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(ZEEE4) FEARSEMRC (BEIET LILX —EEBOFIR & 72 5 STAT6 & 5 AR DOF A,

STAT6 gain—of-function variant exacerbates multiple allergic
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Research impact analysis of international funding agencies in
the realm of allergy and immunology

To the Editor,
A longitudinal approach should be employed for research and de-
velopment (R&D) on allergic and immunological diseases across all
life stages. To strategically use limited public funds in promoting
such R&D, their characteristics of long-term research support and
societal implementation should be considered.! However, outcomes
of the funding research evaluation have focused on conventional,
shortsighted indicators. To determine the kind of indicators needed
for the funding strategy, we compared the research impact of fund-
ing agencies (FAs) in the UK, US, and Japan, utilizing indices related
toresearch substantiality2 and analyzing index words/abstracts con-
nected with the national strategy for allergy and immunology.3

We used AMEDfind—an open database of top-down R&D
projects funded by AMED—and selected 53 awards for a Practical
Research Project for Allergic Diseases and Immunology (AMED-
PPAI) (Figure S1). 1053 papers with verified PubMed IDs were

included. As the controls, we selected the Hypersensitivity,

Autoimmune, and Immune-mediated Diseases Study Section (NIH-
HAI), an immunology-focused project in the Americas, and Human
Immunology Unit (MRC-HIU), that in Europe, extracting 373 US pa-
pers and 118 UK papers, published in 2015-2019, respectively (see
Appendix S1 for all methods).

The Field-Weighted Citation Impact (FWCl)—evaluating re-
search paper quality—was highest for MRC-HIU following NIH-HAI
and AMED-PPAI (Table 1, Figure 1A). Although the international
co-authorship rate was lowest in the AMED-PPAI, the annual trend
showed a gradual increase (Figure 1B, Table 1). The number of top
10% most cited papersz/value, evaluating funding efficiency, was
highest for MRC-HIU (Table 1).

To characterize these outputs, we performed natural language
analyses of the top 50 FWCI papers from three FAs and top 100
papers on this topic during 2015-2019 (Figure 1C-E).* Although all
FAs produced mainly basic allergy/immunology study papers (e.g.,
clusters 0, 1, 2, and 9 in Figure 1D), AMED-PPAI produced relatively

Abbreviations: AMED-PPAI, Practical Research Project for Allergic Diseases and Immunology of the Japan Agency for Medical Research and Development; EU, European Union; FA,
Funding agency; FWCI, Field-Weighted Citation Impact; MeSH, Medical Subject Headings; METI, Ministry of Economy, Trade and Industry of Japan; MEXT, Ministry of Education,
Culture, Sports, Science and Technology of Japan; MHLW, Ministry of Health, Labour and Welfare of Japan; MRC-HIU, Human Immunology Unit of the Medical Research Council;
NIH-HAI, Hypersensitivity, Autoimmune, and Immune-mediated Diseases Study Section of the National Institutes of Health; R&D, Research and development; UK, United Kingdom;

UMAP, Uniform Manifold Approximation and Projection; US, United States of America.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Allergy published by European Academy of Allergy and Clinical Immunology and John Wiley & Sons Ltd.
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TABLE 1 Comparison of publications and societal impact of research funded by international funding agencies

UK Mann-Whitney-Wilcoxon
AMED-PPAI MRC-HIU NIH-HAI comparator distribution p values
FWCI 1.92 3.45 2.48
No. of publications (2015-2019) 1053 118 373
Value of awards (million USD, 2015-2019) 23.6 8.86 35.3
No. of publications/value 7.3 9.35 7.09
International co-authorship percentage 1.36 4.17 1.60
No. of top 10% most cited papers 10.2 5.3 3.9
No. of top 10% most cited papers/value 0.432 0.598 0.110
No. of awards 53 1376 N/A
Value of awards (million USD, 2013-2018) 20.9 521 N/A
Mean value/award 0398 0.379 71
Mean funding peirod (years) 2.90 3.00 .071
No. of intellectual properties/value 0.00473 0.00155 .039(%)
No. of publications/value 0.509 0.118 2.43E-13(***)
Ratio of CC-BY papers 0.350 0.486 N/A
Value of further funding/value 1.58 297 .0019(*%)
No. of engagement activities/value 0.0909 0.100 71

Abbreviations: AMED-PPAI, Practical Research Project for Allergic Diseases and Immunology of the AMED; FWCI, Field-Weighted Citation Impact;
MRC-HIU, Human Immunology Unit of the MRC; N/A, not applicable; NIH-HAI, Hypersensitivity, Autoimmune, and Immune-mediated Diseases

Study Section of the NIH; No, number; USD, United States Dollar.
*p < .05, **p < .01, ***p < .001.

more clinically relevant outputs (clusters 3 and 8). Further, we an-
alyzed MeSH headings for relevance to national unique Strategic
Outlook toward 2030 formulated by the Ministry of Health, Labour
and Welfare of Japan (Figure 1F, Table 51).% While most projects
were pathogenic studies, AMED-PPAI funded research published
more papers on precision medicine and host-extrinsic factor rela-
tions (Action I-2, I-3). The Action Il and Ill groups were not strongly
represented.

To assess societal impact, we utilized ResearchFish—a widely
used database of the FAs in Europe’—to randomly select 1376
UK-funding awards and their reports, trend-matched for the
AMED-PPAI (UK comparator) (Table S2). The number of intellectual
properties and publications per value was higher for AMED-PPAI,
while the open access rate and new funding amount obtained were
higher in the UK comparator (Table 1). Despite the similar number
of engagement activities, their outreach targets differed (AMED
toward public and media; the UK towards students, patients, and
industry; Figure 1G).

The purpose of this study is not to compete for superiority
among countries or FAs but to expand the possibilities for multi-
dimensional interpretation of trends and characteristics of funded
outcomes using multiple indicators rather than uniform one. Due to
the limitation of open databases, we focused on three countries for
the funding impact analysis, whereas scholarly output in this realm is
also increasing in other countries and jurisdictions, including the EU
(Figure S2). China's growth is particularly remarkable, and additional
analysis is desirable with public funding status.® Furthermore, the

indices used have different trends among countries, and their bal-
ance should be carefully considered to reflect each country's science
and technology policies.

In conclusion, we conducted impact analyses from multiple per-
spectives, including indicators related to substantiality? and index
words profiling/clustering based on the national strategy.® These
findings may inform international collaborative long-term research
that strategically leverages each research funding institution's
strengths.

KEYWORDS
allergy, immunology, research impact analysis, research strategy,

substantiality index
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FIGURE 1 Comparison of research impact of international funding agencies (FAs). Scholarly outputs from AMED-PPAI, MRC-HIU, and
NIH-HAI were analyzed using FWCI (A) and international co-authorship ratio (B). UMAP with spectral clustering for dimension reduction
of top 50 FWCI papers from three FAs (C, D) and relevance of each FA against twelve clusters (E). Cross-tabulation of MeSH headings' list
of Actions of Strategy 2030 with list of top 50 papers from each FA (F) (box size: the percentage of papers with related MeSH; box color:
standardized Pearson residuals). Objectives of engagement activities were listed for AMED-PPAI and UK comparator (G)
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Gastrointestinal y6 T cells reveal differentially expressed
transcripts and enriched pathways during peanut oral

immunotherapy

To the Editor,

Oral immunotherapy (OIT) has been successful in desensitizing
patients to offending food allergens,® although the identification
of tissue-resident T-cell subsets and cognate pathways leading to
desensitization has been challenging. The y8 T cells are a major T-
cell subset of mucosal intraepithelial lymphocytes (IELs) and play a
significant role in tissue homeostasis and repair.? In addition to aid-
ing mucosal barrier function, y8 T cells have also been recently dis-
covered to be pivotal to cellular adaptations in response to nutrient
sensing.3 In the broader context of atopy, y8 T cells have been impli-
cated both in IgE- and Th2-enhancing and IgE-suppressive effects.*>
However, specifically with regard to peanut allergy, y& T cells were
shown to be IgE-suppressive and thus protective in a study employ-

ing mouse models.® In a recent study, peripheral y5 Treg cells from

patients analyzed over 24 weeks of peanut OIT were shown to un-
dergo dynamic changes in expression profiles, implicating pathways
involved in immune homeostasis.” To the best of our knowledge, the
role of yd T cells in the intestinal mucosa of food allergic patients dur-
ing immunotherapy has not been examined. To this end, we inves-
tigated whether y8 T cells in the gastrointestinal (Gl) tract exhibited
changes during peanut OIT. We hypothesized that Gl-resident y5 T
cells in peanut allergic patients would increase during the course of
peanut OIT and might reveal transcripts and pathways relevant to
the mechanisms of peanut desensitization.

Participants were recruited from a randomized, double-blind,
placebo-controlled, phase Il clinical trial of peanut OIT (POISED;
NCT02103270).} Informed consent was obtained from all partici-

pants. Following dosage build-up over ~52 weeks, peanut-allergic

Nadeau, Manohar, DeKruyff and Chinthrajah are Co-senior authors.
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Background: Adrenaline is the first-line medication for managing anaphylaxis. A better understanding of
prescription trends for adrenaline auto-injectors (AAls) is important to improving patient care as well as
information on health education interventions and medical guidelines. However, it has been difficult to
gather comprehensive data in a sustainable manner. Thus, we aimed to investigate trends in AAI pre-
scriptions in Japan.

Methods: We searched the National Database of Health Insurance Claims and Specific Health Checkups of
Japan (NDB), a unique and comprehensive database of health insurance claims, and investigated pre-
scriptions for AAls for all ages (April 2017 to March 2018). We assessed the annual number of pre-
scriptions per person as well as prescription rates per 100,000 population per year by age, sex, and
geographic region.

