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Figure 1. —Log,, P-value plots at the GWAS. Each dot represents P-value obtained from GWAS using 53 patients with carbamazepine-induced cutancous

’

adverse drug reactions and 882 subjects of a general population in Japanese. The Y-axis represents the —log,o of the minimal P-values calculated by
Fisher’s exact tests for three models: dominant, recessive and allele frequency models in the case-control association study.

involvement [erythema multiforne (EM)] to progressive, ful-
minating, severe variant with extensive mucocutaneous epi-
thelial necrosis [Stevens—Johnson syndrome (SJS) and toxic
epidermal necrolysis (TEN)]. Drug-induced hypersensitivity
syndrome (DIHS) is also described as severe cADR, character-
ized by rash, fever and multiorgan systemic reactions such as
lymphadenopathy, hepatitis and leukocytosis with eosinophilia
(1,2). High fever, no mucocutaneous involvement and reacti-
vation of human herpesvirus 6 (HHV-6) are important features
of DIHS that can be distinguished from SJS and TEN (2,3).

Almost all drugs have been reported to have a risk to cause
cADRs. Some drugs, such as anticonvulsants, antibiotics and
non-steroidal anti-inflammatory drugs, are known to show
higher incidences of cADRs, including SJS and TEN (2,3),
while the culprit drugs for DIHS are limited to several
drugs, including carbamazepine (CBZ), phenytoin (PHT),
phenobarbital, dapsone, mexiletine, salazosulfapyridine, allo-
purinol and minocycline (4). Although several studies have
indicated that T-cell-mediated allergic reactions might be
related to pathogenesis of cADRs (5), the detailed mechanisms
are not yet understood. Similarly, the underlying mechanism
for DIHS also remains unknown, although the HHV-6 reacti-
vation is suggested to associate with symptoms of DIHS, such
as fever and hepatitis (6). Hence, there is no clinical test avail-
able to predict a risk of DIHS.

In case of CBZ, Taiwanese study demonstrated that
HLA-B* 1502 was associated with SJS/TEN induced by CBZ

(7). This strong genetic association could be applied for the
prediction and prevention of cADRs. However, the allelic fre-
quencies of the HLA loci differ significantly among different
ethnic groups. For example, the HLA-B*1502 allele is
present at high frequency in south-eastern Asians (8.6%) (7),
but it was only 0.1% in Japanese and Caucasian populations
(http://www.allelefrequencies.net/). Thus, HLA-B*1502 is not
so useful as genetic predictors for the CBZ-induced cutaneous
reactions in Japanese and Caucasian populations.

Single nucleotide polymorphisms (SNPs) are the most abun-
dant DNA sequence variations, and a large body of SNP infor-
mation was already constructed through the International
HapMap project (8). In addition, the rapid technological devel-
opment enabled us to perform genome-wide association study
(GWAS) (9) routinely for identifying genetic risk factors for
many complex diseases and traits (10). In the present study,
we aimed to identify novel susceptibility loci associated
with cADRs induced by CBZ in the Japanese population
through case—control GWAS with the high-throughput SNP
genotyping technology.

RESULTS
Genome-wide association study

We first genotyped 55 cases and 898 subjects of a general popu-
lation in Japanese with Illumina HumanHap550v3 Genotyping
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Table 1. Association of 12 SNPs showing P-value less than 1.12 x 10~

nese population
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in the GWAS with cutaneous adverse drug reactions induced by carbamazepine in Japa-

SNP Chr  Allele (1/2) Case General population P-value
11 12 22 MAF 11 12 22 MAF 11 versus 12 + 22 11+ 12 versus 22 1 versus 2

151633021 6 A/G 19 32 20340 736 142 3 008 1.18x107" 2.83 x 1072 1.58 x 1072
152571375 6 T/C 23 26 4 0321 736 143 30084 244x 107" 2.85x 107* 3.82x 107"
rs1116221 6 T/C 4 26 23 0321 4 149 729 0089 546 x 107* 7102 % 1071 135 x 107"
152844796 6 T/C 4 26 23 0321 4 150 728  0.090 5.46 x 107 8.26 x 1071 1.58 x 107'°
rs1736971 6 A/C 6 35 12 0443 27 282 573 019 843 x 107 1.49 x 107° 146 x 1078
1611133 6 T/C 6 35 12 0443 27 285 570 0192 843 x 1073 1.90 x 107° 1.63 x 107¢
152074475 6 A/G 28 21 4 0274 750 129 30077 999 x 1078 285 x% 107* 5.60 x 107°
157760172 6 T/C 16 31 6 0406 622 236 24 0161  6.07 x 1077 5.16 x 1073 7.05 x 107°
52517673 6 T/C 6 31 16 0406 24 237 621 0162 5.16x 107} 6.61 x 107° 7.67 x 107°
152524005 6 T/C 6 31 16 0406 24 244 614 0.166 5.16x 1073 128 x 107* 143 x 1078
112665039 6 T/C 1730 6 039 621 236 25 0162 4.96x 1078 6.12x 1073 419 x 1078
151362088 6 AG 29 20 4 0264 742 134 6 0083 1.19x10™" 1.50 x 1073 9.86 x 107%

53 cases of carbamazepine-induced cutaneous adverse drug reactions and 882 subjects of a general population.

Chr, chromosome; MAF, minor allele frequency.

BeadChip. Afier excluding one case and 16 subjects of the
general population which were judged to be outliers in a princi-
pal component analysis (PCA), we applied SNP quality control
[call rate of >0.99 in both cases and subjects of the general
population, and P-value of the Hardy-Weinberg equilibrium
test of >1.0 x 107% in subjects of the general population] and
excluded one case with the call rate of <0.98, Of 554 496
SNPs genotyped, 444 823 SNPs on autosomal chromosomes
passed the quality control and were further analyzed.

Among the SNPs analyzed in the GWAS, 12 SNPs showed
significant association with CBZ-induced cADRs after the cor-
rection of multiple testing, and rs1633021 revealed the lowest
P-value for association (P = 1.18 x 10™'%) (Fig. 1, Table 1).
To validate the first genotyping data, we additionally per-
formed genotyping by means of multiplex PCR-based
Invader assays for the rs1633021 and confirmed the accuracy
of the data obtained by the two platforms with the concor-
dance rate of 100%.

Interestingly, all of these 12 SNPs were located within a
463 kb region on chromosome 6p21.33 (Table 1). Thus, we
plotted linkage disequilibrium (LD) blocks using 882 subjects
of the general population and found that 11 of these 12 SNPs
were included in an LD block of 29.84-30.27 Mb and the
remaining SNP rs1362088 was located closely to the particular
LD block (Fig. 2). This region corresponded to the MHC 1
region containing the HLA4-A locus.

