are primarily used to lower
circulating cholesterol levels. In addition, statins have been
found to protect against ischemic injury and stimulate an-
giogenesis in normocholesterolemic animals.®~'" This an-
giogenic effect is partially mediated by direct regulation of
proliferation of endothelial cells and capillary morphogenesis
via the Aki/PI3K pathway.'" Simvastatin has been found to
enhance vascular endothelial growth factor (VEGF) production
and improve wound healing in an experimental model of dia-
betes,? and nitropravastatin stimulates reparative neovascu-
larization and improves recovery from limb ischemia in type 1
diabetic mice.'® However, systemic administration at an ex-
tremely high dose was used to obtain angiogenic effects in
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these studies, and this is inapplicable for clinical use as an
angiogenic drug in patients with ischemic disorders. However,
topical application of statins with avoidance of systemic ad-
verse effects may be useful for cutaneous wound healing, in
which angiogenesis plays a pivotal role.™ The lymphangio-
genic effects of statins have not been widely investigated. In
this study, we evaluated the effects of topical simvastatin on
angiogenesis and lymphangiogenesis in a mouse model of
impaired diabetic wound healing.

Materials and Methods

Animals

Genetically diabetic C57BLKS/J-m-+/+Lepr™ mice (db/db
mice) were obtained from Clea Japan, Inc. (Tokyo, Japan).
All procedures were performed in accordance with the
guidelines of the Animal Care and Use Committees of Kyoto
Prefectural University of Medicine.

Creation of Wounds

Mice were between 6 and 10 weeks old at the time of the
study. Wounds were generated as described previously. 17
In brief, after induction of deep anesthesia by i.p. injection of
sodium pentobarbital (160 mg/kg), full-thickness, excisional
skin wounds using 8-mm skin biopsy punches were made on
the backs of mice, with one wound generated in each mouse.
Each wound was covered with a semipermeable polyure-
thane dressing (OpSite; Smith and Nephew, Massillon, OH)
after topical application of simvastatin (Calbiochem, La
Jolla, CA) in petroleum jelly (a mixture of 5 mg of simvastatin
and 995 mg of jelly) or vehicle (petroleum jelly alone). Sim-
vastatin in petroleum jelly (10 mg of the mixture containing
50 g of simvastatin) or vehicle were applied to the wound
on days 0, 4, 7, and 10 after creation of the wound.

Monitoring of Wound Healing

A total of 5 db/db mice were used at each time point.
Wound healing was monitored by taking pictures with a
digital camera (Nikon Coolpix 995; Nikon, Tokyo, Japan)
on days 0, 4, 7, and 14 after wound creation. Images
were analyzed using Imaged software version 1.46 (NIH,
Bethesda, MD)'® by tracing the wound margin with a
high-resolution computer mouse and calculating the pixel
area. Wound closure was calculated as follows: Percent-
age Closed = [(Area on Day 0 — Open Area on Final
Day)/Area on Day 0] X 100, as described previously.'®
The areas of the wounds were compared with Student’s
t-test with P < 0.05 taken to indicate a significant difference.

Histologic Score

A histologic score was assigned in a masked manner as
described previously.® Briefly, each specimen received
a score of 1to 12 as follows: 1 to 3, none to minimal cell
accumulation and granulation tissue or epithelial migra-
tion; 4 to 6, thin, immature granulation dominated by in-
flammatory cells but with few fibroblasts, capillaries, or col-

lagen deposition and minimal epithelial migration; 7 to 9,
moderately thick granulation tissue, ranging from mainly
inflammatory cells to more fibroblasts and collagen depo-
sition; and 10 to 12, thick, vascular granulation tissue dorn-
inated by fibroblasts and extensive collagen deposition.

Evaluation of Wound Angiogenesis and
Lymphangiogenesis

Sections were stained with rat anti-CD31 antibody (1:100)
(BD Biosciences, San Jose, CA) or rabbit anti-LYVE-1
antibody (Upstate, Lake Placid, NY). Green fluorescence
was generated by labeling with fluorescein isothiocya-
nate (FITC)-streptavidin (Vector Laboratories, Burlin-
game, CA) and biotinylated anti-rat or anti-rabbit anti-
body (both Vector Laboratories). Wound angiogenesis or
lymphangiogenesis was analyzed by calculating the per-
centage of fluorescent area.'®'? Briefly, for each slide,
an image of the granulation tissue at the wound margin
was captured. Imaged software was used to quantitate
the fluorescence intensity. The mean percentage of fluo-
rescent pixels of five images served as an index of the
angiogenic or lymphangiogenic response.