Results: A total of 88,039 subjects (56,109 males, 31,930 female) and 116,758 devices (1.33 AAls per
patient per year) were prescribed AAls at least once a year for all ages. The prescription rate for AAls was
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Abbreviations:

AAI adrenaline auto-injector
ICD-10 International Classification of

Diseases-10
JMDC Japan Medical Data Center hi .
MHLW  Ministry of Health, Labour and geographic region.

Welfare, Japan
NDB The National Database of Health

Insurance Claims and Specific
Health Checkups of Japan

69.5 per 100,000 population-years. Patients aged 0—9 years were prescribed AAls at the rate of 278.9 per
100,000 population-years. Patients aged 0—19 years were 6.4 times more likely to be prescribed AAls
than those over 20 years of age. Males were more frequently prescribed AAls than females in all age
groups, except for those aged 20—24 years. We also evaluated differences in prescription rates by

Conclusions: This comprehensive evaluation revealed trends in AAI prescriptions, thus helping develop
preventive strategies with respect to anaphylaxis in Japan.
Copyright © 2022, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Anaphylaxis is the most severe and life-threatening allergic re-
action and is most commonly triggered by food, drugs, and insect
stings."”> The estimated lifetime prevalence of anaphylaxis is
0.3—5.1%, though this varies widely according to geographic region,
populations, and study methodology.>™ The occurrence of
anaphylaxis has increased in recent years, with devastating health
and economic costs.” In Japan, the Ministry of Health, Labour and
Welfare (MHLW) has played an essential role in tackling this major
societal problem. For example, the Basic Law on Measures Against
Allergic Diseases came into force in June 2014,° and the Strategic
Outlook Toward 2030 (Japan's applied research and health policy
program on allergy and immunology, also termed Strategy 2030)
was formulated in 2018.”

Intramuscular adrenaline is recommended as the first-line drug
for the treatment of anaphylaxis.® Rapid administration of adren-
aline is universally recommended in the current guidelines for
anaphylaxis,” and the early treatment of food-induced anaphylaxis
with an adrenaline injection is associated with a statistically
significantly lower risk of hospitalization.” Adrenaline auto-
injectors (AAls) are recommended as the primary treatment for
anaphylaxis patients in self-treatment conditions, and all patients
who experienced anaphylaxis should be prescribed an AAI at the
time of discharge from a health care setting according to universally
accepted medical guidelines.”> However, previous studies have
shown that AAI prescription rates are frequently low,'>!" and that
some patients are never prescribed AAls even after experiencing
anaphylaxis.'”

AAls are registered in the National Health Insurance System in
Japan. Specifically, a 0.3 mg dose AAI (EpiPen® 0.3 mg; Pfizer, New
York, NY, USA, Mylan EPD, Canonsburg, PA, USA) as well as a
0.15 mg dose AAI (EpiPen® 0.15 mg) became available for patients
with bee sting-induced anaphylaxis reactions in 2003, and these
treatments likewise became available for patients with food-
induced anaphylaxis in 2005. A better understanding of prescrip-
tion trends for AAls is important to improving patient care, health
education, and medical guidelines, as well as for evaluating medical
equalization.” However, real-world evidence regarding AAI pre-
scriptions has not been sufficiently and sustainably accumulated at
the population level.

Recent studies have utilized the National Database of Health
Insurance Claims and Specific Health Check-ups of Japan (NDB) to
investigate the incidence of common diseases or variations in
fracture risk by season and weather.”>~'® The NDB is a compre-
hensive database of health insurance claims covered by the Japa-
nese National Health Insurance System and is considered
representative of almost all health claims databases containing
medical care datasets generated from insured inpatient and
outpatient visits. Since NDB data are registered every year, this
database has the advantage of continuous follow-up.">~1®

Herein, we investigated AAI prescription patterns via the NDB to
improve our understanding of the epidemiology of anaphylaxis and

to develop preventive strategies/This study was conducted with the
goal of improving and informing medical care and public health
interventions.

Methods
Data and study design

We conducted a population-based retrospective cohort study
using an NDB dataset. The study cohort consisted of individuals
enrolled in the NDB. Japan has a universal health coverage system,
and the NDB thus includes all patients with any type of private
insurance program. However, local governments provide payment
for the <2% of the population who are on welfare, and hence data
for approximately two million citizens are not contained in the
NDB. In addition, foreigners who stay in Japan for <3 months are
not included in this database, as (1) they comprise a heterogenic
group that might confound the results of the present longitudinal
study, and (2) they are not covered by medical insurance.

The NDB database provides information on each patient's per-
sonal identifier (ID variable), dates of prescriptions and medical
visits, age group, sex, a region where the procedures were carried
out, and a description of these procedures, World Health Organi-
zation International Classification of Diseases (ICD-10) diagnosis
codes, and information on medical care received (including specific
medical examinations); however, this dataset does not contain the
results of clinical evaluations or laboratory testing. The NDB con-
tains information on prescribed drugs, including prescription
amount, brand names, generic names, dosages, and the number of
days a given drug was prescribed; this information is independent
of physician or patient reports.

This study was approved by the ethics committee of Nara
Medical University (project approval number 1123—2) and was
conducted in accordance with the tenets of the Declaration of
Helsinki and its later amendments. Informed consent was waived
due to the retrospective nature of this study. All patient data were
anonymized prior to analysis.

Data extraction

We were granted permission to access the NDB as members of a
research group funded by the Health Science and Labour Research
Grant from the MHLW. We extracted from the original NDB data-
base for all patients who were prescribed AAls (EpiPen®0.15 mg or
0.3 mg) based on data collected between April 2017 and March
2018. Data were extracted using procedure codes for the following
AAls: EpiPen® 0.15 mg (No. 628704702) and EpiPenR 0.15 mg (No.
628704802).

Statistical analysis

We investigated the number of subjects prescribed an AAI at
least once as well as the total number of prescribed AAls per year
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and summarized the descriptive data by age and sex. We evaluated
the data according to 10-year age groups. Patients prescribed AAls
were expressed as counts per 100,000 population as well as by 10-
year age group and region.

We used comparative summary data from the Vital Statistics of
Japan in the same year, available on the MHLW website (https://
www.mhlw.go.jp/english/database/db-hw/populate/index.html),
to estimate prescription counts per population. We then calculated
the average number of prescriptions per person per year and
evaluated the data according to sex and age group. We likewise
evaluated correlations between prescription rates per population
and the number of available allergists. Linear trend models and 95%
confidence curves were generated using Tableau Desktop software
(Tableau Software, Seattle, WA, USA).

We obtained the counts as well as the causes of fatal anaphy-
laxis in Japan from Statistics of Japan (e-Stat, a portal site for
Japanese Government Statistics; https://www.e-stat.go.jp/en)
(Supplementary Table 1) and obtained the counts of available al-
lergists from the Japanese Society of Allergology website (https://
www.jsaweb.jp/modules/ninteilist_general/).

Results
AAI prescriptions

A total of 88,039 patients (56,109 males, 31,930 females) were
prescribed AAIs during one representative year of the study period
(Table 1). The total number of prescriptions was 116,758 devices
(EpiPen® 0.15 mg, 43,618 [37.4%]; EpiPen® 0.3 mg, 73,140 [62.6%]).
The prescription rate of AAls was 69.5 per 100,000 population-
years.

Age difference

The database enrolled 50,039 patients under 19 years of age,
accounting for 56.8% of the total number of AAI prescriptions
(Table 1). There were 28,338 enrolled patients aged 0—9 years
(representing 32.2% of the study population), and 21,701 patients
aged 10—19 years old (representing 24.6% of the study population).
When evaluating children under nine years of age, we found that
AAls were rarely prescribed for patients aged <1 year. However, we
found that prescriptions increased in patients aged two years (as

Table 1
Demographical and characteristics of patients.

Number of patients prescribed AAI

Total 88,039
Male 56,109 (63.7%)
Age category, years
0-9 28,338 (32.2%)
10—-19 21,701 (24.6%)
20—-29 4820 (5.5%)
30-39 5231 (5.9%)
40—-49 6544 (7.4%)
50—59 6748 (7.7%)
60—69 8512 (9.7%)
>70 6145 (7.0%)
Number of AAI prescriptions
Total 116,758
0.15 mg 43,618 (37.4%)
0.3 mg 73,140 (62.6%)

Data are expressed as n (%) provided in parentheses. AAI, adrenaline auto-injector.

compared to those aged <1 year), peaked at six years of age, and
subsequently decreased (Supplementary Fig. 1).

The prescription rates for AAls according to age group are shown
in Figure 1A. Patients aged 0—9 years had the highest prescription
rates (278.9 per 100,000 population-year), followed by patients
aged 10—19 years (189.9 per 100,000 population-year), whereas we
observed a prescription rate of 36.1 per 100,000 population years
for those over age 20 years. Patients aged <19 years were 6.4 times
more likely to be prescribed AAls as compared with those over 20
years of age.

Sex differences

The male-female ratio of the total number of prescriptions was
1.76:1 for all age groups. When evaluating children aged 0—9 years,
we found that the number of prescriptions for males was twice that
of prescriptions for females (ratio, 1.92:1) (Supplementary Fig. 2).
There was an increasing trend in females aged 10—29 years, and the
proportion of females was highest at ages 20—29 (ratio, 1.04:1). In
addition, there was a slight increase in prescription trends among
males aged 30—69 years.

When evaluating those under 20 years of age, we found that
males had a higher prescription rate than females (Fig. 2). When
evaluating patients aged 0—9 years, we found a prescription rate of
363.3 per 100,000 population-years for males and a much lower
prescription rate (190.3 per 100,000 population-years) for females
(ratio, 1.91:1). However, no statistically significant differences in
prescription rates were observed in comparative evaluations of
males and females between the ages of 20 and 50 years. The study
demonstrated a slight increase in prescription rates for males over
50 years of age.

