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Abstract

Purpose Pediatric inflammatory bowel disease (IBD) is a het-
erogeneous disorder caused by multiple factors. Although ge-
netic and immunological analyses are required for a definitive
diagnosis, no reports of a comprehensive genetic study of a
Japanese population are available.

Methods In total, 35 Japanese patients <16 years of age suf-
fering from IBD, including 27 patients aged <6 years with
very early-onset IBD, were enrolled in this multicenter study.
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Exome and targeted gene panel sequencing was performed for
all patients. Mutations in genes responsible for primary im-
munodeficiency diseases (PID) and clinical and immunologi-
cal parameters were evaluated according to disease type.
Results We identified monogenic mutations in 5 of the 35
patients (14.3 %). We identified compound heterozygous
and homozygous splice-site mutations in interleukin-10 recep-
tor A (IL-10RA) in two patients, nonsense mutations in X-
linked inhibitor of apoptosis protein (X/AP) in two patients,
and a missense mutation in cytochrome b beta chain in one
patient. Using assays for protein expression levels, IL-10 sig-
naling, and cytokine production, we confirmed that the muta-
tions resulted in loss of function. For each patient, genotype
was significantly associated with clinical findings. We suc-
cessfully treated a patient with a XJAP mutation by allogeneic
cord blood hematopoietic stem cell transplantation, and his
symptoms were ameliorated completely.

Conclusions Targeted sequencing and immunological analy-
sis are useful for screening monogenic disorders and selecting
curative therapies in pediatric patients with IBD. The genes
responsible for PID are frequently involved in pediatric IBD
and play critical roles in normal immune homeostasis in the
gastrointestinal tract.

Keywords Very early-onset inflammatory bowel disease -
primary immunodeficiency - targeted sequencing - pediatric
gastroenterology

Introduction
Inflammatory bowel disease (IBD), which includes ulcerative

colitis (UC) and Crohn’s disease (CD), is a heterogeneous
disorder caused by genetic background, host—microbe
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interactions, and environmental factors [1]. Pediatric patients
with IBD, including patients with very early-onset IBD (VEO-
IBD) under the age of 6 years at onset, have clinical features
distinct from those of adult patients with IBD, and some show
an unclassified pathology distinct from that of classical UC or
CD [2]. Recent genome-wide association studies revealed that
some patients with IBD have disease-causing mutations or
single-nucleotide polymorphisms (SNPs) that increase the risk
of IBD in adults [3]. The world-wide VEO-IBD consortium,
created in 2014, has contributed to understanding the molec-
ular basis of VEO-IBD and to developing personalized treat-
ments for patients with these rare diseases. It has been reported
that genes responsible for primary immunodeficiency diseases
(PID), including Wiskott—Aldrich syndrome, dyskeratosis
congenita, immune dysregulation, polyendocrinopathy, enter-
opathy, X-linked (IPEX) syndrome, interleukin-10 (IL-10) or
IL-10 receptor (IL-10R) deficiency, X-linked inhibitor of ap-
optosis (XIAP) deficiency, chronic granulomatous disease
(CGD), and common variable immunodeficiency including
patients with /COS gene mutation, are involved in the molec-
ular pathogenesis of pediatric IBD [4—11]. Therefore, we hy-
pothesized that pediatric patients with IBD in a Japanese pop-
ulation might also possess monogenic mutations or a disease-
causing genetic background.

In Japanese patients with pediatric IBD, the disease may be
caused by a genetic background distinct from that of patients
in western countries. The cumulative incidence of pediatric
IBD in patients under the age of 16 years [12—14] and the
number of patients with a family history of IBD [15, 16] are
lower than that in western countries. Mutations in nucleotide-
binding oligomerization domain-containing protein 2 (NOD?2)
and unique SNP profiles that increased the risk of IBD have
not been reported in adult Japanese patients with IBD [17, 18].
However, whole-exome sequencing and analysis of'its links to
clinical, pathological, and immunological evaluations have
not been reported for Japanese patients with pediatric IBD.