HLA allele frequency

Since the most significant association was observed with the
SNPsnear the //LA-A locus, we further genotyped the individual
HLA-A alleles for 61 cases including 7 additional cases and 376
patients who showed no cADRs by administration of CBZ
(CBZ-tolerant subjects). As shown in Table 2, the frequency
of A*3101 was significantly higher in CBZ-induced cADR
cases than CBZ-tolerant controls; HLA-4"3]101 was present in
37 (60.7%) of the 61 patients with cADRs induced by CBZ,
while in only 47 (12.5%) of the 376 CBZ-tolerant controls
[P=3.64 x 107'5, odds ratio (OR) = 10.8, 95% confidence
interval (CI) of 5.9-19.6]. In addition, the frequency of

HLA-A"2603 was nearly 3-fold higher (18.0 versus 5.9%) in
the cADR cases with a suggestive P-value. However, this
association should be validated by a larger number of cases.
On the other hand, the allele frequency of HLA-A*0206 was sig-
nificantly lower in CBZ-induced cADR cases than CBZ-tolerant
controls (P = 2.74 x 107, OR = 0.1, 95% CI 0.0-0.6).

To validate the significant associations of HLA-4*310/ and
HLA-A"0206, we performed a replication study using an inde-
pendent Japanese case—control cohort which consisted of 16
CBZ-induced cADR cases and 44 CBZ-tolerant controls
(Table 3). The association of HLA-4*3101 was replicated in
the second cohort (P=1.53 x 1073, OR =5.3, 95% CI
1.5-24.5; combined-analysis P=1.09 x 107'6, OR =95,
95% CI 5.6-16.3), whereas that of HLA-A*0206 was not repli-
cated. In the case of HLA-A*3101, the P-value for the
Breslow—Day test was not significant (P = 0.32), indicating
the absence of significant heterogeneity in these two cohorts.

We further analyzed the association of HLA-A*3101 accord-
ing to the type of cADR using the combined cohorts (Table 4).
HLA-A*3101 showed significant associations with DIHS (P =
2,06 x 107°, OR=9.5, 95% CI 4.6-19.5) and SIS/TEN
(P=235x 10" OR =33.9, 95% CI 3.9-295.6) as well as
other cADRs (P=4.74x 107%, OR=8.0, 95% CI
3.9~ 16.6), respectively.

Although our GWAS analysis did not find any significant
association with the HLA-B locus, HLA-B*1502 has been
reported its strong association with SIS/TEN induced by
CBZ in Han-Chinese population (7). In order to confirm that
the HLA-B locus was not associated with CBZ-induced
cADRs, we carried out genotyping of the HLA-B alleles for
61 cases and 376 CBZ-tolerant subjects. The HLA-B*1502
allele was absent in any of our cases. In addition, no HLA-B
allele showed significant association with CBZ-induced
cADRs (Supplementary Material, Table S1). Our LD analysis
indicated that F/LA-G was also located in the LD block includ-
ing the landmark SNP, rs1633021 (Fig. 2). Thus, we also gen-
otyped the ALA-G alleles for 61 cases and 376 CBZ-tolerant
subjects and found that HLA-G*010102 showed the most sig-
nificant association with CBZ-induced cADRs (P =1.31 x
1077, OR=4.8, 95% CI 2.6-8.9) (Supplementary Material,
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Figure 2. —Log,y P-value plots, LD map and genomic structure of an HLA-A region. Each dot represents P-value obtained from GWAS using 53 patients with
carbamazepine-induced cutaneous adverse drug reactions and 882 subjects of a general population in Japanese. The Y-axis represents the —log,, of the minimal
P-values calculated by Fisher’s exact tests for three models: dominant, recessive and allele frequency models in the case—control association study. Pairwise £’
was based on the genotype data of the 882 subjects of the general population. MAF, minor allele frequency.

Table S2). However, multiple logistic regression analysis
revealed that the HLA-A*310] genotype had the significant
effect on risk of CBZ-induced cADRs (OR = 7.9, 95% CI
3.9-16.2, P=1.64 x 107%), but HLA-G*010102 did not
(OR=17, 95% Cl 08-3.7, P=0.16) (Supplementary
Material, Table S3).

DISCUSSION

This study is the first GWAS to investigate genetic factors
associated with cADRs induced by CBZ. We demonstrated
that the 11 SNPs showing the significant association were
located within a 430kb LD block, including the HLA-A
locus. HLA-A belongs to the HLA class [ heavy chain paralo-
gues, which play a central role in the immune system by pre-
senting peptides derived from the endoplasmic reticulum
lumen. We thus considered that the association of these
SNPs with CBZ-induced cADRs should reflect variations in
antigen-binding affinities of HLA-A that might affect the
immune response in the pathogenesis of the cADRs. All of

the HLA-A, B and G belong to the HLA class [ molecules,
while HLA-B*1502 has been reported to be associated with
SIS/TEN induced by CBZ in Han-Chinese population, and
the HLA-G locus was located in the LD block including the
landmark SNP, rs1633021, in our LD analysis. However, in
our study, no HLA-B allele showed significant association
with CBZ-induced cADRs in the Japanese population. Fur-
thermore, multiple logistic regression analysis suggested that
the association of HLA-G*010102 was confounding of the
association between HLA-A*3101 and CBZ-induced cADRs.

In the present study, the general population subjects were
used for the case—control association study. The use of
general population has a disadvantage, a reduced statistical
power, because part of the general population had a potential
to show CBZ-induced cADRs. However, the reduction of
power is dependent on prevalence of ADRs and can be com-
pensated by increasing the number of subjects. In the case
of the CBZ-induced cADRs, the prevalence is generally low.
For a prevalence of 2.9%, which was reported for Japanese
population (http://www.info.pmda.go.jp/), statistical power
estimates were 0.980 and 0.992 for the use of general
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Table 2. Frequencies of HLA-A alleles in patients with carbamazepine-
induced cutaneous adverse drug reactions and carbamazepine-tolerant controls

HLA allele Number of carriers P-value
Case (%) CBZ-tolerant control (%)

A*0101 0(0.0) 6 (1.6) 1.00
A°0201 5(8.2) 93 (24.7) 2.74 x 1073
A"0206 1(1.6) 68 (18.1) 2246 x 107¢
A*0207 3(4.9) 23 (6.1) 0.10
A0210 2(3.3) 2(0.5) 0.03
A'0301 0 (0.0) 2(0.5) 1.00
A*1101 7(11.5) 68 (18.1) 0.27

A 1110 0 (0.0) 1(0.3) 1.00
A*2402 37 (60.7) 211 (56.1) 0.58
A*2405 0 (0.0 1(0.3) 1.00
A*2420 0 (0.0) 4 (1.1) 1.00
A*2601 2(33) 65 (17.3) 336 x 1073
A*2602 2(3.3) 15 (4.0) 1.00
A*2603 11 (18.0) 22 (5.9) 2.61 x 1073
A*2605 1(L6) 1(0.3) 0.26
A*2901 0(0.0) 1(0.3) 1.00
A*3001 0(0.0) 2(0.5) 1.00
A*3101 37 (60.7) 47 (12.5) *3.64 x 107%
A*3303 5(8.2) 59 (15.7) 0.17

61 cases and 376 CBZ-tolerant controls.
CBZ, carbamazepine.
“Significant after Bonferroni's correction.

population and CBZ-tolerant controls, respectively. These
results indicate that the use of the general population, in
place of the CBZ-tolerant controls, can yield sufficient
power to permit the identification of strong genetic factors,
such as our landmark SNP, rs1633021. Besides, since type I
error rate will not be affected by using the general population,
the possibility of false-positive results should be similar to that
in the use of CBZ-tolerant controls. Consequently, we con-
cluded that the use of the general population for our GWAS
would be suitable.