Geographic region differences

The counts for patients prescribed AAls according to the
geographic region are shown in Table 2. Among patients of all ages,
Tokyo (14.6%) had the most overall cases, followed by Kanagawa
(6.9%), Aichi (6.3%), Osaka (6.1%), Chiba (4.8%), Hokkaido (4.5%),
Saitama (4.1%), Hyogo (4.0%), Nagano (2.8%), Fukuoka (2.7%), and
Shizuoka prefectures (2.7%). The prescription frequencies for those
aged 0—19 years were as follows: Tokyo (18.5%), Osaka (8.0%), and
Aichi (7.8%). For those over 20 years of age, prescription frequencies
were as follows: Tokyo (9.5%), Hokkaido (6.6%), and Kanagawa (6.0%).

The number of patients prescribed AAls per 100,000 population-
years varied by geographic region (Fig. 2A). The highest AAI pre-
scription rate was found in Shimane (138.4 per 100,000 population-
year), followed by Nagano (120.8), Tottori (100.0), Gifu (96.5), Tokyo
(93.6), Yamanashi (93.3), Iwate (92.6), Tochigi (87.0), Tokushima
(84.4), and Toyama (81.9) (Fig. 2A, Supplementary Table 2). Among
patients aged 0—19 years, Tokyo had the highest prescription rate
(253.1 per 100,000 population-years), followed by Shiga (195.6),
Aichi (179.0), Gifu (163.0), Kagawa (162.3), Osaka (156.2), Toyama
(147.4), Chiba (145.3), and Kanagawa (136.7) (Fig. 2B, Supplementary
Table 2). In patients over 20 years of age, the highest prescription
rates were found in Shimane (138.7 per 100,000 population-years),
followed by Nagano (92.7), Iwate (77.3), Tottori (73.7), Fukushima
(66.8), Tokushima (62.6), Yamanashi (62.2), Miyazaki (62.1), and
Yamagata (57.9) (Fig. 2C, Supplementary Table 2). Among the 47
regions, 44 regions had higher AAI prescription rates in patients aged
0—19 years as compared with those aged over 20 years. Shimane,
Aomori, and Miyazaki demonstrated higher prescription rates for
adults than for children.
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Fig. 1. The number of cases prescribed adrenaline auto-injector per 100,000 population-year by age group (A) and by gender (B) within the National Insurance Claims Database of

Japan. Comparative population statistics were obtained from Vital Statistics (Japan), available on the Ministry of Health, Labour, and Welfare (MHLW) website (https://www.mhlw.
go.jp/english/database/db-hw/populate/index.html). AAI, adrenaline auto-injector.
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Fig. 2. The number of adrenaline auto-injector prescriptions per 100,000 population by geographic region in all cases (A), in cases aged 0—19 years (B), and in cases aged over 20

years of age (C) within the National Insurance Claims Database of Japan. Comparative population statistics were obtained from Vital Statistics (Japan), available on the Ministry of
Health, Labour, and Welfare (MHLW) website (https://www.mhlw.go.jp/english/database/db-hw/populate/index.html).
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Table 2
Number of patients prescribed adrenaline auto-injector by geographic region.

Geographic All age 0—19 years >20 years
region (n = 88,039) (n =50,039) (n = 38,000)
Tokyo 12,844 (14.6%) 9236 (18.5%) 3608 (9.5%)
Kanagawa 6036 (6.9%) 3751 (7.5%) 2285 (6.0%)
Aichi 5506 (6.3%) 3926 (7.8%) 1580 (4.2%)
Osaka 5328 (6.1%) 3984 (8.0%) 1344 (3.5%)
Chiba 4187 (4.8%) 2672 (5.3%) 1515 (4.0%)
Hokkaido 3979 (4.5%) 1486 (3.0%) 2493 (6.6%)
Saitama 3650 (4.1%) 2555 (5.1%) 1095 (2.9%)
Hyogo 3537 (4.0%) 2292 (4.6%) 1245 (3.3%)
Nagano 2507 (2.8%) 919 (1.8%) 1588 (4.2%)
Fukuoka 2416 (2.7%) 1555 (3.1%) 861 (2.3%)
Shizuoka 2415 (2.7%) 1219 (2.4%) 1196 (3.1%)
Gifu 1937 (2.2%) 1050 (2.1%) 887 (2.3%)
Tochigi 1702 (1.9%) 867 (1.7%) 835 (2.2%)
Hiroshima 1643 (1.9%) 848 (1.7%) 795 (2.1%)
Miyagi 1635 (1.9%) 755 (1.5%) 880 (2.3%)
Kyoto 1608 (1.8%) 893 (1.8%) 715 (1.9%)
Niigata 1533 (1.7%) 718 (1.4%) 815 (2.1%)
Ibaragi 1501 (1.7%) 752 (1.5%) 749 (2.0%)
Fukushima 1499 (1.7%) 451 (0.9%) 1048 (2.8%)
Gunma 1472 (1.7%) 807 (1.6%) 665 (1.8%)
Okayama 1241 (1.4%) 668 (1.3%) 573 (1.5%)
Iwate 1162 (1.3%) 349 (0.7%) 813 (2.1%)
Shiga 1143 (1.3%) 865 (1.7%) 278 (0.7%)
Mie 1099 (1.2%) 591 (1.2%) 508 (1.3%)
Kumamoto 1069 (1.2%) 411 (0.8%) 658 (1.7%)
Shimane 948 (1.1%) 160 (0.3%) 788 (2.1%)
Toyama 865 (1.0%) 426 (0.9%) 439 (1.2%)
Nara 849 (1.0%) 437 (0.9%) 412 (1.1%)
Yamagata 808 (0.9%) 275 (0.5%) 533 (1.4%)
Aomori 802 (0.9%) 219 (0.4%) 583 (1.5%)
Kagoshima 776 (0.9%) 275 (0.5%) 501 (1.3%)
Yamaguchi 772 (0.9%) 404 (0.8%) 368 (1.0%)
Yamanashi 768 (0.9%) 343 (0.7%) 425 (1.1%)
Akita 757 (0.9%) 281 (0.6%) 476 (1.3%)
Miyazaki 715 (0.8%) 162 (0.3%) 553 (1.5%)
Kagawa 700 (0.8%) 464 (0.9%) 236 (0.6%)
Ehime 675 (0.8%) 257 (0.5%) 418 (1.1%)
Oita 672 (0.8%) 261 (0.5%) 411 (1.1%)
Okinawa 671 (0.8%) 392 (0.8%) 279 (0.7%)
Wakayama 653 (0.7%) 332 (0.7%) 321 (0.8%)
Tokushima 627 (0.7%) 236 (0.5%) 391 (1.0%)
Nagasaki 606 (0.7%) 283 (0.6%) 323 (0.9%)
Ishikawa 584 (0.7%) 281 (0.6%) 303 (0.8%)
Kochi 580 (0.7%) 248 (0.5%) 332 (0.9%)
Tottori 565 (0.6%) 221 (0.4%) 344 (0.9%)
Saga 503 (0.6%) 231 (0.5%) 272 (0.7%)
Fukui 494 (0.6%) 231 (0.5%) 263 (0.7%)

AAI prescriptions per person

A total of 88,039 patients were prescribed 116,758 AAls during
the study period (1.33 AAls per patient per year). Figure 3 shows the
counts for AAI prescriptions per patient according to age. The
counts for prescribed AAls per year were higher in children than in
adults. Specifically, 28,338 patients received 46,156 AAIs among
those aged 0—9 years (1.63 AAls per patient per year), and 21,701
patients received 30,607 AAls among those aged 10—19 years (1.41
AAls per patient per year) (Fig. 3). We did not observe any statis-
tically significant sex differences. The AAls prescription rates per
patient per year for males and females of all ages were 1.31 and
1.33, respectively. The rates for males and females aged 0—19 years
were 1.54 and 1.52, while those for males and females over age 20
years were 1.05 and 1.06.

Discussion

To the best of our knowledge, this is the first epidemiologic
study in the field of allergic diseases that was conducted using the

NDB, one of the largest medical record databases on a global scale.
This database collects over 1.6 billion electronic medical receipts
every year, thus comprising almost all medical database informa-
tion in Japan. Given the current circumstances of medical care for
allergic diseases, we focused on anaphylaxis (a fatal allergic dis-
ease) as promoted and implemented by the aforementioned Basic
Law and by Strategy 2030. To provide basic statistics for the stan-
dardization of medical care on a country-wide basis and to evaluate
and analyze the distributions of these statistics across regions, we
evaluated AAI prescription counts along with patient background
and regional disparities in clinical practices. The present study
revealed that approximately 90,000 patients were prescribed AAls
during the course of one representative year and that the overall
prescription rate of AAls in Japan was 69.5 per 100,000 population-
years. We also found that prescription rates varied by age and
geographic region and that children had higher prescription rates
than adults.

To our knowledge, there are no reports on the prevalence of
anaphylaxis or on AAI prescription in Japan to date. It has been
recognized that prescription patterns for adrenaline are indicative
of secular trends in anaphylaxis."” Herein, we investigated AAI
prescription data within a large and comprehensive medical data-
base. We found that a total of 88,039 patients per year were pre-
scribed AAls (69.5 for every 100,000 subjects; 0.0695%). The UK
study using ICD coding observed rates ranging from 1.0 to 7.0 per
100,000 person-years.'® In the European population, the incidence
rate for anaphylaxis has similarly ranged from 1.5 to 7.9 per 100,000
person-years in prior research.’ In contrast, recent reports have
shown a global incidence of anaphylaxis ranging between 50 and
112 episodes per 100,000 person-years.>'%?? This number of AAI
prescriptions is reasonable given that the prevalence of anaphylaxis
varies widely due to different study methods and data coding
practices.! In Japan, a total of 52 cases of fatal anaphylaxis occurring
due to food, medication, serum, or venom exposure as well as
unspecified causes (0.041 per 100,000 population) occurred as of
2017 (Supplementary Table 1). There were a recorded 52—71
annual cases of fatal anaphylaxis due to these causes that occurred
each year from 2015 to 2019.

