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Eosinophilic Chronic Rhinosinusitis

Shigeharu Fujieda, Masafumi Sakashita and Yoshimasa Imoto
(University of Fukui)

Chronic rhinosinusitis (CRS) is an extremely common disease in Japan. The standard therapeutic
strategies for CRS have been low-grade macrolide therapy and endonasal endoscopic sinus surgery (ESS).
Recently a new subtype of CRS has been increasing in Japan. CRS of this subtype which is classified by
as eosinophilic chronic rhinosinusitis (ECRS), shows less response to standard therapy and a higher
tendency for recurrence. Strong eosinophil infiltration can be found in nasal polyps of ECRS patients.

We conducted a retrospective study in 12 universities to ascertain the diagnostic characteristics of
ECRS and to establish clinical diagnostic criteria to distinguish ECRS from CRS. In all, 3,014 patients with
CRS who underwent an ESS procedure during the 3 years from 2007 to 2010 were enrolled in this study.
Patients were clinically diagnosed as having CRS by their respective ENT medical doctors. We collected
clinical data and analyzed the data using statistical methods. Eight hundred and thirty two patients (28%)
were diagnosed as having ECRS. We found a significantly high rate of bilateral lesions, nasal polyps,
viscous rhinorrhea, olfactory disturbance, and olfactory cleft closure in ECRS. In CT findings, the ethmoid
sinus shadow was significantly strong in ECRS patients. As for comorbidity, several diseases (brochial
asthma, allergic rhinitis, aspirin-induced asthma and drug allergy) showed a significantly high rate together
with ECRS. We calculated the odds ratio and clinical score for ECRS using a multiple classification analysis.
Seven items (age of onset, bilateral region, ethmoid shadow, nasal polyps, olfactory cleft closure, drug
allergy and percentage of eosinophils in blood) were chosen, because ENT doctors are able to check these
easily. We can total up the individual score for every patient to make a diagnosis. Based on these criteria,
we can diagnose ECRS if the total score is greater than 5. Now we are revising these criteria.
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Introduction

Immunoglobulin E (IgE) is a class of antibodies that has an
important role in the development of Th2 cell-mediated allergic
inflammatory diseases such as asthma, allergic rhinitis, and atopic
dermatitis. In atopic individuals, exposure to allergens results in
Th2 cell-dependent stimulation of the immune response that
causes production of IgE. Recent advances in the understanding of
allergen sensitization have also revealed the sentinel role of innate
immune mechanisms involved in the development of allergic
diseases [1,2].

Twin and family studies have shown that genetic factors are
important for total serum IgE levels [3,4] and account for about
36% to 78% heritability of its levels [3,5]. Furthermore, it has been
demonstrated that total serum IgE levels are mainly determined by
genetic factors that are independent of antigen-specific IgE levels
or atopic status [4,6,7]. Asthma affection status is known to be
related to total serum IgE levels even after adjustment for atopic
status [8,9].

Thus far, a number of candidate gene association studies for
total serum IgE levels have demonstrated many polymorphisms in
genetic regions related to the Th2 cell-dependent pathways.

PLOS ONE | www.plosone.org

Recently, 4 genome-wide association studies (GWASs) of total
serum IgE levels in independent populations have revealed
additional genetic loci, such as 7BX18 and SOBP, which seem to
be unrelated to the Th2 cell-dependent pathways [10-13]. Thus,
because GWASs are unbiased by investigator preconceptions, they
have the potential of providing new insights into the mechanism of
IgE regulation and may be able to clarify unexpected IgE-related
genetic loci.

Three of the 4 GWASs of total IgE levels reported so far were
conducted solely in populations of European ancestry, and the
fourth of those studies also included African-American and Latino
populations. In contrast, 2 GWASs recently performed in Asian
populations did not identify any loci significantly associated with
total serum IgE levels [14,15]. In genetic association studies,
replication of the initial findings in different ethnic groups is
important to clarify the relevance of the findings.

Here, we performed a GWAS of total serum IgE levels in a
Japanese population and a replication analysis in 2 independent
Japanese cohorts that was followed by a meta-analysis. In addition,
we validated previously reported gene associations with total

serum IgE levels using our GWAS data.

December 2013 | Volume 8 | Issue 12 | e80941

—121 —



Results

Study Flow Chart
A flow chart outlining the steps of this study is shown in Figure
S1.