We genotyped HLA-A alleles and identified a strong
association of the HLA-A*3101 allele with the risk of the
CBZ-induced cADRs in Japanese population. Comparison
of genotypes of the HLA-A*310] and the marker SNP
rs1633021 in 376 CBZ-tolerant controls revealed that the
G allele of rsl1633021 was in strong LD with the
HLA-A*3101 (r*=0.79, D'=095). HLA-A*310] was
present in 37 (60.7%) of the 61 subjects with cADRs
induced by CBZ and was present in only 47 (12.5%) of
the 376 CBZ-tolerant controls, implying that this allele
has the 60.7% sensitivity and 87.5% specificity when we
apply HLA-A*3101 as a risk predictor for CBZ-induced
cADRs in the Japanese population. If a prevalence of
CBZ-induced cADRs was 2.9% (http://
www.info.pmda.go.jp/), the positive and negative predictive
values would be estimated to be 12.7 and 98.7%, respect-
ively. That is, it might become possible to lower the fre-
quency of CBZ-induced cADR from 2.9 to L.1% by
excluding the patient judged to be HLA-4*3101 positive
by the genetic diagnosis from the CBZ treatment. We are
confident about the clinical benefit of the HLA-A*3101
typing to predict the risk of CBZ-induced cADRs since
there are several alternative drugs to CBZ for epilepsy
and trigeminal neuralgia such as PHT and valproic acid,
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which induce cADRs with low prevalence. Although the
efficacy of these alternative drugs might be inferior to
CBZ for treating trigeminal neuralgia, a prevention of
CBZ-induced cADRs, which are sometimes life-threatening,
must be more important for patients. Our findings should
provide useful information for making a decision of indivi-
dualized medication for these diseases.

Recently, Kashiwagi er al. (11) performed HLA genotyping
in Japanese subjects with CBZ-induced cADR and found an
association with HLA-4*310] (P=4.0 x 107" in the allele
frequency, OR =4.3, 95% CI 2.1-9.1). In the study, 22
cases (6 MPE/EM, 3 erythroderma, 4 DIHS, 2 SJS and 7
other drug eruptions) were included. Qur results demonstrated
that HLA-A*3101 showed significant associations with
CBZ-induced DIHS/SIS/TEN and other cADRs.

In the Han-Chinese population, the HLA-A*3101 was
reported to be associated with MPE induced by CBZ, but
not with SIS/TEN (12). However, we demonstrated that
HLA-A"3101 was present in four (80.0%) of the five subjects
with SIS/TEN induced by CBZ in the combined cohort. Thus,
all of CBZ-induced cADRs including SIS/TEN and MPE are
likely to be associated with the same HLA-A allele,
HLA-A"3101, in Japanese population on the basis of the
present study. The controversial results of the association of
HLA-A*3101 with SIS/TEN between Japanese and Chinese
studies might be due to ethnic differences in allele frequencies
of HLA-B*1502 and HLA-A*3101. It has been found that the
HLA-B*1502 allele is extremely rare in Japanese (allele fre-
quency: 0.1%) compared with Han-Chinese (allele frequency:
8.6%) (7). In contrast, the HLA-A*3101 allele is present at a
higher allelic frequency in Japanese (9.1%), but only 1.8%
in Han-Chinese (http://www.allelefrequencies.net/).
MHC-dependent presentation of drugs and/or the metabolites
on HLA class Il molecules to CD4" helper T cells and on
class T molecules to CD8% cytotoxic T cells are considered
to be critical for the severe cADRs (13,14). Both of HLA-A
and -B belongs to MHC class I molecules. Thus, there might
be common underlying mechanisms involved in the
CBZ-induced cADRs, although HLA-B*1502 seemed to be
specifically involved in the CBZ-induced SIS/TEN.

To date, DIHS has been considered to be a different clinical
entity from SIS and TEN, because of its delayed onset of
symptoms from the beginning of the drug therapy as well as
high fever, no mucocutaneous involvement and HHV-6 reac-
tivation (2,3). However, the present study suggests that
DIHS and other cADRs, including SJIS/TEN, which were
induced by CBZ, might share the common pathogenesis
from the fact that they were associated with the same HLA
allele, HLA-A*3101. Although further studies using a large
sample size will be necessary to confirm this observation,
the HLA-A*3101 could be directly involved in the pathogen-
esis of all types of the CBZ-induced cADRs in the Japanese
population, in view of the fact that HLA-B*3580] has been
reported to be a genetic factor associated with both SJS/TEN
and DIHS induced by allopurinol in Taiwanese, Japanese
and Europeans (15-17).

In conclusion, we have demonstrated that HLA-4*3101 was
significantly associated with susceptibility to cADRs induced
by CBZ in Japanese population. Unfortunately, because of
limitation of the subject information from BioBank Japan,
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Table 3. Association of HLA-A* 0206 and 4° 310/ alleles with carbamazepine-induced cutancous adverse drug reactions

Population HLA-4*0206 HLA-A"3101
Case (%) CBZ-tolerant P-value OR (95% CI) Case (%) CBZ-tolerant P-value OR (95% CI)
controls (%) controls (%)
First study 1/61 (1.6) 68/376 (18.1) 4246 x 1074 0.1 (0.0-0.6) 37/61 (60.7) 47/376 (12.5) *3.64 x 10_:5 10.8 (5.9-19.6)
Replication 2/16 (12.5) 8/44 (18.2) 0.72 0.6 (0.1-3.4) 8716 (50.0) 7/44 (15.9) "1.53 x 107° 53(1.5-24.5
study
Combined 3/77 (3.9) 76/420 (18.1) °1.02 x 1073 0.2 (0.1-0.6) 45177 (58.4) 54/420 (12.9) .09 x 10716 9.5(5.6-16.3)
analysis
CBZ, carbamazepine; CI, confidence interval.
“Significant after Bonferroni's correction.
Table 4. Subgroup analysis of association of the HLA-4*3101 allele with carbamnazepine-induced cutaneous adverse drug reactions
Subgroup Number of patients P-value OR (95% CI)
Positive for HLA-A"3101 Negative for HLA-A*310/ Total
All CBZ-induced cADRs 45 32 77 *1.09 x 1076 9.5 (5.6-16.3)
DIHS 21 15 36 *2.06 x 1077 9.5 (4.6-19.5)
SIS/TEN 5 1 6 235 x 107% 35.9 (3.9-295.6)
Others 19 16 3s “4.74 x 1078 8.0 (3.9-16.6)
CBZ-tolerant controls 54 366 420 - -

cADRs, cutaneous adverse drug reactions; CBZ, carbamazepine; Cl, confidence interval; DIHS, drug-induced hypersensitivity syndrome; SIS/TEN, Stevens—

Johnson syndrome/toxic epidenmal necrolysis.
“Significant after Bonferroni’s correction.

the timings of the onset of reaction in relation to drug use, and
CBZ doses were not available. Thus, although a prospective
study of CBZ-induced cADRs with detailed clinical infor-
mation and further investigations will be required to determine
the clinical utility and to clarify the molecular mechanisms
responsible for the risk of these cADRs, respectively, our find~
ings should shed light on its pathogenesis and facilitate devel-
opment of genetic test to identify individuals at risk for this
potentially life-threatening condition caused by CBZ in the
Japanese population.