A recent study reported AAI prescription trends through a US-
based outpatient population-based study conducted in Minnesota
from 2014 to 2016. This study evaluated the first AAI prescription
for each patient per year, as well as the first prescription per patient
during the entire study period in order to calculate incidence
rates.”” The overall incidence rate for AAI prescriptions during this
period was 757 per 100,000 population-years.!” Although the
actual number of prescribed devices cannot be solely predicted
based on the number of prescriptions, the number of prescribed
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Fig. 3. The number of adrenaline auto-injector prescriptions per person by age group
within the National Insurance Claims Database of Japan. AAI, adrenaline auto-injector.
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AAIs in Japan seems to be less than that in the US. The underlying
reason is likely that food-allergic patients are routinely prescribed
two AAls in the US.?!

Moreover, a prior study reported that the burden of anaphylaxis
was lower in Asia than in the US and that this burden differed from
that observed in the West in terms of age distribution. Neverthe-
less, the low rates of adrenaline use as a first-line intervention for
diagnosed anaphylaxis are concerning.’” A recent analysis of health
insurance claims data within the Japan Medical Data Center data-
base (JMDC, Tokyo, Japan), which enrolled 5.6 million individuals
registered in health insurance programs as of 2018, reported that
AAI prescription rates were low even among patients who had
experienced severe anaphylaxis.'” A recent study conducted in the
UK likewise reported prescription data for AAls and found that AAI
prescriptions increased by 336% from 1998 to 2018.%> Epidemio-
logical studies of anaphylaxis over time are essential for stan-
dardizing treatments, informing medical guidelines, and improving
health policy. Additional highly-powered long-term studies are
needed to evaluate these questions more thoroughly.

We found that the rate of AAI prescriptions was 231.8 per
100,000 population-years in patients aged 0—19 years, whereas the
rate for patients aged >20 years was 36.1 per 100,000 population-
years; prescription rates decreased continuously in the latter age
group. Additionally, we found a prescription rate of 278.9 per
100,000 population-years in patients aged 0—9 years, and a pre-
scription rate of 189.9 per 100,000 population-years in patients
aged 10—19 years. These rates likewise decreased with age. The
prevalence of anaphylaxis was highest in children aged 0—19
years,>* and the most frequent trigger of anaphylaxis was food.?

In general, the prevalence of food allergies is highest among
infants, and is also high among younger children; the prevalence of
food allergies decreases with age.’® In Japan, current medical
guidelines recommend prescribing AAls for children with food al-
lergies who are at risk of experiencing anaphylaxis.?’ It is well
known that patients with food allergies are at risk of developing
allergic reactions, including anaphylaxis. Guidelines for the man-
agement of allergic diseases in schools and daycare centers advise
the use of AAls to treat allergic reactions caused by accidental ex-
posures. AAls may be prescribed for patients with no history of
anaphylaxis, given that 11% of 51,531 children were prescribed AAls
in a study conducted among Japanese nursery schools.”® Moreover,
many children receive AAIs at no cost due to the national subsidy
system for medical treatment fees for infants and children in Japan.
These factors may influence the varying number of AAI pre-
scriptions by age.

A recent study of AAI prescription trends in the US demon-
strated that boys were more likely to receive AAI prescriptions than
girls, but that this trend was reversed at later ages.” A similar
tendency was observed in our study. Males are more often affected
by allergic asthma during childhood. However, after puberty, fe-
males are predominantly affected by allergic asthma as compared
with males until around the time of menopause. These changes are
considered to be mainly regulated by sex hormones that act on
various types of cells, such as dendritic cells, mast cells, eosinophils,
group 2 innate lymphoid cells, and epithelial cells.”>*° In anaphy-
laxis, boys under 10 years of age have been reported to have a
higher anaphylaxis incidence than girls,>' which is in line with our
findings. We also found that food allergies were more prevalent in
boys than in girls. Although gender dominance in the prevalence or
incidence of anaphylaxis after puberty was not clear in the current
study, in contrast to studies of gender differences in asthma®?~3°
(presumably because of difference in the target populations as
well as the definition of anaphylaxis in each study), some reports
have demonstrated comparable or higher rates in females. These
results were similar to our findings.>> 2> We found that in those

over 50 years of age, there was a marked increase in AAI pre-
scriptions in males only (Fig. 1(B)). This may be due to the loss of
female sex hormones as well as the age and gender distribution of
the number of forestry workers at risk of Hymenoptera sting.>®

In our study, we found that the AAI prescription rates per
population varied widely by geographic region. Although the un-
even distribution of allergists may have influenced some of these
regional differences, the number of allergists certified by the Jap-
anese Society of Allergology per population in 2017 did not corre-
late with the AAI prescription rates by geographic region (p = 0.384,
Supplementary Fig. 3). AAI prescription rates by geographic region
differed between children and adults. The number of patients with
food allergies treated in facilities within each geographic region
may affect AAI prescription rates for children, given that food is the
most common cause of anaphylaxis in children. In adults, drugs
and venom are the most common causes of anaphylaxis.® Prior
research has demonstrated that forestry workers and electrical
facility field workers experience systemic reactions to Hymenop-
tera stings with a higher frequency as compared with office
workers,”” and that beekeepers often experience systemic re-
actions to honey bee stings.>® In this study, the AAI prescription
rates in Tohoku, Chubu, and Southern Kyushu were higher than in
urban areas, possibly due to regional differences in industrial fac-
tors. Thus, we recommend that physicians receive more extensive
training on the use and prescription practices for AAls as part of
their medical training and continuing education.

In the present study, we found a total prescription rate of 1.33
AAIs per person per year for patients of all ages. We found that the
number of prescribed AAls per year was higher in patients aged
0—9 years (1.63 AAls per patient per year) than in those aged 10—19
years (1.41 AAls per patient per year). Among patients with food-
related anaphylaxis treated with adrenaline, 12—17% received a
second dose or higher.%*° Therefore, in the US, all AAls are
exclusively dispensed as twin packs, and patients are advised to
have two AAI devices available. In the UK, prescribers are required
to provide two AAls for each patient according to the Medicines and
Healthcare Products Regulatory Agency. However, in Japan, the
guidelines for anaphylaxis do not mention that multiple AAls
should be prescribed for all patients. Hence, multiple AAls may or
may not be prescribed depending on the physician's clinical judg-
ment. In younger children, AAls are often prescribed at no cost (i.e.,
prescriptions are covered by the national subsidy system for
medical treatment fees for infants and children). A second AAl may
be prescribed to store at school or daycare. Research suggests that
the higher number of AAI prescriptions for children does not seem
to occur simply due to the varying severity of the disease across age
groups. For example, a recent cost-effectiveness analysis for AAls
suggested that limiting prescriptions of a second AAls to patients
with a history of anaphylaxis was more cost-effective than
routinely prescribing two AAls to all food-allergic patients.?' Hence,
the optimal number of prescribed AAls needs to be investigated,
including with respect to the medical economic/healthcare cost
aspects of this clinical decision-making process in Japan.

In addition to the substantial strengths of this investigation, we
acknowledge several potential limitations of our study. First, each
observation period was limited to one year, and thus we could not
estimate the gross number of episodes of anaphylaxis within the
NDB. Thus, in order to take advantage of the NDB data that have
already been and will be registered every year, it is desirable to
continuously and rigorously follow up on these trends within
future investigations. Moreover, we were not able to distinguish
between cases where the second AAI was prescribed due to medical
history and cases where a second AAI was prescribed as a matter of
course. Thus, future highly-powered studies on the clinical char-
acteristics of patients who have been prescribed AAls are needed.
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In conclusion, in this comprehensive evaluation within a na-
tional medical insurance claims database conducted in Japan, we
found that 88,039 patients of all ages were prescribed AAls in the
year 2017. Patients 0—10 years of age received 1.5 AAls per year. The
number of prescriptions declined after the age of 10. Males were
more likely to be prescribed AAls than females in all age groups,
with the exception of those aged 20—24 years. We also note dif-
ferences in AAI prescription rates according to geographic region.
This comprehensive evaluation regarding AAI prescriptions helps
develop preventive strategies with respect to anaphylaxis in Japan
and informs both research directions and medical guidelines.
Future studies on longitudinal changes and clinical features of
prescribed patients are necessary to improve the understanding
and effective management of anaphylaxis.
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2 TAKEUCHI ET AL

Background: Allergic diseases were long considered to be
complex multifactorial disorders. However, recent findings
indicate that severe allergic inflammation can be caused by
monogenic immune defects.

Objectives: We sought to clarify the molecular pathogenesis of a
patient with early-onset multiple allergic diseases, a high serum
IgE level, hypereosinophilia, treatment-resistant severe atopic
dermatitis with increased dermal collagen fiber deposition, and
eosinophilic gastrointestinal disorder with numerous polypoid
nodules.

Methods: A missense variant in STAT6 was identified, and its
function was examined using peripheral blood, transfected
HEK?293 cells, lymphoblastoid cell lines, and knock-in mice with
the corresponding mutation.