Evaluation of Macrophage Number, Phenotype,
and VEGF-C Expression in Granulation Tissue

Sections of wounds were stained with rat anti-F4/80 an-
tibody (Invitrogen, Carlsbad, CA). Labeling with F4/80
was visualized with Cy3-conjugated anti-rat antibody
(Vector Laboratories). Ten granulation tissue fields (two
sections from each animal) were selected, and F4/80-
positive cells were counted.’® VEGF-C expression was
evaluated using goat anti-VEGF-C antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) and FITC-conjugated
anti-goat antibody (Vector Laboratories). To determine
the phenotype of infiltrating macrophages, IL-13 and tu-
mor necrosis factor (TNF) « expression was evaluated
using goat anti-IL-13 antibody and goat anti-TNF-a anti-
body (Santa Cruz Biotechnology), respectively, and
FITC-conjugated anti-goat antibody. F4/80-positive TNF-
a-positive cells were defined as an M1 phenotype and
F4/80-positive IL.-13-positive cells as an M2 phenotype. In
each slide, F4/80-positive cells, F4/80-positive TNF-a—pos-
itive cells, and F4/80-positive IL-13-positive cells were
counted, and percentages of TNF-a—positive macrophages
and IL-13-positive macrophages were evaluated. The
mean percentages of TNF-a—positive macrophages and
IL-13-positive macrophages in five images were used as
indexes of the M1 and M2 phenotypes, respectively.

RNA Isolation, cDNA Synthesis, and
Quantitative RT-PCR

Tissue sections obtained in RNAlater (Ambion, Paisley, UK)
were processed for RNA isolation, cDNA synthesis, and
guantitative RT-PCR."® VEGF-C, fibroblast growth factor 2,
endothelial nitric oxide synthase, stromal cell-derived factor
1a, and platelet-derived growth factor B gene expression
levels were normalized based on the level of an internal
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reference gene, 18S. The primers used in the study were
obtained from QIAGEN (Ddsseldorf, Germany).

Cell Culture

Primary human lymphatic endothelial cells (LECs) were
collected as previously described.?° LECs were cultured
at 37°C in 5% CO, in endothelial cell basal medium 2
(Lonza, Walkersville, MD) supplemented with 5% fetal
bovine serum, human VEGF-A, human fibroblast growth
factor 2, human epidermal growth factor, insulin-like
growth factor 1, and ascorbic acid. Each experiment was
conducted at least three times, with similar results. A
representative experiment is shown.

Western Blot Analysis

Cells were lysed with RIPA buffer (Invitrogen) and soni-
cated. After sonication, cell lysates were centrifuged at
15,400 X g for 20 minutes at 4°C, and the supernatants
were collected into fresh tubes. Then 4Xx SDS sample
buffer with 0.1 mol/L dithiothreitol was added to samples.
Samples were boiled for 5 minutes at 95°C, and 20-ug
extracts were separated by 10% SDS-PAGE and electro-
blotted onto polyvinylidene difluoride membranes for 2
hours at 180 mA. The membranes were incubated with
rabbit anti-human Akt (pan) (C67E7) monoclonal antibody
(Cell Signaling Technology, Danvers, MA), rabbit anti-hu-
man phospho-Akt (Ser473) (DSE) monoclonal antibody
(Cell Signaling Technology), or mouse anti-GAPDH mono-
clonal antibody (Santa Cruz Biotechnology) and detected
with horseradish peroxidase-conjugated goat anti-rabbit
IgG (Bio-Rad, Hercules, CA) or horseradish peroxidase-
conjugated goat anti-mouse 1gG (Bio-Rad). Immunoblots
were visualized using an ECL Plus Western Blotting Detec-
tion Reagents Kit (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK) according to the manufacturer protocol.

Chord Formation Assay

LECs were used in a chord formation assay.2" An aliquot
(100 L) of growth factor-depleted Matrigel (Becton Dick-
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inson, Bedford, MA) was added to a 24-well dish and al-
lowed to gel for 30 minutes at 37°C. LECs were seeded at
5% 10* cells/mL in 500 wL of endothelial cell basal medium
2 containing 3% fetal bovine serum. Cells were cultured in
the absence or presence of various doses of simvastatin
(Calbiochem, Darmstadt, Germany) with or without pretreat-
ment with a PI3 kinase inhibitor, LY294002 (50 umol/L)
(ENZO Life Sciences, Plymouth Meeting, PA), the mTOR/
raptor inhibitor rapamycin (100 nmol/L) (Merck Millipore,
Darmstadt, Germany), or the PISK/mTOR inhibitor wortrmannin-
rapamycin (100 nmol/L) (Cayman Chemical, Ann Arbor, Ml) for
30 minutes. Chord formation was monitored for 24 hours. Dig-
ital pictures were taken using a spot image analysis system,
and the total length of the chord-like structures at 12 hours was
outlined and measured using Imaged software.