Characteristics of the Study Cohorts

The characteristics of the original GWAS cohort and the
replication cohorts are provided in Table 1. The ratio of female
participants was higher in the Fukui cohort than in the Tsukuba
and Hokkaido cohorts. The Tsukuba and Hokkaido cohorts
included more asthmatic patients than did the Fukui cohort. Age,
sex, asthma affection status, atopic status, and IgE levels differed
significantly among the cohorts.

GWAS and Replication Analyses

A quantile-quantile plot is shown in Figure 1. The genomic
inflation factor of 1.018 indicated a low possibility of false-positive
associations resulting from population stratification. A Manhattan
plot of the GWAS (Figure 2) showed no SNPs reaching the
genome-wide significance threshold of 5.0 x 102, We focused on 4
distinct chromosomal regions in which P values were less than
1.0x107°: chromosomes 1q23, 6p21, 11q24, and 13q21. Geno-
types were imputed to determine the contribution of untyped
SNPs to total IgE levels in these regions. Fine-mapping coupled
with the imputed SNPs identified 6 candidate genomic regions
(Figure 3): the PYHINI/IFII6 region on chromosome 1g23.1
(chr1:157229979; P=3.19x1077), the MHC: class I and II regions
on chromosome 6p21.3 (rs9264567, P=2.33x1077 and
159271682, P=1.55x10"", respectively), the LEMD?2 region on
6p21.31 (1512173787, P=7.03x10"%), the GRAMDIB region on
chromosome  11q24.1 (rs2078158, P=6.57x10"7), and the
chr13:60576338 region on chromosome 13q21.31 (rs1399315,
P=6.40x10"7). For cach candidate region, we conducted a
replication study using validated ready-to-use TagMan® SNP
Genotyping assays. The SNPs available for the replication studies
are shown in Figure 3. Table 2 shows the association of these SNPs
with total serum IgE levels in the primary Tsukuba cohort and the
2 replication cohorts. The association of rs3130941 in the MHC
class I region was consistently replicated in both the Hokkaido and
the Fukui cohort. Meta-analysis of the primary and the 2

Association of HLA-C with Total Serum IgE

Observed-log,, (P value)

0 1 2 3 4 5 6 7
Expected-log,, (P value)

Figure 1. Quantile-quantile (Q-Q) plot of observed versus
expected Pvalues of the GWAS results. The straight line in the Q-Q
plot indicates the distribution of SNPs under the null hypothesis.
doi:10.1371/journal.pone.0080941.g001

replication cohorts demonstrated that rs3130941 in the MHC
class I region reached the level of genome-wide significance at
1.07x107'% Rs28366296 in the MHC class II region was
replicated in the Hokkaido cohort only. Rs7939777 in the
GRAMDIB region was replicated in the Fukui cohort only. As
for rs7939777, a meta-analysis using the Tsukuba and Fukui
cohorts yielded a P value of 3.35x107°.

When we repeated the meta-analyses by studying nonasthmatic
healthy individuals only (n=2861) or by adding atopic sensitiza-
tion as an additional covariate, we confirmed the association
between rs3130941 in the MHC class I region and levels of total
serum IgE at genome-wide significance (Table S1 and Table S2).

Hokkaido cohort (n=1110) Fukui cohort (n=1364)

44.6 (16.0) 322 (9.8)
49.3% 67.0%
26.1% NA

16.7% NA

57.2% NA
44.2% 6.5%
53.7% 67.2%
29.5% 30.5%
16.8% 2.3%

2.08 (0.69) 1.91 (0.62)

Table 1. Characteristics of the study cohorts.
Tsukuba cohort (n=1180)
Age, y (SD) 50.3 (10.4)
Female sex 55.3%
Smoking status
Current smoker 16.2%
Ex-smoker 17.5%
Never smoker 66.2%
Asthma 18.1%
Atopy
Atopic 56.6%
Nonatopic 40.5%
Unknown 2.9%
Log, [total serum IgE] (SD) 1.82 (0.60)
NA =not applicable; SD =standard deviation.
doi:10.1371/journal.pone.0080941.t001
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Figure 2. Manhattan plots of —log,, (P value) for association of 479,940 SNPs with total IgE levels. Linear regression models adjusted for
age, sex, smoking status (never, ex-, or current smoker), pack-year group (0, 0-10, or >10), and asthma affection status were performed. The red line
shows the threshold (P=1x10"") for selection of genomic regions for further analysis including SNP imputation.
doi:10.1371/journal.pone.0080941.g002

Validation of Previous Genetic Associations were selected. Screening of the references of those publications

The PubMed search identified 448 related publications. After identified 33 additional relevant publications. From the 189

screening of the titles, abstracts, and text, 156 eligible publications selected publications, we found 32 candidate genes associated with
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Figure 3. Fine-mapping identification of 6 candidate genomic regions. Plots show the association results of both genotyped and imputed
SNPs in the primary GWAS cohort. The most strongly associated SNPs (black letters) in the GWAS and the SNPs used for the replication studies (red
letters) are indicated by arrows. The color of each circle reflects the LD (r?) between a particular SNP and the SNP used for the replication studies.
doi:10.1371/journal.pone.0080941.g003
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Table 2. Replication studies and meta-analysis.