Results: Whole-exome sequencing identified a de novo
heterozygous missense variant in signal transducer and
activator of transcription 6 (STAT6) (p.Asp419Asn). Luciferase
reporter assay revealed that the transcriptional activity of this
STAT6 mutant was upregulated even without IL-4 stimulation.
Phosphorylation of STAT6 was not observed in either the
patient’s Ty2 cells or lymphoblastoid cell lines without
stimulation, whereas it was induced more strongly in both by
IL-4 stimulation compared with healthy controls. STAT6
protein was present in the nuclear fraction of the
lymphoblastoid cell lines of the patient even in the absence of
IL-4 stimulation. The patient’s gastric mucosa showed
upregulation of STAT6-, fibrosis-, and germinal center
formation-related molecules. Some of the knock-in mice with
the corresponding mutation spontaneously developed dermatitis
with skin thickening and eosinophil infiltration. Moreover,
serum IgE levels and mRNA expression of type 2 cytokines were
increased in the knock-in mice—with or without development of
spontaneous dermatitis—compared with the wild-type mice.
Conclusions: A novel STAT6 gain-of-function variant is a
potential cause of primary atopic disorders. (J Allergy Clin
Immunol 2023;mmN:ENN-EEN,)

Key words: STAT6, hyper-IgE syndrome, hypereosinophilia, pri-
mary atopic disorders, atopic dermatitis, eosinophilic gastrointes-
tinal disorder

INTRODUCTION

Type 2 inflammation, characterized by a high serum IgE level
and hypereosinophilia, is one of the major hallmarks of allergic
diseases, and it is mediated mainly by type 2 cytokines. Among
them, IL-4 and IL-13 mediate a broad array of functions,
including induction of Ty2 differentiation and IgE class-
switching in B cells, via their downstream molecules, that is,
signal transducer and activator of transcription 6 (STATSG).!
Together with recent findings of genome-wide association
studies,™ it is known that IL-4/IL-13/STATG6 signaling plays a
central role in allergic inflammation.

Allergic diseases have been thought to be complex multifac-
torial disorders caused by a combination of genetic and environ-
mental factors.” However, recent advances in immunogenetics
have revealed that severe allergic inflammation may be the sole
or earliest manifestation of monogenic immune defects.”’ Based
on these findings, the term “primary atopic disorders (PADs)”

J ALLERGY CLIN IMMUNOL
mmm 2023

Abbreviations used
EGID: Eosinophilic gastrointestinal disorder

EoG: Eosinophilic gastritis
GOF: Gain-of-function
LCL: Lymphoblastoid cell line
PAD: Primary atopic disorder

STAT6: Signal transducer and activator of transcription 6

WT: Wild-type

was recently coined to describe a group of heritable monogenic
allergic diseases.” To date, variants of 39 genes—including
STAT3 and DOCKS, causes of hyper-IgE syndrome—have been
identified as being associated with PADs.* However, there have
been no reports of PAD-inducing variants of STAT6. Here, we
report our identification of a STAT6 gain-of-function (GOF)
variant in a patient who exhibited early-onset multiple allergic
diseases, a high serum IgE level, hypereosinophilia, severe atopic
dermatitis with increased dermal collagen fiber deposition, and
eosinophilic gastrointestinal disorders (EGIDs) with numerous
polypoid nodules in the pylorus and duodenal bulb.

RESULTS AND DISCUSSION

The patient is a boy with no family history of allergic,
inflammatory, or immunologic disorders. He developed persistent
diarrhea immediately after birth and severe systemic eczema at
age 3 weeks. His itchy eczema was refractory to conventional
treatment with topical steroids. He also developed IgE-mediated
food allergy to cow’s milk at age 4 months and later became
sensitized to various foods. He had several wheezing episodes
from infancy, and asthma was diagnosed later on the basis of
airway hyperresponsiveness. He exhibited short stature and
failure to thrive from infancy (Fig 1). At age 2 years, he developed
palpebral edema with hypoalbuminemia in addition to diarrhea
and was diagnosed with EGIDs, that is, eosinophilic gastritis
(EoG) and duodenitis (EoD),’ based on the histological findings.
His symptoms underwent repeated exacerbation and remission.
At age 4 years, he developed abdominal pain and vomiting in
addition to diarrhea. Gastrointestinal endoscopy found numerous
polypoid nodules in the pylorus and duodenal bulb (Fig 2, A and
B). Histological examination revealed significant eosinophilic
infiltration (Fig 2, C and D). At the same time, his itchy eczema
worsened, accompanied by thickening of his entire skin even
though he was being treated with a highly potent topical cortico-
steroid (Fig 2, E). Histological examination of the skin showed
epidermal hyperplasia and inflammatory cell infiltration with
increased collagen fiber deposition in the dermal layer (Fig 2,
F). These symptoms and endoscopic findings were improved by
systemic corticosteroid treatment. However, the symptoms
relapsed when the prednisolone dose was decreased. Because
his serum IgE level was already extremely high (14,768 IU/mL)
at age 9 months, PADs were suspected. The patient did not
have specific features for hyper-IgE syndrome (hyper-IgE syn-
drome score: 16)'*'" or other primary immunodeficiencies, but
he had a high Ty2-cell proportion (Table I).

Trio-based whole-exome sequencing analysis revealed a het-
erozygous missense variant in STAT6 (NM_003153:c.1255G>A
(p-Asp419Asn)) that was not found in his healthy parents or
brother, indicating that the variant was de novo (Fig 3, A and
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r9.0

r8.0

Absolute eosinophil count (X10%/pL)
Albumin (g/dL)

1yo 2yo 3yo 4 yo 5yo 6 yo 7 yo

Height, cm (SD) |70.5 (-1.4) 75.1 (-3.4) 79.1 (-4.1) 84.3 (-4.1) 88.0 (-4.3) 91.3 (-4.6) 96.0 (-4.6)

Weight, kg (SD) | 7.2 (-2.3) 9.8 (-1.6) 10.5 (-2.1) 11.7 (-2.0) 122 (-2.2) 13.0 (-2.2) 15.7 (-1.8)
Skin manifestations | [ Erythema ]

[ Lichenification |
Gl manifestations | [ Diarrhea |
[ Vomiting | [ ]vomiting
Airway manifestations | [N Wheeze [ wheeze
Erosions in the duodenum; Erozons in the stomach;  Numerous nodules vtith Imptoved No interval chznge T Ijartially improved

Gl endoscopy | swollen and erythematous  small nodules in the

erosions and white coats in

Erosions in the stomach,

mucosa in the upper Gl duodenum the pylorus and duodenum small nodules in the duodenum
Skin biopsy Increased inflammatory cell infiltration
and collagen fiber deposition in the dermal layer
Treatments | [_Topical steroid |

|:| Topical tacrolimus

[Extensively hydrolyzed formula] Amino acid—based formula ]

[ Elimination diets

2.0 mg/kg

1.0 mg/kg 1.0 mg/kg
Predonisolone |—L‘ 0.25-0.3 mg/kg 0.15 mg/k

Budesonide capsule (3 mg) |:|

[ Leukotriene receptor antagonist |

FIG 1. Demographic characteristics of the patient. The timeline describes the main clinical manifestations,
body height and weight, laboratory tests, findings of endoscopy and skin biopsy, and treatments of the
patient. The patient’s characteristics were early-onset severe multiple allergic symptoms with a high serum
IgE level, hypereosinophilia, large polypoid nodules in the stomach and duodenum, and collagen fiber
deposition in the dermal layer. The timeline shows that the symptoms and findings varied with the
presence/absence of systemic corticosteroid treatments. G/, Gastrointestinal; yo, year old.

B). Other genetically cosegregated pathogenic variants were not
found among genes associated with severe allergies (see Table
El in this article’s Online Repository at www.jacionline.org).
The variant was located close to the DNA-binding site of
STAT6 (Fig 3, C and D). It is registered in dbSNP (rs11172102,
http://www.nebi.nlm.gov/SNP), but not in the gnomAD database
(https://gnomad.broadinstitute.org/), ToMMo (https://www.
megabank.tohoku.ac.jp), or our in-house exome sequencing data.

To test the effects of this variant, constructs containing
synthesized STAT6 (STAT6 wild-type [WT]) or mutant STAT6
(c.1255G>A; STAT6 mutant) were transfected into HEK293
cells."” Luciferase reporter assay using CCL26/eotaxin-3 pro-
moter revealed that the transcriptional activity of this STAT6
mutant was upregulated even without IL-4 stimulation, whereas
upregulation of the STAT6 WT was dependent on stimulation
with IL-4 (Fig 3, E). These findings suggest that p.Asp419Asn
STATG6 protein found in this patient is a GOF phenotype. Next,
we used peripheral blood and lymphoblastoid cell lines (LCLs)
to examine the effect of this STAT6 variant on phosphorylation

of STAT6 and its localization. There was no spontaneous
STAT6 phosphorylation in peripheral blood Ty?2 cells from either
the patient or control, or in LCLs of the patient and his parents in
the absence of IL-4 stimulation, whereas, on IL.-4 stimulation,
phosphorylation was induced in all (Fig 3, F, G, and H). Interest-
ingly, STAT6 protein was present in the nuclear fraction of the
LCLs of the patient even in the absence of IL.-4 stimulation, but
not in those of his parents (Fig 3, G). Moreover, phosphorylation
of STAT6 was induced more strongly in the LCLs of the patient
than in those of the parents on IL-4 stimulation (Fig 3, G and
H). That induction was suppressed by Janus kinase inhibitors
(Fig 3, I). These findings indicate that the p.Asp419Asn variant
is involved in stronger phosphorylation of STAT6 protein and
localization of STAT6 protein, even in the absence of IL-4 stim-
ulation. Although the mechanisms of how p.Asp419Asn STAT6
protein is translocated into the nucleus in the absence of phos-
phorylation remain unclear, a similar phenomenon was observed
in somatic variants of the p.Asp419 hotspot in STAT6 derived
from follicular lymphomas.'*
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FIG 2. Features of the patient’s skin and gastrointestinal tract. A and B, Endoscopic findings for the stomach
and duodenum, respectively, at the age of 4 years. Diffuse polypoid nodules with swollen and erythematous
mucosa are seen in the upper gastrointestinal tract. Numerous nodules with erosion and white coats are
seen in the pylorus and duodenal bulb. C and D, Pathological findings for the gastric and duodenal mucosa,
respectively, at the age of 4 years, showing significant eosinophil infiltration (>100/hpf in the pylorus;
>25/hpf in the duodenum). E, Dermatologic findings of eczema with increased skin thickness and marked
lichenification despite treatment with topical corticosteroids. F, Pathological findings for the affected
skin. Increased inflammatory cell infiltration and collagen fiber deposition are seen in the dermal layer.