Proliferation Assay

The proliferative activity of cells treated with simvastatin was
examined using a CellTiter 96 nonradioactive cell prolifera-
tion assay (Promega, Madison, WI). Briefly, subconfluent
cells (5000 cells per well) were reseeded on 96-well, flat-
bottomed plates with 100 ulL of growth media. The cells
were treated with simvastatin and incubated for 48 hours at
37°C. Absorbance at 570 nm was recorded using a 96-well
enzyme-linked immunosorbent assay (ELISA) plate reader.

Apoptosis Assay

An apoptosis assay was performed using a DeadEnd
Fluorometric TUNEL System (Promega). Briefly, LECs
were plated on chamber slides and placed in medium.
Cells were stimulated by simvastatin and incubated for
24 hours with medium containing 400 pmol/L H,O,. To
quantify apoptosis, 400 nuclei from random microscopic
fields were analyzed by an observer masked to the treat-
ment groups. The number of apoptotic cells was ex-
pressed as a percentage of the total cell count.
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Figure 1. Effects of topical simvastatin on wound closure and histologic score in db/db mice. A: Representative macroscopic views of wounds after different
treatments and periods. Scale bar = 2 mm. Arrows indicate the epithelialized range. B: Wound closure was measured on days 4, 7, and 14. *P < 0.05, *P < 0.001
versus vehicle (77 = 5 in each group). C: Histologic scores for days 4, 7, and 14, quantified as described in Materials and Methods. Higher histologic scores indicate
a greater extent of wound healing. *P < 0.05 versus vehicle (2 = 5 in each group).
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Figure 2. Effects of simvastatin on vascularity in granulation tissues at the
wound margin in db/db mice. A: Neovasculasization at the wound margin in
simvastatin- or vehicle-treated diabetic mice after 14 days. Original magnifi-
cation, X 100. Scale bar = 100 um. Green and blue fluorescence corresponds
to CD31-positive newly formed blood vessels and DAPI-labeled nuclei, re-
spectively. B: Percentage of vascularity, quantified as described in Materials
and Methods. *P < 0.001 versus vehicle (z = S in cach group).

Statistical Analysis

All results are presented as mean = SEM. Statistical
comparisons between two groups were performed by
Student's t-test. Multiple groups were analyzed by one-
way analysis of variance followed by appropriate post
hoc tests to determine statistical significance. P < 0.05
was considered significant. All in vitro experiments were
performed at least in triplicate.

Results

Simvastatin Accelerates Wound Healing in
Diabetic Mice

Wound areas on days 7 and 14 in simvastatin- or vehicle-
treated diabetic mice are shown in Figure 1A. On day 14,
simvastatin-treated wounds had more than 90% epitheli-
alization, whereas <80% of the wound was epithelialized
in the vehicle-treated group (Figure 1B). Simvastatin
treatment resulted in significantly smaller wound areas
after 4, 7, and 14 days. The difference in percentage of
wound closure reached a maximum on day 7 (simvastatin
versus control: 79.26% =+ 11.09% versus 52.45% =

16.81%; P < 0.001). The histologic score reflects the
degree of maturation of granulation tissue, including in-
flammation, collagen deposition, and reepithelialization,
in addition to neovascularization; therefore, higher histo-
logic scores reflect a greater extent of wound healing.
The histologic scores for wounds treated with simvastatin
were significantly higher than those in the vehicle-treated
group (day 4: 3.6 = 0.70 versus 1.9 = 0.73; day 7: 7.3 +
0.94 versus 3.7 = 0.94, P < 0.01; day 14: 11.6 = 0.51
versus 8.0 + 1.15, P < 0.01)(Figure 1C).

Simvastatin Promotes Both Angiogenesis and
Lymphangiogenesis

Wound angiogenesis was analyzed by immunostaining of
an endothelial cell-specific marker, CD31, in 10-pum fro-
zen sections to visualize neovascularization. Figure 2A
shows neovascularization at the margin in simvastatin- or
vehicle-treated wounds in diabetic mice on day 14. A few
small vessels were seen at the wound margin in the
vehicle-treated group, whereas large numbers of vessels
were growing toward the center of the wound in the

vehicle

simvastatin

%6 lymph vascularity (LYVE-1)

0 simvastatin

Figure 3. Effects of simvastatin on lymphangiogenesis in granulation tissues at the
wound margin in db/db mice. A: Lymphangiogenesis at the wound margin in
simvastatin- or vehicle-treated diabetic mice after 14 days. Original magnification,
X100. Scale bar =100 um. Green and blue fluorescence corresponds to LYVE-1-
positive newly formed lymphatic vessels and DAPI-labeled nuclei, respectively.
B: Percentage of lymphatic vascularity, quantified as described in Materials and
Methods. *P < 0.001 versus vehicle (77 = 35 in each group).