MATERIALS AND METHODS
Participants

We obtained 62 patients with cADRs induced by CBZ (Sup-
plementary Material, Table S4). The BioBank Japan Project
started in 2003 with the aim of collecting genomic DNA and
serum samples as well as clinical information from 300 000
patients diagnosed with any of 47 different discases by
collaboration with 66 hospitals in Japan (18). The biological
materials and the clinical information were obtained with a
written informed consent for participation in this project.
From the registered samples in BioBank Japan from June
2003 1o March 2008, we obtained 33 patients with
non-DIHS cutaneous reactions induced by CBZ. The subjects
included four patients with SIS/TEN, 16 EM, 4 MPE, 2
erythema, | erythroderma, 1 fixed dug eruption and 5 unclas-
sified drug rashes. SJS and TEN were diagnosed as mucocuta-
neous disorders characterized by wide-spread erythema,
blisters, detachment, erosions and fever. SIS was defined by
identification of skin detachment of less than 10% of the body-

surface area, whereas TEN was diagnosed by finding skin
detachment of more than 10%, and excluding staphylococeal
scalded skin syndromes (19). We obtained 29 patients with
typical DIHS induced by CBZ who were recruited at Yoko-
hama City University Hospital, Showa University Hospital,
Kyorin University Hospital and Ehime University Hospital
from October 2005 to October 2009. The diagnosis criteria
of the typical DIHS were maculopapular rash (developing it
more than 2 weeks after the beginning of the therapy with a
limited number of drugs) as well as all of the following symp-
toms: fever (>38°C), hepatitis, hematological disorder [leuko-
cytosis (>11 000 per mm"), atypical lymphocytosis (>5%) or
eosinophilia (>1500 per mm?)], lymphadenopathy and
HHV-6 reactivation. All the DIHS cases had all the manifes-
tations listed.

Two control groups were used in this study. We used 898
volunteers recruited at the Midosuji and other related Rotary
Clubs as the population of general Japanese individuals
(general population) for GWAS (20). The 898 volunteers did
not have any clinical histories of epilepsy, cranial nerve dis-
order, cancer and treatment of CBZ. As the second control
group for the further detailed HLA genotyping, we selected
376 patients who showed no cADRs by administration of
CBZ (CBZ-tolerant controls) from the BioBank Japan. The
median ages of cases, the subjects of general population and
CBZ-tolerant controls were 54 years (range 12-82), 55
years (18-93) and 52 years (1-88), respectively.

For a replication study, we enrolled 16 patients with
CBZ-induced ¢cADRs and 44 CBZ-tolerant controls, who
were recruited at Yokohama City University Hospital,
Showa University Hospital, Kyorin University Hospital and
Ehime University Hospital, as the second cohort
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(Supplementary Material, Table S5). The median ages of cases
and CBZ-tolerant controls in the second cohort were 61 years
(range 24--74) and 55 years (16-83), respectively.

Collection of blood samples and clinico-pathological infor-
mation from patients and volunteers was undertaken with
informed consent and was approved by the Ethical Commit-
tees at The Institute of Medical Science, The University of
Tokyo, Tokyo, Japan, and their use for this study was
approved in The Institutes of Physical and Chemical Research
(RIKEN), Yokohama, Japan.

Genome-wide association study

A genome-wide analysis for 55 cases and 898 subjects of the
general population was conducted using Illumina Human-
Hap550v3 Genotyping BeadChip according to the manufac-
turer’s protocols (San Diego, CA, USA). Of 62 cases
mentioned above, 7 subjects were not included in the
GWAS because these subjects were obtained after the
GWAS. We did not include the SNPs of X-chromosome in
our GWAS. In case of the X-chromosome, male and female
subjects must be separately analyzed, leading to the decrease
of sample size. Furthermore, in female, either one of the two
X-chromosomes might be inactivated, which can impair gen-
otype—phenotype correlations. A PCA was performed via an
‘Eigen analysis’ in the computer program smartpca, from the
EIGENSOFT package (21). Genotype data for the cases and
general population subjects and those for 89 East-Asian indi-
viduals (44 Japanese and 45 Han Chinese) from the Inter-
national HapMap project (8) were analyzed for the PCA.
PCA plots were obtained using the first two components
(Eigenvectors 1 and 2). To validate the genotyping results,
we performed genotyping by means of multiplex PCR-based
Invader assays (Third Wave Technologies, Madison, WI,
USA) (22) and compared the data obtained by the two plat-
forms. To draw an LD map including SNPs which showed sig-
nificant associations with CBZ-induced cADRs, we applied
Haploview software (23).

HLA genotyping

HLA-A and -B genotyping was carried out using a WAKFlow
HLA typing kit (Wakunaga, Hiroshima, Japan), which is based
on PCR-sequence-specific oligonucleotide probes coupled
with multiple analyte profiling (xMAP) technology
(Luminex System; Luminex Corporation, Austin, TX, USA).
The data analysis was performed using the WAKFLOW
TYPING software (Wakunaga). HLA-G was genotyped by a
sequence-based method reported previously (24).

Statistical analyses

A statistical significance of the association with each SNP or
HLA sallele was assessed using Fisher's exact test. For the
GWAS, we carried out the statistical analysis for association
by comparing the case and control groups using the allele-
frequency model, dominant-inheritance model and
recessive-inheritance model. SNPs were rank-ordered accord-
ing to the lowest P-value in these models. Significance levels
after Bonferroni’s correction for multiple testing were 1.12 x