TABLE I. Immunologic characteristics of the patient with GOF STAT6 variant

Age at evaluation

11 mo 28y 46y
Immunologic profile Patient Reference range Patient Reference range Patient Reference range
Absolute lymphocyte count (cells/pL) 9,000 (2,800-4,800)* 5,100 (2,100-4,500)* 6,400 (2,000-2,900)*
Lymphocyte subsets
CD3" T cells (/uL) 7,137 (1,300-3,700)* 3,810 (1,300-3,400)* 4,121 (1,400-2,400)*
CD4" T cells (/pL) 5,706 (1,800-3,600)* 2,279 (1,300-3,500)* 2,956 (1,400-2,100)*
CD25% CD127" regulatory T cells (/L) 117 (120-170)* 50 (50-140)* 48 (60-80)*
CD45RA~ CXCR5~ CRTH2" cells (%) NA NA 21.3 (3.8-8.2)F
CD45RA™ CXCR5~ CCR6~ CXCR3" cells (%) NA NA 15.0 (25.2-39.3)1
CD45RA~ CXCR5~ CCR6" CXCR3" cells (%) NA NA 49 (21.6-37.9)1
CD45RA™ CXCR5™ CCR6" CXCR3™ cells (%) NA NA 14.3 (15.1-21.6)1
CD3~ CD4™ cells (/uL) 9 (6-8)* 15 (1-14)* 13 (<)*
CD8" T cells (/uL) 2,619 (840-1,100)* 1,234 (630-1,300)* 1,945 (420-660)*
CD16" CD56" NK cells (/uL) 432 (180-990)* 153 (90-890)* 186 (110-120)*
CD56" CD3* NK T cells (/L) 45 (10-30)* 26 (10-30)* 70 (20-50)*
CDI19" B cells (/pL) 1,233 (430-880)* 1,046 (400-920)* 762 (410-440)*
CD38-high IgM- plasmablasts (/L) 6 (210-240)* 9 (10-150)* 30 (40-130)*
CD27" IgM- class-switch recombination B cells (/L) 43 (230-260)* 53 (30-180)* 47 (70-170)*
CD38" IgM-high transitional B cells (/pL) 18 (40-590)* 43 (60-530)* 28 (30-50)*
CD27" memory B cells (/uL) 171 (70-130)* 245 (70-150)* 186 (60-130)*
Absolute eosinophil count (cells/pnL) 4,350 (<500)* 3,990 (<500)* 3,450 (<500)*
Immunoglobulin profile
IgG level (mg/dL) 846 (380-1,020)% 851 (500-1,280)1 496 (560-1,390)1
IgA level (mg/dL) 43 (10-59)% 102 (20-149)% 158 (31-202)F
IgM level (mg/dL) 72 (58-209) 105 (60-270)% 73 (66-288) 1
IgE level (IU/mL) 16,700 (NA); 13,100 (7-1,400)% 17,107 (10-2,200)%
TSLP (pg/mL) 4,557 (<1,367)% 7,807 (<743)% 4,198 (<743)%

CD, Cluster of differentiation; CXCR, CXC chemokine receptor; CCR, CC chemokine receptor; CRTH2, chemoattractant receptor expressed on Ty2 cells; NK, natural killer; /g,

immunoglobulin; 7SLP, thymus and activation-regulated chemokine.

*Reference ranges of lymphocyte subsets for the patient at each age were derived from age-matched patients with inflammatory bowel disease.
TThese reference ranges were derived from healthy controls aged from 12 to 13 y.

{These reference ranges are derived from reference intervals of clinical tests in Japanese children.'”
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FIG 3. STAT6 variantin the patient and its function. A, Family pedigree. B, Genotypes by Sanger sequencing
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allergy, n = 4), and patients with EoG (n = 3). K, Gene expression profiles of gastric mucosa from the patient
with the STAT6 variant (patient, n = 1), control individuals (CTRL, n = 3; average expression level of 3 in-
dividuals), and patients with EoG (n = 3; average expression level of 3 individuals). GC, Germinal center.
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To better understand the pathophysiology of the patient’s
condition, we analyzed the serum cytokine/chemokine levels
and the gene expression profile of the gastric mucosa. The serum
levels of IL-5 and such downstream molecules of STAT6 as
CCL11/eotaxin-1, CCL24/eotaxin-2, and CCL26/eotaxin-3
were increased in both this patient and patients with EoG (Fig
3,J).IL-4 and IL-13 were rarely detected in the patient, whereas
they were increased in the patients with EoG (Fig 3, J). Micro-
array analysis of the gastric mucosa showed this patient to have
distinct gene expression profiles compared with the controls and
patients with EoG, including upregulated gene expression of
STATG6-, fibrosis-, and germinal center formation—related mole-
cules (Fig 3, K).

Finally, to confirm the effects of p.Asp419Asn STAT6 protein
invivo, we generated knock-in mice having the corresponding mu-
tation by using the CRISPER/Cas9 system. We found that 42.9% of
homozygous mice and 3.3% of heterozygous mice spontaneously
developed dermatitis with skin thickening and eosinophil infiltra-
tion (Fig 4, A, B, C, and D). Interestingly, the serum IgE levels,
mRNA expressions of type-2 cytokines/chemokines in skin, and
type-2 cytokine production from cervical lymph node cells were
increased in both homozygous and heterozygous mice compared
with WT mice, with or without development of spontaneous
dermatitis (Fig 4, E, F, and G). We also induced atopic
dermatitis—like skin inflammation by topical application of a
vitamin D3 analog (MC903) in those mice'” and found that
MC903-treated heterozygous and homozygous mutant mice had
greater skin thickening, inflammatory cell infiltration, and collagen
fiber deposition in the dermal layer compared with MC903-treated
WT mice (Fig 4, H, I, and J). These findings suggest that p.As-
p419Asn STATG protein is involved in the development and exac-
erbation of atopic dermatitis—like skin inflammation accompanied
by collagen fiber deposition in the dermal layer.

The clinical phenotypes of the patient—including early-onset
multiple allergic diseases, a high serum IgE level, a high Ty2-cell
proportion, and hypereosinophilia—might be explained by hyperac-
tivation of STAT®6 in its critical roles in Ti2-cell differentiation and
in IgE class-switching in B cells." Large polypoid nodules are not
normally found in patients with EGID. Because STAT6 signaling
is critically involved in germinal center formation'®'” and its so-
matic mutation causes follicular lymphoma,'* STAT6 hyperactiva-
tion might also be causing the nodule. Another unique finding in
this patient, that is, the severe atopic dermatitis accompanied by
increased dermal collagen fiber deposition, might also be explained
by STAT6 hyperactivation because STAT6 activation reportedly up-
regulated TGF-3/Smad signaling and promoted fibrosis with extra-
cellular matrix deposition and fibroblast proliferation.'®

This report has several limitations to acknowledge. First,
because this is a report of a single case, identifying additional
patients with STAT6 GOF variant would have been ideal. Second,
it remains unclear how p.Asp419Asn STAT6 protein is translo-
cated into the nucleus without undergoing phosphorylation and
then enhances STAT6’s transcriptional activity. Finally, although
the effects of this STAT6 variant varied depending on the organ
and the patient’s age, those mechanisms remain unclear. Further
studies are needed to clarify these issues.

In conclusion, we have identified a novel STAT6 GOF variant
that is potentially involved in PADs with early-onset multiple
allergic diseases, a high serum IgE level, hypereosinophilia, se-
vere atopic dermatitis with increased dermal collagen fiber depo-
sition, and EGIDs with numerous polypoid nodules in the pylorus
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and duodenal bulb. Regardless of the above-noted limitations, our
report identifying this novel STAT6 GOF variant will contribute to
our understanding of PADs and might facilitate proper diagnosis
of affected individuals, especially early-onset and severe cases
carrying this and other STAT6 variants, all over the world.

The detailed methods are presented in this article’s Online
Repository at www.jacionline.org.
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Clinical implications: A novel STAT6 GOF variant contributed
to multiple allergic diseases, high serum IgE, hypereosinophilia,

severe atopic dermatitis with increased dermal collagen fiber
deposition, and eosinophilic gastrointestinal disorder with
polypoid nodules.
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METHODS
DNA extraction

Genomic DNA of peripheral blood leukocytes was extracted using a
Genomix kit (Biologica, Nagoya, Japan). Buccal mucosa was collected using
an iSWAB DNA Collection Kit (Mawi DNA Technologies, Hayward, Calif),
and the DNA was extracted using PrepI T-L2P reagent (DNA genoTek, Ottawa,
Canada) in accordance with the manufacturer’s instructions.