vehicle
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Figure 4. Effects of simvastatin on chord forma-
tion by LECs. A: Capillary morphogenesis of LECs
in the presence of vehicle or simvastatin was
investigated by chord formation assay. Phase con-
trast micrographs of LECs are shown in the pres-
ence or absence of simvastatin (left panel). Orig-
inal magnification, X10. The bar chart (right paneD
shows the chord length, quantified as described in
Maiterials and Methods. *P < 0.05, *P< 0.001 versus
vehicle (72 = 6 from three independent experiments).
B: Western blot analysis of LECs treated with simva-
statin (107 mol/L) for 5, 15, and 30 minutes. Immu-
noblots with total cell lysates were probed with anti-
Akt, anti-phospho-Akt (Ser473), and anti-GAPDH
antibodies. C: Phase contrast micrographs of LECs
cultured in the absence or presence of simvastatin
(107* mol/L) with or without pretreatment with
the PI3 kinase inhibitor LY294002 (50 wmol/L), the
mTOR/raptor inhibitor rapamycin (100 nmol/L), or
the PI3K/mTOR inhibitor wortmannin-rapamycin
(100 nmol/L) for 30 minutes (top panels). Original
magnification, X10. The bar chart (bottom panel)
shows the chord length. *7< 0.05 versus simvastatin
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simvastatin group. Simvastatin significantly enhanced
wound vascularity based on image analysis of the per-
centage of the fluorescent area (9.29% = 1.29% versus
3.25% * 1.33%; P < 0.001)(Figure 2B). Wound lymphan-
giogenesis was analyzed by immunostaining of a LEC-
specific marker, LYVE-1, in 10-um frozen sections. Figure
3A shows new lymphatic vessels at the margin of simva-
statin- or vehicle-treated wounds in diabetic mice on day
14. Wound lymphatic vascularity was significantly en-
hanced by simvastatin (percentage of fluorescent area:
1.72% = 0.460% versus 0.395% = 0.260%; P < 0.001)
(Figure 3B). New vessels and lymphatics in granulation
tissue in both groups were not covered with a-smooth
muscle actin—positive mural cells (see Supplemental Fig-
ure S1 at http.//ajo.amjpathol.org).

Simvastatin Induces Capillary Morphogenesis of
LECs and Has an Antiapoptotic Effect but Does

Not Induce Proliferation

To characterize the effects of simvastatin on lymphangio-

genesis, we performed a chord formation assay in pri-
mary human LECs in vitro. Treatment with simvastatin

(12 = 6 from three independent experiments).

promoted LEC chord formation in a dose-dependent
manner (Figure 4A). This effect was significantly blocked
by the PI3 kinase inhibitor LY294002, the mTOR inhibitor
rapamycin, and the PI3/mTOR inhibitor wortmannin-rapa-
mycin (P < 0.05)(Figure 4C). The proliferative and anti-
apoptotic effects of simvastatin on LECs were also exam-
ined because these are major effects of simvastatin in
vascular endothelial cells. Simvastatin did not promote
LEC proliferation, even at higher concentrations, and
seemed to be slightly cytotoxic at 107 mol/L and 107°
mol/L (Figure 5A). However, simvastatin treatment re-
sulted in significant inhibition of H,O,-induced apoptosis
compared with controls (Figure 5B).