Human Molecular Genetics, 2010 7

1077 (0.05/444 823), 2.63 x 1073 (0.05/19) and 2.50 x 102
(0.05/2) in the GWAS, HLA-A genotyping and the replication
study, respectively. For power estimation, we-used QUANTO
{http://hydra.usc.edu/GxE/) (25), under the following con-
ditions, assuming a dominant inheritance model: 53 cases,
881 controls; prevalence of CBZ-induced cADRs, 0.029; sig-
nificance level, 1.0 x 10~ risk allele frequency, 0.08 for
general population; ORs, 9.08 and 10.15 for general popu-
lation and CBZ-tolerant controls, respectively, The
Breslow—Day test (26) was used to evaluate the heterogeneity
of the ORs between association studies of two cohorts.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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A Role of Staphyococcus aureus, Interleukin-18, Nerve Growth
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Staphylocaccus aureus (SA) is usually present not only in the skin lesions of atopic dermatitis (AD) but also in the atapic dry skin. SA discharges various
toxins and enzymes that injure the skin, results in activation of epidermal keratinocytes, which produce and release IL-18. IL-18 that induces the super
Th1 cells secreting IFN-y and IL-13 is supposed to be involved in development of AD and its pathogenesis. Indeed, the number of SA colonies on the skin
surface and the serum IL-18 levels in patients with AD significantly correlated with the skin scores of AD lesions. Also, there is strong positive correlation
between the skin scores and serum IL-18 levels in DS-Nh mice (P<0.0001, =0.64), which develop considerable AD-like legions when they are housed un-
der conventional conditions, but develop skin legions with less severity and less frequency under specific pathogens free (SPF) conditions. Therefore, they
are well-known as model mice of AD, in which SA is presumed to be critical factor for the development of AD lesions. Also, theses DS-Nh mice pretreat-
ed with Cy developed more remarkable AD-like lesions in comparison with non-treated ones. The levels of INF-r and IL-13 in the supematants of the
lymph nade cell cultures stimulated with staphylococcal enterotoxin B (SEB) or ConA were increased in the Cy-treated mice, although the serum levels of
total IgE were not. In this experiment, we revealed that Cy-treated mice, to which CD25 +CD4 + reguratory T cells taken from non-treated ones had been
transferred, developed the AD-like legions with less severity and less number of SA colonies on the skin surface. Therefore, it is presumed that CD25
+CD4 + reguratory T cells might be involved in the suppression of super Th1 cells which are induced by IL-18 and are involved in the development of AD-
like lesions rather than IgE production. The efficient induction of CD25 +CD4 + reguratory T cells is expected for the new type of treatment of AD. We also
found that farnesol {F) and xylitol (X) synergistically inhibited biofilm formation by SA, and indeed the ratio of SA in total bacteria at sites to which the FX
cream containing F and X had been applied was significantly decreased 1 week later, accompanied with improvement of AD, when compared with that
before application and at placebo sites. Therefore, the FX cream is a useful skin-care agent for atopic dry skin colonized by SA. The nerve growth factor
(NGF) in the horny layer (the horn NGF) of skin lesions on the cubital fossa was collected by tape stripping and measured using ELISA in AD patients be-
fore and after 2 and 4 weeks treatments. Simultaneously, the itch and eruptions on the whole body and on the lesions, in which the horn NGF was mea-
sured, were recorded, and also the peripheral blood eosinophil count, serum LDH level and serum total IgE level were examined. The level of NGF was
significantly higher in AD patients than in healthy controls, correlated with the severity of itch, erythema, scale/xerosis, the eosinophil count and LDH lev-
el, and also significantly decreased after treatments with olopatadine and/ar steroid ointment for 2 and 4 weeks. Therefore, the measurement of the NGF
by this harmless method seems to be useful to assess the severity of AD and the therapeutic effects on AD. In AD patients, C-fiber in the epidermis in-
crease and sprout, inducing hypersensitivity, which is considered to aggravate the disease. Semaphorin 3A (Sema3A), an axon guidance molecule, is a
potent inhibitor of neurite outgrowth of sensory neurons. We administered recombinant Sema3A intracutaneously into the skin lesions of NC/Nga mice,
an animal model of AD, and investigated the effect of Sema3A on the skin lesions and their itch. Sema3A dose-dependently improved skin lesions and
attenuated the scratching behavior in NC/Nga mice. Histological examinations revealed a decrease in the epidermal thickness, the density of invasive
nerve fibers in the epidermis, inflammatory infiltrate including mast cells , )
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INTRODUCTION

Atopic dermatitis (AD) is a chronic, relapsing, inflammatory
skin disease characterized by highly pruritic, eczematous skin
lesions. Various factors including the immunological and non-
immunological abnormalities contribute to the pathogenesis
and development of AD. Patients with AD generally have a fa-
milial predisposition of increasing in serum IgE antibodies to
various allergens and development of eczematous skin lesions
as the immunological abnormalities. On the other hand, physi-
ological barrier dysfunctions of the skin, high detection of Staph-
ylococcus aureus (SA) in the bacterial flora on their skin surface
flora and an increased hypersensitivity to itch are known as the
non-immunological abnormalities. In this paper, we would like
(o review the recent papers concerning the pathogenesis and
biomarker of AD and its itch and to discuss a probable role of
SA, interleukin-18 (IL-18), nerve growth factor (NGF) and
semaphorin 3A (Sema3A) of an axon guidance molecule in
pathogenesis and treatment of AD.

A PROBABLE ROLE OF STAPHYLOCOCCUS AUREUS (SA)
AND INTERLEUKIN-18 (IL-18) IN PATHOGENESIS AND
BIOMARKER OF AD

Recently, we measured the conductance and transepidermal
water loss (TEWL) on the medical examination of infant. In or-
der to examine their usefulness for early diagnosis of AD and
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reveal that the TEWL in the uninvolved skin of abdomen signifi-
cantly increased in infants with AD already as early as 6 months
and 1.5 years old, when compared with that in infants without
AD. Therelore, the measurement of TEWL in the skin is useful
for early diagnosis of infantile AD and the early care on the skin
of these infants might be expected to effect protectively on de-
velopment and aggravation of AD.' We have already reported
that Staphylococcus aureus (SA) usually existed not only on the
skin regions affected by AD but also on the atopic dry skin re-
gions.* The number of SA detected on the skin surface of forearm
and forehead in AD patients was remarkably more than that in
healthy controls, as shown Fig, 1.* There was a significant correla-
tion between eruption score and the number of SA detected on
the same area ol patients with AD (relationship coeflicien-
cy=0.54, P<0.01)," as shown in Fig. 2." We have also reported
that farnesol (F) of a perfume and xylitol (X) of sugar alcohol
synergistically can inhibit the biofilm formation of SA and
moreover can dissolve the formed biofilm of SA, as shown in
Fig. 3-1 and Fig. 3-2.** Indeed, the treatment with FX cream im-
proved significantly 4 out of 5 items in AD lesions at 2 weeks lat-
er, while the treatment with control cream improved only 1
item of dryness/desquamnation as shown in Fig. 4.** Both of the
number of SA and the ratio of SA to total bacteria at the sites, to
which the FX cream containing I and X had been applied, sig-
nificantly decreased in 2 weeks later, accompanied with clinical
improvement of AD, as shown in Fig. 5> The therapeutic effect
of this FX cream is conceivable to be based on two functions of

lag (SA number [cfufcm 7))

61
[
[
5} ¢
¢
4t 0

¢ OOV VWU 09

— ~
O 200000UMIN> 0O O

| A

Forearm

I

Forehead

o the distribution of SA number and
©:the mean SA number in 45 patients with AD

[ :the mean range of total bacteria and SA number in healthy controls

Fig. 1. The number of SA detected on the skin surface of forearm and forehead in patients with AD is remarkably more than in healthy controls.” cfu: colony forming

unit.
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it, namely the prevention of adhesion of SA (o the skin and the
removal of SA from the skin. Therefore, this FX cream is expect-
ed as a useful skin care agent for atopic dry skin colonized by
SAM Recendy, we also found that AD-like lesions in DS-Nh of
AD model mouse mice were significantly improved together
with a decrease in number of SA detected from these lesions by
treatment with the bamboo leaf extract cream having the anti-
bacterial, viral and mycotic activity.” This improvement effect
was also observed together with a decrease of the increased se-
rum IgE levels and IFN-y/IL-13 production in Con A-stimulated

A Role of S. aureus, IL-18, NGF and Sema3A in AD

cultures of lymph node cells taken from these mice. From these
results, this extract cream is suggested to have not only ant-
bacterial effects but also immunological effects as the thera-
peutic agent.”