Association of HLA-C with Total Serum IgE

Tsukuba cohort

SNP for
replication

Chromosome Gene study Pvalue (r?)

rs3754466

rs3130941

1s943474
157939777

-07

Ts.

LD with
top SNP

5.65E-05 0.637

2.28E-04 0.549

1.30E-06 0.786

1.13E-06 0.943

Hokkaido
cohort

Fukui
Cohort

Meta-
analysis

Minor

MAF allele B P value P value P value

0.20 C —0.119 0.244 0.222 0.378

0.25 C 0.098 5.03E-04 6.12E-05 1.07E-10

0.16 G 0.157 5.56E-02 0.308 2.29E-02

0.42 C —=0.114  7.63E-02* 7.58E-05 0.263

*The direction of the effect was opposite to that of the Tsukuba cohort.
LD =linkage disequilibrium; MAF =minor allele frequency.
doi:10.1371/journal.pone.0080941.t002

total serum IgE levels; 25 of those genes were reported in 3 or
more candidate gene association studies, and 7 (DARC, HLA-4,
HIA-DQA2, HLA-G, RAD50, SOBP, and TBXI8) were reported in
at least 1 GWAS.

Table 3 shows the SNP most significantly associated with total
IgE levels in our GWAS data of each candidate gene on an
autosomal chromosome. Nominal P values were less than 0.05 for
17 of the 32 candidate genes, including HLA-C. After corrections
for multiple testing using SNPSpD software [16], the associations
of 9 genes with total IgE levels remained significant. The strongest
associations were detected at the genes in the MHC class 1/11
regions, including L74 on chromosome 6p21.3, although none of
the top SNPs reached genome-wide significance. Previously
reported polymorphisms associated with total serum IgE levels
are shown in Table S3.

Discussion

To the best of our knowledge, ours is the first GWAS that
demonstrates positive results for levels of total serum IgE in an
Asian population. In our primary GWAS cohort, fine-mapping
using the imputed SNPs on chromosome 6p revealed 3
independent peaks: the MHC class I, MHGC class II, and
LEMD? regions (Figure $2). In the meta-analysis, rs3130941 in
the MHC class I region reached levels of genome-wide
significance. This finding was not significantly influenced by
the presence or absence of asthma or atopy. Rs3130941 is
located between HLA-C and HCG27 (HLA complex group 27)
(Figure 3). In the MHC class I region, 4 genes have been
previously reported to be associated with total serum IgE levels:
HIA-A  (rs2517754, rs2571391), HLA-G (rs2523809), LTA
(rs909253), and TAF (rs1800629, rs361525, rs1800630) [12,17-
22]. Linkage disequilibrium (LD) between rs3130941 and each
of these SNPs estimated by r* in our population was very weak
(Table S4, Figure S3). Furthermore, the association of
rs3130941 with total IgE levels was not influenced by inclusion

PLOS ONE | www.plosone.org

of each of these SNPs in the statistical model as a covariate
(Table S4). Therefore, rs3130941 in the HLA-C region is
associated with total serum IgE levels independent of the genetic
influence of HLA-A, HLA-G, LTA, or TNF. With respect to the
functional consequence of rs3130941, the GENEVAR database
(http://www.sanger.ac.uk/humgen/genevar/) [23] revealed that
rs3094609 and rs3130931, both of which are in weak LD with
rs3130941 (> =0.566 and 0.324, respectively), are significantly
associated with expression levels of HLA-C mRNA (P=0.0495
and 0.00521, respectively), suggesting that rs3130941 may also
be related to HLA-C expression.