Simvastatin Promotes Macrophage Infiltration
and VEGF-C Production in Wounds

The number of macrophages in granulation tissues was
evaluated in wounds on day 7. This timing was chosen
because reepithelialization was almost complete on day
14 in simvastatin-treated wounds, and inflammatory cells
had already diminished. The number of macrophages in
simvastatin-treated wounds on day 7 was significantly
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Figure 5. Lffects of simvastatin on proliferation and apoptosis of LECs.
A: Cell proliferation of LECs was investigated by MTS assay, Subconfluent
cells (5000 cells per well) were reseeded on 96-well, flat-bottomed plates
with 100 pl of growth media. The cells were treated with simvastatin and
incubated for 48 hours at 37°C. Absorbance at 570 nm was recorded using a
96-well ELSIA plate reader, Quantification was performed as described in
Materials and Methods, *P < 0,05 versus vehicle (= 8 from three inde-
pendent experiments). B: Cell apoptosis in LECs was investigated by TUNEL
assay. LECs were plated on chamber slides and placed in medium. Cells were
stimulated by simvastatin and incubated for 24 hours with medium contain-
ing 400 pmol/L H,0,. Quantification of apoptotic cells was performed as
described in Materials and Methods. *P < 0.05, P << 0.01 versus H,0,
treatment (1 = 3 from three independent experiments).
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greater than that in controls (Figure 6, A and B). Most of
the macrophages in the simvastatin-treated group ex-
pressed the M2 marker, IL-13, rather than the M1 marker,
TNF-c, whereas most macrophages in the vehicle-
treated group expressed TNF-«a rather than IL-13 (Figure
6, C-F). The macrophages in the simvastatin-treated
group produced VEGF-C (Figure 7A), and VEGF-C ex-
pression was significantly up-regulated in simvastatin-
treated wounds compared with controls (Figure 7B).
Other proangiogenic mediators in wound granulation tis-
sue were evaluated by real-time PCR. Platelet-derived
growth factor B, endothelial nitric oxide synthase, and
fibroblast growth factor 2 were significantly up-regulated
by simvastatin stimulation (see Supplemental Figure S2
at http://gjp.amjpathol.org).

Discussion

In this study, we found that topical application of simva-
statin accelerated diabetic wound healing via promotion
of angiogenesis and lymphangiogenesis. Many studies
have reported that statins, including simvastatin, have
strong angiogenic effects on vascular endothelial cells or
placental stem cells and that these effects are mainly
mediated by the PI3-kinase/Akt pathway, 2223 glthough

we note that other findings have also been reported?*
Consistent with these reports, abundant neovasculariza-
tion and proangiogenic growth factors were observed in
wounds treated with topical simvastatin in our in vivo
study. Statins were originally introduced as systemic an-
tihyperlipidemic drugs; however, a recent study has
shown the value of topical simvastatin.'* An advantage of
topical application is that a suitable concentration of sim-
vastatin can be applied without a risk of serious systemic
adverse effects, such as rhabdomyolysis. Our results
suggest that topical application of simvastatin could be a
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Figure 6. Effects of simvastatin on macrophage infiltration and phenotype in
granulation tissue. A: Representative photomicrographs of the immuno-
stained wound edge at 7 days after wound creation. Red fluorescence cor-
responds to F4/80-positive macrophages. Scale bar = 100 wm. B: The mac-
rophage count, quantified as described in Materials and Methods. *P < 0.03
versus vehicle (# = 5). C: Representative photomicrographs of the immu-
nodetection of TNF-a and F4/80 in histologic sections from vehicle- or
simvastatin-treated wounds (original magnification X400). Scale bar = 50
pm. Green and red fluorescence corresponds to TNF-a—~positive cells and
F4/80-positive macrophages, respectively. Yellow indicates TNF-a—produc-
ing M1 phenotype macrophages (white arrows). D: Quantification of per-
centage of TNF-a—positive macrophages, as described in Materials and
Methods. *P < 0.001 versus vehicle (12 = 5 in each group). E: Representative
photomicrographs of immunodetection of 11-13 and F4/80 in histologic
sections from vehicle- or simvastatin-treated wounds (original magnification
X400). Scale bar = 50 um. Green and red fluorescence correspond to
1L-13~positive cells and F4/80-positive macrophages, respectively. Yellow
indicates IL-13—producing M2 phenotype macrophages. F: Quantification of
percentage of 1L-13-positive macrophages, as described in Materials and
Methads. *P < 0.001 versus vehicle (# = 5 in each group).

- 512 -



A
VEGF-C
F4/80

merged

B
B8 simvastatin
D . *

’S 20— vehicle

/2]

2 *

5 15—

x

[

2 10

Q

o

s s

K

[

14 0
day4 day7

VEGF-C/18S

Figure 7. VEGF-C expression in granulation tissue. A: Representative photomicro-
graphs of the immunostained wound edge treated with simvastatin at 7 days after
wound creation. Green and red fluorescence indicates VEGF-C expression and
F4/80-positive macrophages, respectively. Original magnification, X400. Arrows
indicate double-positive cells. Scale bar = 50 um. B: Quantitative RT-PCR of VEGF-C
in wound granulation tissue. Gene expression levels were normalized based on the
Jevel of an internal reference gene, 18S. *P << 0.05 versus vehicle (12 = 3).

new therapeutic strategy for treatment of local ischemic
conditions, such as those in patients with diabetic ulcers.