In this study, we report the results of the first multicenter
study for exome and targeted gene panel sequencing of pedi-
atric patients with IBD in Japan. We identified monogenic
mutations in 5 of 35 patients and analyzed whether genetic
factors were associated with the pathogenesis of pediatric
IBD.

Methods

Patients and Clinical Parameters

In total, 35 Japanese patients, from 33 families, under the age
of 16 years, including 27 patients under the age of 6 years
(VEO-IBD), who suffered from severe and refractory IBD

with poor therapeutic response, were enrolled in this study
from 2013 to 2015. A list of the 14 institutions that

@ Springer

participated in this multicenter study is provided in the
Supplementary Appendices. The following details were deter-
mined for each patient: genotype, sex, age at onset, stools at
onset, histological classification, medical therapy, nutritional
support, surgical therapy, and systemic complications.

Exome and Targeted Sequencing Analysis

Genomic DNA was obtained from peripheral blood using the
PAXgene Blood DNA Kit (Qiagen, Valencia, CA). Exome
analysis was performed using an Ion TargetSeq™ Exome kit
and an Ion Proton System (Life Technologies, Carlsbad, CA)
according to the manufacturer’s protocol. We selected
nonsynonymous or splice-site mutations with a frequency of
less than 1 %, as determined by the 1000 Genomes Project, the
Exome Sequencing Project, Complete Genomics 46 (CG46),
and the Human Genetic Variation Database (HGVD), and
with a frequency of less than 5 % based on data obtained in-
house for 64 healthy controls to cover all exons and examine
whether the patients have mutations in candidates of novel
responsible genes for VEO-IBD. To examine whether the pa-
tients had mutations in reported genes, we selected 55 genes
reported to be responsible for PID and/or IBD for the targeted
gene panel analysis, as listed in Table 1.

Mutation Analysis by Sanger Sequencing

All mutations identified by exome analysis were verified by
direct Sanger sequencing. Polymerase chain reaction (PCR)
using genomic DNA and subsequent Sanger sequencing of
IL-10RA, XIAP, and CYBB were performed as previously de-
scribed [4, 19]. The primers used are listed in Table S1. Total
RNA was extracted from peripheral blood mononuclear cells
(PBMCs) with an RNA Extraction Kit (Qiagen), and reverse
transcription (RT)-PCR was performed with an RNA PCR kit,
Ver. 3.0 (Takara, Otsu, Japan). The PCR products were sub-
jected to sequencing using a BigDye Terminator v3.1 Cycle
Sequencing kit and an ABI PRISM 310 Genetic Analyzer or a
3500xL Genetic Analyzer (Applied Biosystems, Carlsbad,
CA).

Functional Assays for IL-10 Signaling

PBMCs were collected by Ficoll-Paque centrifugation and
cryopreserved. For the signal transducer and activator of tran-
scription 3 (STAT3) phosphorylation assays, PBMCs were
cultured in RPMI 1640 medium supplemented with fetal bo-
vine serum (FBS) at a density of 1 x 10° cells/ml at 37 °C, 5 %
CO, for 1 h. Cells were stimulated with human recombinant
IL-10 (PeproTech Inc., Rocky Hill, NJ) at 37 °C, 5 % CO, for
30 min, and lysed in sodium dodecyl sulfate sample buffer
with 10 % mercaptoethanol. Lysed cells were sonicated twice
for 15 s on ice, boiled for 5 min and subjected to
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Table 1  List of responsible genes for pediatric IBD analyzed in this study