The MHC class II region is another candidate for regulation
of IgE levels because MHC class II molecules are importantly
involved in antigen-specific IgE synthesis [24]. Three genes in
the MHC class II region have been reported to be associated
with total IgE levels: HLA-DQA2, HLA-DQBI, and HLA-DRBI.
In our primary GWAS, associations of SNPs in these genes
were replicated (Table 3). Because the MHC class I and II -
regions are in very close proximity on chromosome 6p21.3, we
examined whether the genetic impact of rs3130941 in the MHC
class I region was influenced by rs28366296 in the MHC class
II region. Although both rs3130941 and rs28366296 showed a
strong association with total IgE levels in our study, the LD
between these 2 SNPs was weak (Table S4) and a linear
regression model including these 2 SNPs showed that each
genetic association maintained significance after controlling for
the effect of each of the remaining SNPs (Table S4). Therefore,
we believe that the association of rs3130941 with total serum
IgE levels is independent of the effects of MHGC class II genes.

A set of specific infections that strongly promote Thl and
natural killer (NK) cells likely has the potential to inhibit atopic
disorder by repression of Th2 immunity. Among Japanese
schoolchildren, positive tuberculin responses predicted a lower
incidence of asthma, lower serum IgE levels, and biased Thl
cytokine profiles [25]. MHC class I-restricted CD8 T cells
collaborate with CD4 Thl cells to invoke Thl-type immunity,
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Table 3. Top SNPs with the strongest statistical evidence of association with total serum IgE levels.

Gene Chromosome

ADRB2 5 17

D14 5 8

CTLA4 2 3

FCERIA 1 9

GSTP1 11 3

HLA-C 6 26

HLA-DQB1 6 1

HLA-G 6 21

1o 1 8

L4 5 5

LTA 6 12

NOD2 16 6

NPSR1 7 66

SOBP 6 41

TBX18 6 5

TNF 6

Number of SNPs SNP

1517640574

rs231726

12427824

rs3132486

152647025

rs1633053

2243288

152857709

rs323928

rs3734747

rs2015519

152844484

Corrected P value*

Nominal P value

7.27E-02 0.728

rs3822356 0.719 1

1.21E-02 2.31E-02

3.06E-02 0.184

rs614080 0.766 1

1.50E-04 1.88E-03

7.48E-05 3.74E-04

7.58E-03 4.56E-02

rs1800896 0.110 0.660

2.08E-03 8.34E-03

4.24E-05 2.97E-04

57194886 0.156 0.468

3.29E-02 0.867

5.43E-03 0.135

3.71E-02 0.146

7.96E-02 0.478

doi:10.1371/joumal.pone.0080941.t003

thereby counteracting CD4 Th2 cells, which results in inhibition
of IgE production [26,27]. HLA-C molecules also modulate NK
cell function [28]. NK cytotoxicity is negatively controlled by
inhibitory receptors, such as human killer cell Ig-like receptors
(KIRs) specific for HLA-B and HLA-C [29]. Accordingly, as an
intrinsic abmnormality, impaired HLA-C-mediated triggering of
protective irmmunity to microbial exposure would predispose an
individual to increased levels of total serum IgE as a principal
determinant of allergy.

Although localizing the causal effects of the genes within the
MHUC region has been limited by the complexity and strong LD
of this region, the genetic association between the MHC region
and several immune and inflammatory diseases has been among
the most vobust. The HIA-C region has been associated
particularly with Behget disease, psoriasis, and sarcoidosis [30—
32]. Of note, dysregulation of IgE has been reported in these
diseases [33—35], which may also imply that HLA4-C is involved

PLOS ONE | www.plosone.org

*The significance level was corrected for multiple testing using the SNPSpD program [16].
¥SNP previously reported for association with total serum IgE (the direction of the effect was the same).

in the genetic regulation of total IgE levels. Finally, it is also
interesting to note that 1 locus (rs9266772) near HLA-C and
MICA has been recently identified as one of the loci of allergy-
specific susceptibility [36].

The meta-analysis of rs7939777 in GRAMDIB using the
Tsukuba and Fukui cohoris yielded a P value of 3.35x107°,
Interestingly, although no studies demonstrated a relationship
between GRAMDIB and serum IgE levels, a GWAS has identified
a SNP near GRAMDIB on chromosome 11q24.1 associated with
chronic lymphocytic leukemia (CLL) [37]. CLL is characterized by
coexpression of CD19 and CD23 coupled with low levels of
surface immunoglobulins [38]. CD23, also known as FCER2, is a
low-affinity receptor for IgE and important for regulation of serum
IgE levels. In addition, total serum IgE levels are inversely
associated with risk of CLL [39]. Accordingly, polymorphisms of
GRAMDIB could be related to regulation of total serum IgE levels.
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