Lymphangiogenesis is a major factor in diabetic refrac-
tory wound healing.*® Therefore, we focused on the effects
of simvastatin on wound lymphangiogenesis. Recent stud-
ies have suggested that several biological functions of
LECs are partially regulated by the AKT/PISK/mTOR path-
way.?>28 Consistent with these observations, capillary mor-
phogenesis of LECs was significantly stimulated by simva-
statin as an effect on vascular endothelial cells that was, at
least in part, regulated by the AKT/PISK/mTOR pathway.
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Our results suggest that the mechanisms underlying the
lymphangiogenic effects of simvastatin in LECs might be
similar to those for angiogenic effects. These mechanisms
include antiapoptosis and promotion of capillary morpho-
genesis because LECs develop from a vascular network in
an embryonic stage,?” and these cells have a similar lin-
eage. However, contrary to our expectation, simvastatin did
not promote proliferation of LECs in vitro. During the wound
healing process, new lymphatics are formed in newly gen-
erated granulation tissue, indicating that proliferation of pre-
existing lymphatic vessels is needed.

Because simvastatin did not promote the proliferation of
LECs, we evaluated other possible sources of lymphangio-
genic factors. Several reports suggest that infiltrating mac-
rophages contribute to lymphangiogenesis as the major
producer of VEGF-C in cutaneous wound healing,** and
therefore we evaluated the effects of simvastatin on macro-
phages. Macrophages carry VEGF receptor 3, in addition to
producing VEGF-C, and thus act as both autocrine and para-
crine factors. We have previously reported that healing impair-
ment in diabetes involves reduced lymphangiogenesis and
suppressed macrophage function, such as recruitment to in-
flammatory sites and secretion of growth factors.® In this study,
the number of infiltrating macrophages in granulation tissue
was significantly increased by topical application of simvasta-
tin, and most of these macrophages produced VEGF-C.
These observations suggest that simvastatin recovers lymp-
hangiogenic function that is impaired in macrophages under
diabetic conditions.

Increased apoptosis is a major concern in wound healing
in a diabetic state.*28=3" Hyperglycemia induces proinflam-
matory cytokines, such as TNF-a, and oxidative stress,
which result in increased apoptosis in diabetes. Our study
found that most infiltrating macrophages in diabetic wounds
had an M1 proinflammatory phenotype producing abun-
dant TNF-a. Simvastatin decreased H,0,-induced apopto-
sis in LECs in vitro and increased M2 anti-inflammatory phe-
notype macrophages in granulation tissue in vivo. We
suggest that this anti-apoptotic effect of simvastatin also
plays an important role, in addition to promotion of angio-
genesis and lymphangiogenesis.

Increased infiltration of macrophages induced by simva-
statin may have further benefits because the histologic
scores of diabetic wounds were significantly improved by
topical application of simvastatin. The histologic score re-
flects the degree of maturation of granulation tissue, includ-
ing inflammation, collagen deposition, and reepithelializa-
tion, in addition to neovascularization. Macrophages play a
central role in all stages of wound healing and orchestrate
the wound healing process® by exerting proinflammatory
functions and facilitating wound healing during the early
stage and stimulating proliferation of fibroblasts, keratino-
cytes, and endothelial cells in the proliferative stage. Be-
cause the main focus of this study was lymphangiogenesis,
we did not investigate the effects of simvastatin on reepi-
thelialization or formation of extracellular matrix. This will
require further experiments in a future study.

In conclusion, regulation of apoptosis and capillary dif-
ferentiation are essential for development of functional lym-
phatics during wound healing. The findings of the present
study suggest that topical simvastatin can stimulate lymp-
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hangiogenesis directly and indirectly via stimulation of mac-
rophages. Vascular remodeling induced by simvastatin
might have therapeutic potential in patients with microvas-
cular dysfunction, such as that in diabetic foot ulcer, a major
cause of morbidity in the growing population of patients with
diabetes. A future investigation is warranted to determine
the potential clinical utility of this approach.
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Visual Improvement after Cultivated Oral
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Purpose: To report the effectiveness, disease-specific outcomes, and safety of cultivated oral mucosal
epithelial sheet transplantation (COMET), with the primary objective of visual improvement.

Design: Noncomparative, retrospective, interventional case series.

Participants: This study involved 46 eyes in 40 patients with complete limbal stem cell deficiency (LSCD)
who underwent COMET for visual improvement. These LSCD disorders fell into the following 4 categories:
Stevens-Johnson syndrome (SJS; 21 eyes), ocular cicatricial pemphigoid (OCP; 10 eyes), thermal or chemical
injury (7 eyes), or other diseases (8 eyes).

Methods: Best-corrected visual acuity (BCVA) and ocular surface grading score were examined before surgery;
at the 4th, 12th, and 24th postoperative week; and at the last follow-up. Data on COMET-related adverse events and
postoperative management were collected. The outcomes in each disease category were evaluated separately.

Main Outcome Measures: The primary outcome was the change in median logarithm of the minimum angle
of resolution (logMAR) BCVA at the 24th postoperative week. The secondary outcome was the ocular surface
grading score.