Whole-exome sequencing

Whole-exome sequencing analysis was performed for the patient and his
parents using genomic DNA from peripheral blood. Next-generation
sequencing libraries were enriched using the SureSelect Human All Exon
V6 kit (Agilent Technology, Santa Clara, Calif) and sequenced using a HiSeq
2500 (Illumina, San Diego, Calif) with 100-bp paired-end reads. Sequence
reads were aligned to GRCh38 using a Burrows—Wheeler aligner. Variants
were called the GATK Unified Genotypes and annotated using ANNOVAR
tools. High-quality variants were then narrowed down to those whose fre-
quency was greater than 0.01 among gnomAD V3.1.2, 1000 genome,
P8.3KJPN, and HGVD. We also used our in-house whole-exome variant data-
base built with 3506 samples. The remaining variants related to protein coding
including splicing were finally segregated under the assumption of being
autosomal-dominant, autosomal-recessive, and X-linked dominant diseases.
Other genetically cosegregated pathogenic variants were not found among
genes associated with severe allergies. The segregated variants are summa-
rized in Table E1 with their prediction scores of SIFT, Polyphen2, CADD. Us-
ing whole-exome sequencing data, copy number variants were detected by the
read depth—based approach. In brief, read coverage in each target was con-
verted to logarithmic ratios across the genome for each sample and normalized
to a reference derived from 209 control samples. The calibrated log, copy ra-
tios were statistically validated. The detected copy number variants were clas-
sified according to the American College of Medical Genetics and Genomics
guidelines.

Sanger sequencing of STAT6

Genomic DNA was amplified with a forward primer (5'-CAACCTGGGT-
GAGTCATGCAAGTCAC-3') and a reverse primer (5'-GCTGGCACGTG-
TAAGCATTAGGATTG-3') and directly sequenced with an inner reverse
primer (5'-CTGCACCACTGCCCATGTTAGAAC-3") using an AB 13130.

Deep sequencing

To confirm that the variant was of germline origin, deep sequencing of the
variant in the blood and saliva was performed as follows. The first PCR was
performed using the same primers as for the Sanger sequencing. PCR products
were diluted to 100 pg/mL with water and used as the template for nested
second PCR (forward primer, GTCTCTGCC CCTGGTGGTC ATCG; and
reverse primer, AGAGCACTGCAGGCTACCGTCTTG). The nested PCR
product was purified using a MinElute PCR Purification Kit (QIAGEN,
Diisseldorf, Germany). Then, 250 ng of purified amplicons was subjected to
library preparation using the GenNext NGS Library Kit (TOYOBO, Tokyo,
Japan) and KAPA Dual-Indexed Adapter Kit for Illumina Platforms (KAPA
BIOSYSTEMS, Wilmington, Mass) without postamplification. The prepared
library was deep-sequenced using nano MiSeq Reagent Kits v2 (Illumina) for
300 cycles. It revealed an almost 1:1 ratio of reference to variant alleles in
both tissues, as presented in Table E2.

STATG6 expression-plasmid cell transfection and

luciferase reporter assays

STAT6 WT or STAT6 mutant expression vectors were constructed by
inserting the synthesized STAT6 or mutant STAT6 (c.1255G> A) complementary
DNA (cDNA) into a pcDNA3.1 vector. The synthesized cDNA of STAT6
(NM_003153.5) or mutant STAT6 carried by the pUC19 vector was purchased
from FASMAC Co., Ltd (Kanagawa, Japan). The WT STAT6 and mutant
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STAT6 were digested and cloned into the EcoRI/Xhol site of the pcDNA3.1
expression vector. DNA fragments containing human eotaxin-3 were amplified
from genomic DNA using a forward primer (5'-AATCTCGAGTTTTATTTC-
TAGTGGGGA-3") and a reverse primer (5'-ATTAAGCTTGTAGATGCT
GCAAATCAGGC-3"). The PCR fragments were digested with Xhol and Hin-
dIII and cloned into pGL-4.2. An eotaxin-3 promoter-reporter plasmid with a
point mutation in the STAT6-binding site was generated using the PrimeSTAR
Mutagenesis Basal Kit (Takara Bio, Inc, Shiga, Japan) according to the manufac-
turer’s protocol. 5'-AGCTCTGGAATTGTTTTCAGGGCCGTCT-3" and 5'-
TTCCAGAGCTTTCTGTGGTTGGGAACAG-3' primers were used for the
STAT6- binding-site mutation. All plasmids were analyzed by Sanger
sequencing for sequence confirmation. Luciferase reporter assays were per-
formed according to a previously published method,”' with minor modifica-
tions. HEK293 cells were seeded into 96-well plates at 1 X 10* cells/well. At
24 hours after seeding, the cells were transiently transfected with 0.1 g of
eotaxin-3 promoter-reporter plasmid, together with 0.9 g of plasmids encoding
either wild or mutant STAT6, and 0.01 g of Renilla luciferase plasmid using
Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, Mass). Twenty-four
hours later, the cells were cultured with or without 10 ng/mL of human recom-
binant IL-4 (PeproTech, Cranbury, NJ) and then cultured for an additional 24
hours. The luciferase activities were then measured using a Dual-Glo Luciferase
Assay System (Promega, Madison, Wis). Representative data of 2 independent
experiments are shown in Fig 2.

Flow cytometric analysis of human PBMCs

Human PBMCs were isolated from heparinized blood from patients and
healthy adult volunteers by density-gradient centrifugation using pluriSelect
(pluriSelect Life Science UG & Co. KG, Leipzig, Germany). Cell surface pro-
teins were stained using the following antibodies: fluorescein isothiocyanate-
conjugated anti-CD3; PerCP/CyS5.5—conjugated anti-CD4; Alexa 700—conju-
gated anti-CD45RA; Brilliant Violet 510—conjugated anti-CD45 (all from
BioLegend, San Diego, Calif); and Alexa 647—conjugated anti—
chemoattractant receptor expressed on Ty2 cells (BD Biosciences, Franklin
Lakes, NJ). Subsequently, the cells were fixed, permeabilized, and stained
with phycoerythrin (PE)-conjugated anti-STAT6 phospho antibody or PE-
conjugated mouse IgGlk isotype antibody using FOXP3 Fix/Perm Buffer
Set (all from BioLegend). The cells were analyzed using an LSR Fortessa
(BD Bioscience). Ty2 cells were defined as CD45*CD3*CD4 " chemoattrac-
tant receptor expressed on T2 " cells.

Establishment of human LCLs

Human LCLs were established by SRL, Inc (Tokyo, Japan). In brief,
mononuclear cells isolated from 2 mL of peripheral blood using Lympho-
prep (Nacalai Tesque, Kyoto, Japan) were immortalized for 30 minutes in
culture medium of B95-8 EBV-producing marmoset cell line. The culture
medium was then replaced with 1 mL of RPMI1640 containing 20% of
HyClone FBS, 5 pg/mL Cyclosporin A (Cat# C-3662, Merck, Darmstadt,
Germany), and 100 unit/mL penicillin-streptomycin (Cat# 1514012, Ther-
moFisher, Waltham, Mass). The cells were incubated while changing half
of the culture medium to fresh medium every day. After 10 days, the me-
dium was completely replaced with prewarmed, freshly prepared medium,
that is, RPMI1640 containing 20% of HyClone FBS.

Protein isolation and Western blotting of LCLs

LCLs derived from patients or parents were treated with 10 ng/mL IL-4 for
0.5, 3, and 6 hours, respectively, and the respective cells and untreated cells
(shown as Oh) were harvested. For protein samples from whole-cell lysates,
cells were lysed on ice in RIPA buffer (#16488-34; Nacalai tesque, Inc, Kyoto,
Japan) supplemented with complete protease inhibitor cocktail (Sigma-
Aldrich, St Louis, Mo), and then the protein concentration was measured.
For the protein samples of cytoplasmic and nucleic fractions, fractionation and
protein extraction were performed using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (#78833; Pierce Biotechnology, Rockford, Ill). The
samples were separated on SDS-PAGE gel and then transferred to
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polyvinylidene difluoride (PDVF) membranes. Western blotting was per-
formed using primary antibodies, anti-STAT6 rabbit mAb (#9362; Cell
Signaling Technology, Danvers, Mass), anti-Phospho-Stat6 (Tyr641) anti-
body (#9361; Cell Signaling Technology), anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (14C10) rabbit mAb (#2118; Cell Signaling Tech-
nology), anti-HSP90 (E289) antibody (#4875; Cell Signaling Technology),
and anti-HDAC?2 antibody (#2540; Cell Signaling Technology). Horseradish
peroxidase—conjugated goat antirabbit IgG antibody (#7074; Cell Signaling
Technology) was used as the secondary antibody.

Flow cytometric analysis of LCLs

Phosphorylation kinetics. LCLs were cultured with 10 ng/mL of
human recombinant IL-4 for 15, 30, and 60 minutes. The cells were fixed,
permeabilized, and stained with PE-conjugated anti-STAT6 phospho antibody
(#686004; BioLegend) or PE-conjugated mouse IgGlk isotype antibody
(#400114; BioLegend) using FOXP3 Fix/Perm Buffer Set (all from Bio-
Legend). The cells were analyzed using FACSymphony (BD Bioscience).

Effects of JAK inhibitors. LCLs were pretreated with ruxolitinib
(0.5 or 5 uM; Chemscene, Monmouth Junction, NJ) or tofacitinib (0.5 or
5 uM; Selleckchem, Houston, Tex) for 2 hours and stimulated with human re-
combinant IL-4 (10 ng/mL) for 1 hour. Their STAT6 phosphorylation was
determined as described above.

Serum cytokine analysis

Sera were prepared from the patient with STAT6 variant, patients with IgE-
mediated food allergy (n = 4), and patients with EoG (n = 3) and stored at
—80°C until use. The patients with EoG had been diagnosed on the basis of
histological findings of significant eosinophil infiltration. The levels of cyto-
kines and chemokines were determined using a Luminex multiplex cytokine
analysis kit (Merck) according to the manufacturer’s instructions.