[t is well-known that SA discharges various toxins and enzymes
that injure the skin, results in activation and proliferation of epi-
dermal keratinocytes, which produce and release IL-18. The IL-
18is supposed to be involved in pathogenesis of AD, because IL-
18 induces the super Thl cells producing and secreting IFN-y
and 1L-13.° Indeed, the serum IL-18 levels in patients with AD
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Fiy. 2. The correlation between eruption score and the number of SA on the same area of patients with AD." cfu: colony forming unit.
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A biofilm of SA was hardly formed (1.4x10* cfu/cm?)

Fig. 2-1. Farnesol and xylitol [FX) have an inhibitory effect on biofilm formation of SA*A biofilm of bacteria was formed by incubating a plastic coverslip coated with
type IV collagen in each well of a 24-well tissue culture plate with the human plasma and TSB (1:1) medium, into which SA was inoculated. Cell suspensions of SA
from an AD patient (1x10° cfu/iml) were inoculated separately into 1 mL of the medium either alone (control) or supplemented with FX. After incubation at 37°C,
each coverslip was observed visually and also under a scanning electron microscope (SEM) and number of SA colony adhered to the coverslip of was counted. TS8

tryptic soy broth,
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Control

A complete biofilm of SA was '
formed and the structure was
maintained for 8 days 4
(6.2x10° cfu/em’)

FX(0.2%
farnesol + 5% xylrtol)

The formed biofilm of SA
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(5.3x107 cfu/cm’)
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Human plasma: tryptic soy broth (TSB): =1:1,
SAlfrom AD, inoculated with 10° cfu/well), incubation:
at37°C for 4B hr

0.05% aminobenzylpenicillin (ABPC)

The formed biofilm was hardly dissolved (4.2x10° cfu/cm?)

FX cream ; ;
itch / exconation
.- h

dryness / ijniﬁj !
desquamation )

. - papule

hchen{f[canon N.S.

ow 2w

P00, T P<005, Y P<O., nis. t not significant

Fig. 4. The treatment with FX cream improved significantly 4 items out of 5 iterns in AD lesions 2 weeks later, while the treatment with control cream improved only

1 item of dryness/desquamation.”

significantly correlated with skin scores of AD lesions, as shown
Fig. 6-1." From these lesions, SA is detected with high frequency
and a correlationship is observed between eruption score and
the number of SA detected, as above-mentioned. Also, there is a
strong positive correlation between skin scores and serum IL-
18 levels in DS-Nh mice (P<0.0001, r=0.64) with AD-like lesions,
in which SA is supposed to be a critcal factor for the develop-
ment of AD lesions, as shown Fig. 6-2.™*

DS-Nh mice develop AD-like legions when they are housed
under conventional conditions, but develop skin legions with

238  http://e-aair.org
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less severity and less frequency under specific pathogens free
(SPF) conditions.” Furthermore, an increase of 1L-18 produc-
tion from epidermal cells was observed in AD model mice in-
duced by subsequent topical application of SA products.® There-
fore, in order to clarify the role of IL-18 in the pathogenesis of
AD, we measured 11-18 levels in the horny layer (i.e. horn IL-
18) by the method using tape stripping and ELISA, which has
been already established for measurement of NGF level in the
horny layer'” and assessed the horn IL-18 level in relation to
clinical severities and SA colonization on the involved skin of

2010 October;2(4):235-246. doi: 10.4168/aair,2010.2.4.235
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Fig. 6-1. Comparison between serum levels of IL-18 and global skin scores in
AD patients divided into 4 groups based on their disease severities.”

AD patients. The horn proteins were collected via tape stripping
from the horny layer of the skin in 61 AD patients and 40 healthy
controls, and the horn IL-18 levels were measured using ELISA.
Clinical severity, blood data and SA colonization of involved
skin were also evaluated before and 4-8 wecks after treatment.
The results showed that the horn TL-18 levels of skin lesions
were significantly higher in AD patients than in healthy controls
and correlated to SCORAD, serum IL-18, IgE, LDH, thymus and
activation-regulated chemokine (TARC) and TEWL." In the
group of AD patients with IgE <1,500 [U/m, the hom IL-18 levels
was significantly higher in patients whom SA was detected than
in patients from whom SA was not." From these results, SA col-
onization on the skin lesions is conceivable to contribute to the
[1.-18 production of epidermal keratinocytes especially in the
group of AD patients with relatively low IgE production and the
horn IL-18 levels seem to be associated with the severity of AD.
[t is interesting that DS-Nh mice pretreated with cyclophosph-
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Fiy. 6-2. Comparison between serum IL-18 levels and skin scores in DS-NA
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amide (Cy) developed more remarkable AD-like lesions with
more number of SA colonies on the skin surface, in comparison
with untreated ones."* The levels of [FN-y and IL-13 in the su-
pernatants of the lymph node cell cultures stimulated with SEB
or ConA were increased remarkably in the Cy-treated mice, al-
though the serum levels of total IgE were not.” In this experi-
ment, we also revealed that Cy-treated mice, to which CD25+
CD4+ regulatory T cells taken from non-treated ones had been
ransferred, developed AD-like legions with less severity and
less number of SA colonies on the skin surface.” Table simply
shows the summary of these results. Therefore, it is presumed
that CD25+CD4+ regulatory T cells might be involved in sup-
pression of super Thl cells, which are induced by IL-18 and are
involved in the development of AD-like lesions rather than IgE
production. The efficient induction of CD25+CD4+ regulatory
T cells may become new type of treatment for recalcitrant AD.
Fig. 7 shows schematically the action mechanism of FoxP3+

httpi//e-aairorg 239



lkezawa et al.

Volume 2, Number 4, October 2010

Table. Summary of results of Cy-pretreated and transferred experiments in DS-Nh mice”?

Experiment 1 Experiment 2
Treated/Sensitized Cy-untreated, Cy-untreated, Cy-pretreated, Cy-pretreated, Cy-pretreated, Cy-pretreated,
recipient TNCB-unsensitized TNCB-sensitized TNCB-sensitized TNCB-sensitized TNCB-sensitized TNCB-sensitized
Transfer -+ +~H o ~ .
; PBS CD25-T(Te CD25" T (Tr
of Tcells Increased ITe (Treg]
. . I+ +~ + +~
AD-like lesion score / . -~ o~ .
Not increasead Decresed
Serum Igk level
Number of SA clonies i i e b~ b FHE ~ e
Increased Dcreased
* 005, "% F<0.01,
A S.Aureus (SA) colomies on the involved and
Y uninvolved slan of AD patients
Development and exercerbation of AD and
Treg cells increase of serum IgE
Y suppress
FoxP3"
¢ coz2s ] _i super Thi
cells

oow

sy IFN-y1

Y IL-131
| Innate L Hypthesis of hygene &
immunity enviromental poliution

Fig. 7. FoxP3'CN25'C04" requlatory T cells are presumed to negatively regulate the induction and exercerbation of AD-like lesions through the suppression af IFNy/
113 production of by FoxP3CD25C04" super Th1 cells in OS-Nh of AD model mouse associated with SA colonization on the skin surface. "

CD25+CD4+ regulatory T cells, which are conceivable to sup-
press the induction and exacerbation of AD-like lesions through
the suppression of IFN-y/L-13 production of by FoxP3-CD25-
CD4+ super Thl cells in DS-Nh of AD model mouse associated
with SA colonization on the skin surface."”"!