Results: Median logMAR BCVA at baseline was 2.40 (range, 1.10 to 3.00). In SJS, logMAR BCVA improved
significantly during the 24 weeks after surgery. In contrast, the BCVA in OCP was improved significantly only at
the 4th postoperative week. In 6 of the 7 thermal or chemical injury cases, logMAR BCVA improved after planned
penetrating keratoplasty or deep lamellar keratoplasty. Grading scores of ocular surface abnormalities improved in all
categories. Of 31 patients with vision loss (logMAR BCVA, >2) at baseline, COMET produced improvement (logMAR
BCVA, =2) in 15 patients (48%). Visual improvement was maintained with long-term follow-up (median, 28.7 months).
Multivariate stepwise logistic regression analysis showed that corneal neovascularization and symblepharon were
correlated significantly with logMAR BCVA improvement at the 24th postoperative week (P = 0.0023 and P = 0.0173,
respectively). Although postoperative persistent epithelial defects and slight to moderate corneal infection occurred in
the eyes of 16 and 2 patients, respectively, all were treated successfully with no eye perforation.

Conclusions: lLong-term visual improvement was achievable in cases of complete LSCD. Cultivated oral
mucosal epithelial sheet transplantation offered substantial visual improvement even for patients with end-stage
severe ocular surface disorders accompanying severe tear deficiency. Patients with corneal blindness such as
SJS benefited from critical improvement of visual acuity.

Financial Disclosure(s): The author(s) have no proprietary or commercial interest in anymaterials discussed
in this article. Ophthalmology 2013;120:193-200 © 2013 by the American Academy of Ophthalmology.

<

Corneal renewal and repair are mediated by corneal epithelial
-stem cells situated mainly in the limbus, the narrow region
between the cornea and the bulbar conjunctiva.! Damage or
depletion of the corneal epithelial stem cells, known as
limbal stem cell deficiency (LSCD), leads to conjunctival
invasion that results in vascularization and scarring of the
cornea with an associated profound loss of vision.! Limbal
stem cell deficiency can be caused by Stevens-Johnson
syndrome (SJS), ocular cicatricial pemphigoid (OCP), and
thermal or chemical injury, which are all characterized by
the loss of corneal epithelial stem cells. Such LSCD may
cause severe ocular surface diseases (OSDs) in which cic-
atrization resulting from conjunctival fibrosis, symblepha-
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ron, and severe dry eye greatly disrupt visual function and
can progress gradually with chronic inflammation.>~* To
date, few effective medical or surgical treatments for severe
OSDs have been available.’™!>

Since 1998, the authors have used amniotic membrane
transplantation to treat severe OSDs. Amniotic membrane
exhibits an anti-inflammatory effect and also acts as a
substrate for epithelialization.!® The results of previous
studies have shown that amniotic membrane transplantation
alone!”"'® or amniotic membrane transplantation combined
with limbal transplantation®!?-20 promoted epithelialization,
reduced pain, reconstructed the fornix, and minimized in-
flammation of the ocular surface to a remarkable degree in
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patients with severe OSDs. Based on these promising re-
sults, novel methods have been developed for the culti-
vation of allogeneic corneal’®*' or autologous oral
mucosal®*~** epithelial cells on a denuded amniotic mem-
brane. Immunologic rejection and increased risk of infec-
tion or systemic adverse effects associated with the long-
term immunosuppressive therapy accompanying allograft
transplantation® encouraged changing to autologous culti-
vated oral mucosal epithelial transplantation (COMET) in
patients with severe OSDs in 2002,70-11-23:26

To clarify the effectiveness, disease-specific outcomes, and
safety of COMET, all of the clinical data from all 72 patients
that the authors treated with COMET since 2002 were ana-
lyzed. The objective of this present study was to summarize the
long-term clinical outcomes of 40 of those 72 patients who
underwent COMET with the primary objective of visual im-
provement between June 2002 and December 2008.

Patients and Methods

Patients

Autologous COMET was performed on consecutive patients who
were diagnosed with total LSCD based on the complete disappear-
ance of the palisades of Vogt and 360° of conjunctivalization.' The
COMET treatment protocol was approved by the ethical review
board of Kyoto Prefectural University of Medicine, Kyoto, Japan,
in 2002. The final decision to perform COMET was made by the
university’s team of corneal specialists. Before the surgery, written
informed consent was obtained from all patients in accordance with
the tenets of the Declaration of Helsinki for research involving human
subjects. The current retrospective study used an itemized data col-
lection form, and the medical records of all patients who underwent
COMET between June 2002 and December 2008 were examined
retrospectively. This retrospective study protocol was approved by the
ethical review board of Kyoto Prefectural University of Medicine in
2009. In this study, 40 of the 72 patients who underwent COMET
were analyzed with the primary objective of visual improvement.