Transcriptome analysis of the gastric mucosa

Biopsy specimens of the gastric mucosa were collected from the patients and
the controls and stored at —80°C until use. The patients with EoG had been diag-
nosed on the basis of histological findings of significant eosinophil infiltration.
The controls were individuals who were suspected of having gastrointestinal dis-
orders but showed no histological abnormalities. Total RNA was extracted from
preserved biopsy samples using an RNeasy Mini Kit (Qiagen, Valencia, Calif).
Gene expression analysis was performed using Agilent SurePrint G3 Human
GE 8 x 60k microarrays (Agilent Technologies, Santa Clara, Calif) according
to the manufacturer’s instructions. Data were normalized and analyzed using
Subio Platform software (Subio, Kagoshima, Japan).

Generation of Stat6 mutant mice

The guide RNA (gRNA) against Star6 used in this study was
5'-TAGCTTTGGCGTTGTTGTCcTTGG-3', in which the target of nucleotide
substitution is designated by a lowercase letter; it was designed using
CRISPRdirect.”” Single gRNA was synthesized using Stat6_gRNAI temp 5'-
CTAATACGACTCACTATAGTAGCTTTGGCGTTGTTGTcTGTTTTAGAG
CTAGAAATAGCA-3" and a CUGA7 gRNA Synthesis Kit (Nippon Gene,
Toyama, Japan) according to the manufacturer’s instructions. The single-
stranded oligodeoxynucleotide (ssODN) used in this study was Stat6_sub_s-
SODN 5'- CTGTCTCTGCCCTTGGTGGTCATCGTGCATGGTAACCAAa
ACAACAACGCCAAAGCTACCATCCTATGGGACAATGCCT-3'. C57BL/
6] mice were purchased from SLC Japan (Shizuoka, Japan), and embryos
were collected after in vitro fertilization. A mixture of 250 ng/wL single
gRNA, 100 ng/pL ssODN, and 100 ng/p.L Cas9 protein (Nippon Gene) was in-
jected into the pronuclei and cytoplasm of the zygotes. After overnight culture,
embryos that reached the 2-cell stage were transferred into the oviduct of pseu-
dopregnant ICR female mice (SLC Japan). The primers used in PCR analysis of
the genotypes were Stat6genoFl 5'-CCAGTGATGCACTACCAACC-3' and
Stat6genoR2 5'-GGACAGCCCGTTATCTCACC-3'. The genotypes of the
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knock-in mice were confirmed by Sanger sequencing, as shown in Fig E1. All
animal protocols were approved by the Animal Care and Use Committee of
the National Research Institute for Child Health and Development, Tokyo,
Japan.

Vitamin D3 analog-induced atopic dermatitis model

C57BL/6)  WT mice, Stat6®*'™™  heterozygous mice, and
Stat6P*1ONPHN homozygous mice were topically treated on unilateral ears
with 1 nmol of MC903 (calcipotriol; Tocris Bioscience, Bristol, United
Kingdom) in 20 pL of ethanol or vehicle alone, every other day for a total
of 7 times. The ear thickness was measured before topical applications. One
day after the last topical application, the mice were euthanized for
examination.

Quantitative real-time PCR

Mouse ears were harvested and stored in RNAlater (Thermo Fisher
Scientific). The tissues were immersed in QIAzol (QIAGEN) and homoge-
nized using BioMasher (Kanto Kagaku, Tokyo, Japan). Total RNA was
isolated using a ReliaPrep RNA Tissue Miniprep System (Promega) according
to the manufacturer’s instructions. RNA concentrations were measured with
Nanodrop 2000c (Thermo Fisher Scientific), and cDNA was synthesized using
an iScript cDNA Synthesis kit (Bio-Rad, Hercules, Calif). Quantitative real-
time PCR was performed on a CFX96 Touch Deep Well Real-Time PCR
System (Bio-Rad) with the TagMan gene expression systems (Thermo Fisher
Scientific) listed below: Gapdh (Mm99999915_g1), 114 (Mm00445259_m1),
115 (Mm00439646_ml), 1113 (MmO00434204_ml), Cclil/Eotaxin 1
(Mm00441238_m1), and Ccl24/Eotaxin 2 (MmO00444701_ml). Delta
threshold cycle (ACt) values of each sample were determined using Gapdh
as a reference gene, and 27 A8C yas calculated with the average gene expres-
sion of WT mice as a reference.

Preparation of epidermal and dermal cells from
mice

The ears were split into dorsal and ventral halves and incubated with 0.25%
trypsin/EDTA solution (Sigma-Aldrich) for 45 minutes at 37°C. Then,
epidermal sheets were separated from the dermal sheets with a forceps. For
isolation of epidermal cells, the epidermal sheets were dissociated in HBSS
solution using gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach,
Germany). For isolation of dermal cells, the dermal sheets were minced and
incubated in PBS supplemented with 1% BSA, 400 units/mL collagenase
type 2 (Worthington, Lakewood, NJ), 1000 units/mL hyaluronidase type 4-S
(Sigma-Aldrich), and 50 units/mL. DNase 1 (Roche, Basel, Switzerland) for
60 minutes at 37°C, followed by dissociation using a gentleMACS Dissociator.
After the dissociated sheets were passed through a nylon filter (70 wm; Corn-
ing, Corning, NY), epidermal and dermal cell suspensions were collected.

Flow cytometric analysis of epidermal and dermal

cells

Single-cell suspensions of ears were incubated with antimouse CD16/CD32
mAD (2.4G2; BD Bioscience) in HANKS Buffer containing 2% FCS for FcR
blocking. Cell surface molecules were stained with the following antibodies:
APC-R700—conjugated anti-sialic acid-binding immunoglobulin-like lectin
(Siglec)-f and BUV395-conjugated anti-CD45 (BD Bioscience). After staining,
the cells were analyzed using Symphony (BD Bioscience). Eosinophils were
defined as CD45 ™" Siglec-F " cells.

Culture of cervical lymph node cells

Cervical lymph nodes were collected, and cells were isolated using a
70-pm cell strainer (Corning, Glendale, Ala). The cells were cultured with 20
ng/mL of phorbol 12-myristate 13-acetate (Sigma-Aldrich) and 500 ng/mL of
ionomycin (Fujifilm Wako, Osaka, Japan) for 72 hours. The levels of IL-4 and
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IL-13 in the culture supernatants were determined by ELISA (Thermo Fisher
Scientific). All procedures were performed in accordance with the manufac-
turers’s instructions.

Measurement of immunoglobulin in sera

The total IgE in sera was quantified by ELISA, as described elsewhere.™’
Biotinylated antimouse IgE (R35-118) and horseradish peroxidase—
conjugated streptavidin were obtained from BD Biosciences and used as
detection antibodies/reagents.

Histology

The ears were fixed in 4% paraformaldehyde phosphate buffer solution
(Fujifilm  Wako), embedded in paraffin, and sliced into
5-pwm—thick sections. The histology was examined by hematoxylin-eosin
staining and Masson’s trichrome staining. Collagen fibers were quantified
by ImageJ software (http://imagej.nih.gov/ij/).
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Statistical analysis

Data were analyzed using GraphPad Prism v9.1.2 (GraphPad Software,
Inc, San Diego, Calif). Two-group data sets were analyzed using the Mann-
Whitney U test, and 3-group data sets were analyzed using the Kruskal-Wallis
test. A P value of less than or equal to .05 was considered statistically
significant.
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Wild-type

TCATCGTGCATGGTAACCAAGACAACAACGCCAAAGCTACCAT

Stat6D41 ON/wt

-~

TCATCGTGCATGGTAACCAAAACAACAACGCCAAAGCTACCAT

Stat6D41 9N/D491N

Al

TCATCGTGCATGGTAACCAAAACAACAACGCCAAAGCTACCAT

FIG E1. Representative electropherograms of WT, Stat6°*'N"t and Stat6P4'9"/P419N Target nucleotides are
indicated with red circles.



TABLE E1. Segregated rare variants in the trio-based whole-exome sequence analysis

Position Amino Poly CADD_ 8.3K In-
Chr (GRCh38) Gene RefSeq_ID Nucleotide acid dbSNP155 ClinVar SIFT Phen-2 phred gnomAD 1000G_all JPN HGVD house Proband OoOMIM
1 201212038 IGFNI NM_001164586.2 ¢.7145G>A p.G2382D rs1172017208 NA  Tolerated NA 13.3 NA NA NA NA NA de novo NA
12 57102879 STAT6 NM_003153.5 c.1255G>A p.D419N rs11172102 NA  Damaging Probably 31.0 NA NA NA NA NA de novo NA
damaging
X 74521057 SLCI6A2 NM_006517.5 c.498C>G p.D166E NA NA  Tolerated Benign 22.9 NA NA NA NA NA Inherited Allan-
from Herndon-
mother  Dudley
syndrome
[300523]
X 106206201 MUMILI NM_152423.5 ¢.769G>A p.E257K 15755979209 NA  Tolerated Possibly 23.0 3.58 X 107% 0.0005298 0.0001 NA NA Inherited NA
damaging from
mother

dbSNP155 (https://www.ncbi.nlm.nih.gov/snp/); ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/); SIFT (https://sift.bii.a-star.edu.sg/); PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/); CADD (https://cadd.gs.washington.edu/);
gnomAD (https://gnomad.broadinstitute.org/); 1000G_all (https://www.internationalgenome.org/); 8.3KJPN (https://jmorp.megabank.tohoku.ac.jp/202102/variants/); HGVD (https://www.hgvd.genome.med.kyoto-u.ac.jp/).
NA, Not available.
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TABLE E2. Deep sequencing data of the STAT6 variant in the patient
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Tissue Total count Count of Ref: C Count of Alt: T Allele frequency of Ref Allele frequency of Alt
Blood 7481 3808 3649 0.51 0.49
Saliva 7200 3725 3452 0.52 0.48

Alt, Alternative allele; Ref, reference allele.
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