A ROLE OF NERVE GROWTH FACTOR (NGF) IN
PATHOGENESIS AND BIOMARKER OF AD FROM THE
QUANTITATIVE ANALYSIS OF NGF IN HORNY LAYER OF
AD PATIENTS

Nerve growth factor (NGF), which belongs to the neurotro-
phin family, is mainly produced and released by the basal kera-
tinocytes'™'? and has diverse activity in the skin. Immunohis-
tochemistry of human skin shows that NGF is expressed in su-
prabasal keratinocytes and in basal keratinocytes." Recently,
neurogenic inflammation, including effect of neuropeptides
such as substance P (SP) and NGF, has provided a new per-
spective in understanding the pathogenesis of AD.” Increasing
evidence suggests that neurotrophins are supposed to be in-

240  http://e-aair.org

volved in the neurogenic inflammation of AD and to be one of
factors, which regulate development of AD.*' It has been report-
ed that NGF levels of AD patients are measured in plasma,'®
urine and saliva,** and the NGF level in plasma increases and
correlates with the disease severity."" Furthermore, it has been
also reported that expression of NGF increases in the AD le-
sions biopsied and relates to the aggravation of disease.” How-
ever, it is not so good method to measure the NGF level in the
biopsied skin samples because it is invasive and cannot be
done repeatedly. By the preliminary experiments, we estab-
lished a method using tape stripping and ELISA for measure-
ment of NGF in the horny layer (i.e. horn NGF), which is able to
be accepted repeatedly in the same patient and then measured
the horn NGF in AD patients by this method." The results
showed that the horn NGF level in the non-lesional skin of AD
patients as well as in the lesional skin significantly increased, in
comparison with the non-lesional skin of healthy subjects, as
shown Fig. 8, being consistent with the previous histochemical
findings that NGF expression in keratinocytes is increased in
AD patients.'” Then, we assessed a possible relationship be-
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tween the horn NGF level and the severity of itch and AD, and
also examined effect of treatment on the horn NGF level. The
positive correlations were observed between horn NGF level
and itch severity, eruption score such as erythema, scale/xero-
sis and total skin score on the skin lesions measured, eosino-
phil count and serum LDT level, but were not between horn
NGF level and skin scores of papule, erosion/crust and licheni-
fication on the skin lesions measured and serum IgE level." The
horn NGF level decreased significantly after treatment, which
correlated with the decrease in itch severity, skin scores (ery-
thema, papule, scale/xerosis, lichenification and total skin
score) on the measured skin lesions, serum LDH level, and es-
pecially eosinophil count." These findings indicate that the
horn NGF level reflects to some extent the severity ofitch, erup-
tions, and laboratory data. The level of horn NGF had de-
creased significantly not only at 4 weeks, but also at 2 weeks af-
ter beginning treatment.10 Considering the fact that the turn-
over of the horny layer is approximately 14 days, it is presumed
that epidermal NGF production is suppressed immediately af-
ter beginning treatment. Also, a signilicant decrease in NGF
level was observed not only in the group treated with olopata-
dine and topical steroid, but also in the group treated with olo-
patadine alone, as shown Fig. 9. How olopatadine suppresses
the increase of horn NGF levels induced in AD patients? It has
been reported that histamine enhances NGF production of hu-
man keratinocyte through the stimulation of H1 receptors.®
Therefore, Hl-antagtonist including olopatadine is conceivable
to suppress the increase of horn NGF level by inhibiting the en-
hancement of NGF production by keratinocyte stimulated with
histamine. Also, we have already reported that olopatadine
suppresses the increase of SP levels in the skin lesions induced
by the repeated application of 2,4,6-trinitrochlorbenzane in DS-
Nh of atopic model mouse.* In AD patients, too, it has been re-
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Fig. 9. Effect of treatment on horny NGF of AD patients.”

ported that olopatadine significantly decreased the serum SP
level because of down-modulatory effect on tachykinin re-
lease.” Other studies have also shown that whereas NGF stim-
ulates the synthesis and releases ol SP in the central and pe-
ripheral nervous systern, SP induces NGT synthesis via cytok-
ines, t0o.”* These results suggest that the activations of NGF
and SP are interdependent. Moreover, in studies of BALB/c
mice with chronic contact hypersensitivity induced by oxazolo-
ne, it has been reported that oral administration of olopatadine
suppressed the production of NGF and cytokines such as IL-4,
IL-1p, IL-6 and GM-CSF in the affected ear tissues, unlike other
histamine H1 receptor antagonists.”* From these results, olo-
paladine is suggested to exerts its effect on AD not only by anti-
histamine effect but also by suppressing the production of NGF
and SP. Taken all together, the hom NGF level is presumed to be
able to serve as a marker to evaluate the clinical conditions of
AD and the immediate effect of treatment because it can reflect
the severity of itch and eruptions in AD. Therefore, quantifica-
tion of NGF in the samples collected directly from the horny
layer appears to be useful in assessing the severity of AD and
the therapeutic effects on AD.

SEMAPHORIN 3A (SEMA3A) ALLEVIATES SKIN LESIONS
AND SCRATCHING BEHAVIOR IN NC/NGA, MODEL MICE
OF AD

Topical steroids and antihistamines are generally used for the
treatment of AD. However, these treatments are not effective
sufficiently for the recalcitrant AD with severe itching followed
by uncontrollable scratching. In AD patients, the C-fiber in the
epidermis increases and sprouts with the increase of horn NGF
levels, inducing hypersensitivity to itching, which is considered
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to aggravate the discase, as above-mentioned. Sernaphorin 3A
(Sema3A), an axon guidance molecule, is a potent inhibitor of
neurite outgrowth of sensory neurons by exerting the plexin-
Al-4 and neuropilin-1 (NRP-1) of its receptors.*** Fig. 10 shows
semaphorin family and its receptors. Sema3A may become ef-
fective drug against refractory itching skin discases such as AD
in future by suppressing the hypersensitivity to itching through
inhibition of the extension and sprout of C-fiber in the epider-

Sema3A
Invertebrate Vertebrate Virus

1 2

Type

| Semaphorins
SemaD

SemaD |

Semaphorin

| receptors Extracellular

Intracellular

D-Plexin-A W Plexin-B1-2  Plexin-C1
Fig. 10. Semaphorin family and its receptorsSema.”™* D: Semadomain, lg: im-
munoglobulin, BD: Basic domain, TSP: Thrombospondin repeat, GPI: Glycero-
phosphatidyl-inositol anchor, MRS: Met-related sequence, G-P: glycine proline re-
peal, CUB: complement binding domains (a1 and a2 domains), FV/ME FactorV /A
coagulation factor-like domains (b1 and b2 domains), MAM: Mepulin-AS-p do-
main,