Cell Culture

All of the COMET sheets were prepared at the good manufactur-
ing practices—graded Cell Processing Center at Kyoto Prefectural
University of Medicine as previously described.?*2° Autologous
oral mucosal epithelial cells were obtained from a 6-mm—diameter
biopsy specimen obtained from each patient’s buccal mucosa, and
the cells then were cultured on an amniotic membrane spread on
the bottom of a culture insert and were cocultured with mitomycin
C-inactivated 3T3 fibroblasts (NIH-3T34; RIKEN Cell Bank, Tsu-
kuba, Japan). The cultured cells were submerged in medium for
approximately 1 week and then were exposed to air by lowering
the medium level (airlifting) for 1 to 2 days. All amniotic mem-
brane was obtained from caesarean sections according to the
preparation method described previously.?* Although fetal bovine
serum initially was used as a culture medium, autologous serum
was used in later cultures to reduce the risk of transmitting non-
human pathogens.?®

Transplantation and Postoperative Management

The surgical procedure (see the Supplemental Video, available at
http://aacjournal.org) and postoperative management have been
described previously.?*2° In patients with severe symblepharon or

194

a large area of bare sclera exposed during surgery, amniotic
membrane was transplanted onto the bare sclera to reconstruct
conjunctival fornices.'™ In patients with a cataract, phacoemulsi-
fication and aspiration plus intraocular lens implantation were
performed simultancously with COMET. No penetrating kerato-
plasty or deep lamellar keratoplasty was performed simultaneously
with COMET. For patients with severe corneal stromal opacity, a
2-step surgical approach was planned, with the first step being
COMET and the second step being either penetrating or deep
lamellar keratoplasty.””

Systemic corticosteroid (betamethasone, I mg/day) and cyclo-
sporine (2 to 3 mg/kg daily) were administered to prevent postop-
erative inflammation and immunologic response and then were
tapered, depending on the clinical findings. Dexamethasone (0.1%)
and antibiotic eye drops were instilled 4 times daily. Dry-eye
patients were administered artificial tears. A therapeutic soft con-
tact lens was used for at least 1 month to protect transplanted
epithelium from mechanical ablation.

Postoperative Follow-up and Outcomes

Best-corrected visual acuity (BCVA) was converted to the loga-
rithm of the minimum angle of resolution (logMAR). Ocular
surface conditions including corneal appearance (epithelial de-
fects, clinical conjunctivalization, neovascularization, opacifica-
tion, keratinization, and symblepharon) were graded by at least 2
ophthalmologists (C.S., T.I., and T.N.) on a scale from 0 to 3
according to their severity, in accordance with a previously re-
ported grading system.?” Severe OSDs are characterized by an
associated loss of conjunctival stem cells, and the severity of
conjunctival involvement affects the visual prognosis. There-
fore, findings on upper and lower fornix shortening were added
to evaluate the grade of conjunctival appearance. Fornix short-
ening was graded from 0 to 3 based on the following clinical
features: normal depth (grade 0), shortened by less than one
quarter (grade 1), shortened by one quarter to one half (grade
2), and shortened by more than one half (grade 3). Upper and
lower fornix shortenings were graded separately. The sum of
each grading score was defined as the ocular surface grading
score (maximum, 24).

Each patients logMAR BCVA, ocular surface grading score,
and data on adverse events related to COMET or postoperative
management were collected from the medical records at these
specific time points: before surgery; at the 4th, 12th, and 24th
postoperative weeks; and at the last follow-up examination. The
primary outcome was the change in logMAR BCVA at the 24th
postoperative week. Because other ocular diseases can affect this
visual outcome, a secondary outcome, the ocular surface grading
score, also was defined.

Statistical Analysis

The change in BCVA and ocular surface grading score from
baseline at each visit, except for the last visit, was analyzed using
the Wilcoxon signed-rank test in each disease category (SJS, OCP,
thermal or chemical injury) except for other diseases. Multivariate
stepwise logistic regression analysis was used to determine the
factors influencing visual improvement.

This study defined the critical visual improvement rate as the
proportion of patients in whom BCVA at the 24th postoperative
week had improved to at least 0.01, as a percentage of the patients
with a BCVA of less than 0.01 at baseline. Patients with a visual
acuity of 0.01 or more can read and walk using vision aids. Thus,
an improvement to at least 0.01 indicates a capacity for indepen-
dence in daily life. If data were missing from the 24th postoper-
ative week, data from follow-up at the last visit were substituted.
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