12
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Fig. 111, Sema3A improves AD-like lesions of NC/Nga, AD model mouse.”
The clinical skin score was defined as the sum of individual scores graded as 0
{none), 1 (mild}, 2 {moderate) and 3 (severe) for the symptoms of erythema/
hemorrhage, edema, excoriation/erosion and scaling/dryness. *P< 0.05, **P<
0.01, compared to no treatment group and control group.
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mis. From this point of view, we administered the recombinant
Sema3A intracutaneously into the AD-like skin lesions of NC/
Nga mice, an animal model of AD, in order to investigate the ef-
fect of Sema3A on AD. Sema3A improved significantly AD-like
lesions of NC/Nga, AD model mouse (Fig. 11-1), and the im-
provement effect was a dose-dependent manner (Fig. 11-2) and
was presumed to be brought through the suppression of scratch-
ing accompanied with itching, because Sema3A suppressed
significantly the scratching behavior of NC/Nga mice (Fig. 11-
3). Histopathological examinations revealed an improvement
of acanthosis, a remarkable reduction in the density of invasive
nerve fibers, and a decrease of the inflammatory infiltrate in-
cluding mast cells and CD4+ T cells and the interleukin-4 (11.-4)
production in the Sema3A-injected area of AD-like lesions.”
The improvement effect was associated with the suppression of
scratching behavior in Sema3A-treated animals. These findings

Clinical skin scare

intracutaneous
injection
2t —a— 75U

=& No treatment

—e— 750U

W

1 2 3 4 5 6 7 8 g 10 N
Days

Fig. 11-2. Sema3A improves clinical skin score in a dose-dependent manner.®
The clinical skin score was defined as the sum of individual scores graded as 0
{none). 1 (mild), 2 (moderate) and 3 (severe) for the symptoms of erythema/
hemorrhage, edema, excoriation/erasion and scaling/dryness. * P< (.05, **P<
0.01, compared to no treatment group and control group.

200
*: P<0.05, **: P<0.01

o
=1

100 +

w
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T

% of number of scratching

1 2 3 4 5 6 7 8 9 10 M
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Fig. 11-3. Sema3dA suppresses scratching behavior of NC/Nga mice.®
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indicate for the first time that Sema3A in vivo remarkably im-
proves AD-like lesions in NC/Nga mice, an animal model of
AD. This is the first trial for a potential clinical application of
semaphorins. Sema3A acts locally and exerts a continuous el-
fect for a while even after discontinuation. But this effect of Se-
ma3A on scratching was reversible, because the decrease in
scratching behavior returned to the basal levels immediately af-
ter the discontinuation of Sema3A, followed by recurrence of
lesions, as shown in Fig. 11-1, 2, 3. These results suggest that
scratching behavior aggravates AD and Sema3A can ameliorate
the symptoms of AD by interrupting the itch-scratch cycle, which
is an important cause of aggravation and chronicity of AD. Re-
cently, there has been an interesting report that epiderimal Se-
ma3A levels were decreased in patients with AD compared
with healthy volunteers, concomitant with the increase of epi-
dermal nerve densities.™ This result shows that there is a good
correlation between epidermal innervation and Sema3A levels,
which may provide an important evidence for the therapeutic
claim against itching. Many drugs have been developed for the
treatment of AD. However there is no treatment other than Se-
ma3A which targets the invasive nerve fibers in the epidermis.
Therefore, Sema3A is expected to become an effective and use-
ful drug for AD patients with severe recalcitrant itching, which
is resistant to anti-histamine drugs of H1-blocker and anti-in-
flammatory steroid ointment.

Recently, transient receptor potential vanilloid receptor sub-
type 1 (TRPV1) and capsaicin are noticed as topics regarding
treatment of itching. The generally accepted concept for the

stimulate

histamine rolease
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therapeutic application of capsaicin to mitigate itch is based on
desensitizing effect of this vanilloid. However, the most notori-
ous clinical limitation of capsaicin application is supposed to
be acute excitation of the sensory C-afferents, which is induced
by the TRPV1 and results in a remarkable “hot painful burning”
sensation.™ Does reduction in innervation density of intraepi-
dermal nerve fibers by the local application of Sema3A cause
such a sensation? In our experiments regarding the effects of
Sema3A on AD-like lesions, no apparent abnormalities in anti-
nociceptive response as well as in general symptoms were ob-
served on local treatment with Sema3A. Answering above ques-
tions should be required before therapeutic attempts in hu-
man. Sema3A, when intracutaneously administered repeated-
ly, significantly improved AD lesions on day 2 or 3 after the start
of the injections, as shown in Fig. 11-3. Recent studies indicate
that semaphorins play diverse roles unrelated to axon guid-
ance, including organogenesis, vascularization and angiogene-
sis.”™*" In particular, attention has been given to the fact that
several semaphorins play critical roles in the immune sys-
tem."* It has been reported that Sema3A,™* Sema3C," Se-
madA," SemadD™'"" and Sema7A™ function in various phas-
es of immune systern. From these recent knowledges and the
above-mentioned histopathological findings in our experi-
ments, the effects of Sema3A on AD-like lesions are conceiv-
able to involve other mechanisms such as regulation of the im-
mune and vascular systems, in addition to the suppression of
the invasive sensory neurons in the epidermis. In addition, Se-
ma3A and NRP-1 of its receptors expressed in human keratino-

* neurokinin
receptor

substance P

anhance

Fig. 12. Pathomechanism of itch and action mechanism of Sema3A on itching of AD lesions: Sema3A has not only the neurological activity, which inhibits the intra-
epidermal extension of peripheral nerve, but also the immunological anti-inflammatory activity, and is expected as a new type of drug effective for refractory AD pa-

tients who are resistant to existing crugs.

Allergy Asthma Immunol Res. 2010 October;2(4):235-246. dm: 10.4168/aair.2010.2.4.235

http://e-aairorg 243



lkezawa et al,

cytes™ may be relevant to the above-mentioned suppressive ef-
fect of Sema3A on acanthosis abserved in our present experi-
ment. Also Sema3A and NRP-1 of its receptors expressed in
dendritic cells and T cells™* may be relevant o the immuno-
logical effect of Sema3A such as suppression of CD4+ T cells in-
filtration and IL-4 production observed in the AD-like lesions
in NC/Nga mice treated with Sema34, as above-mentioned.

In 2005, Takano et al,, reported that anti-NGF antibodies in-
hibited the development of skin lesions and epidermal inner-
vation in the NC/Nga of AD model mouse, accompanied with
the reduction of scratching.® Thus Sema3A may function as
well as anti-NGF aniibodies may act on the both of immuno-
logical and neurological mechanisms. However, the combina-
tion therapy of Sema3A with anti-NGF antibody may not be
justified for AD, because NGF is known to increase the expres-
sion levels of NRP-1% and to augment the effect of Sema3A to
induce axon repulsion (or growth cone collapse) of dorsal root
ganglia neurons.® Further studies should be required to eluci-
date the mechanism of action of Sema3A on AD, Fig. 12 shows
schematically the pathomechanism of itch and action mecha-
nism of Sema3A on itching of AD lesions. Sema3A has not only
the neurological activity, which inhibits the intraepidermal ex-
tension of peripheral nerve, but also the immunological anti-
inflammatory activity, and is expected as a new type ol drug ef-
fective for refractory AD patients who are resistant to existing
drugs. It is possible that Sema3A is also widely effective for se-
vere itching skin diseases other than AD in which the itch-
scratch cycle is involved.
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