Disease classification Syndrome/disorder Gene Inheritance
Immunodeficiencies affecting cellular and humoral immunity yc deficiency IL2RG XL
RAGTI deficiency RAGI AR
RAG2 deficiency RAG2 AR
Artemis deficiency DCLREIC AR
ADA deficiency ADA AR
DNA ligase IV deficiency LIG4 AR
CD3y deficiency CD3G AR
ZAP70 deficiency ZAP70 AR
DOCKS deficiency DOCKS8 AR
LRBA deficiency LRBA AR
IL-21 deficiency 1L21 AR
CDA40 ligand deficiency CD40LG XL
Combined immunodeficiency with associated or syndromic ~ Wiskott—Aldrich syndrome WAS XL
features Dyskeratosis congenita DKC1 XL
Hoyeraal-Hreidarsson syndrome RTELI1 AR
XL-EDA-ID IKBKG XL
EDA-ID IKBA AD
Immunodeficiency with multiple intestinal atresia TCC7A AR
Predominantly antibody deficiencies X-linked agammaglobulinemia BTK XL
AID deficiency AICDA AR
Common variable immunodeficiency 1COS AR
Phosphatidylinositol 3-kinase deficiency PIK3R1 AR
Diseases of immune dysregulation X-linked lymphoproliferative syndrome type 1 SH2D1A XL
X-linked lymphoproliferative syndrome type 2 XIAP XL
Immune dysregulation, polyendocrinopathy, enteropathy, X-linked FOXP3 XL
syndrome
IL-10 deficiency 1IL10 AR
IL-10R« deficiency ILIORA AR
IL-10Rf3 deficiency IL10RB AR
NFATS5 haploinsufficiency NFAT5 AD
Familial hemophagocytic lymphohistiocytosis type 5 STXBP2 AR
CD25 deficiency IL2RA AR
Hermansky—Pudlak syndrome HPSI1 AR
Hermansky—Pudlak syndrome HPS4 AR
Hermansky—Pudlak syndrome HPS6 AR
Congenital defects of phagocyte number, function, or both Chronic granulomatous disease CYBB XL
Chronic granulomatous disease CYBA AR
Chronic granulomatous disease NCF1 AR
Chronic granulomatous disease NCF2 AR
Chronic granulomatous disease NCF4 AR
Glycogen storage disease type 1b G6PT1 AR
Leukocyte adhesion deficiency type 1 INTGB2 AR
Severe congenital neutropenia type 4 G6PC3 AR
Defects in intrinsic and innate immunity STAT1 deficiency STAT1 AD
Phospholipase C-y2 deficiency PLCG2 AD
Auto-inflammatory disorders Familial Mediterranean fever MEFV AR
MVK deficiency MVK AR
Inflammatory skin and bowel disease-1 ADAM17 AR
Complement deficiencies MASP?2 deficiency MASP2 AR
Others Trichohepatoenteric syndrome SKIV2L AR
Trichohepatoenteric syndrome TTC37 AR
Dystrophic bullosa COL7A1 AR
Kindler syndrome FERMT1 AR
Familial diarrhea GUCY2C AD
Tufting enteropathy EPCAM AR
Hirschsprung’s disease RET AD

AD autosomal dominant, AR autosomal recessive, XL X-linked, RAG recombination activating gene, ADA adenosine deaminase, CD cluster of
differentiation, ZAP zeta-chain associated protein kinase, DOCK dedicator of cytokinesis, LRBA lipopolysaccharide-responsive and beige-like anchor
protein, £EDA-ID anhidrotic ectodermal dysplasia with immunodeficiency, A/D activation-induced cytidine deaminase, NFAT nuclear factor of activated
T cells, STAT signal transducers and activator of transcription, MVK mevalonate kinase, MASP mannose-binding lectin-associated serine protease

electrophoresis, and then transferred to nitrocellulose mem- Reagent for Can Get Signal (Toyobo, Osaka, Japan) for
branes. Membranes were blocked with PVDF Blocking 30 min. Western blot analysis was performed with anti-
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PSTAT3 rabbit monoclonal antibody (Tyr705) (Cell Signaling
Technology, Danvers, MA) which recognized phosphorylated
tyrosine residue 705, horseradish peroxidase (HRP)-conjugat-
ed anti-rabbit IgG antibody, and ECL Western Blotting
Detection Reagents (GE Healthcare, Tokyo, Japan).
Membranes were stripped with Restore Western Blot
Stripping Buffer (Thermo Fisher Scientific Inc., Carlsbad,
CA) for 15 min and probed with anti-STAT3 mouse monoclo-
nal antibody and anti-actin monoclonal antibody (Sigma), as
described previously [4].

For the cytokine production assay, PBMCs were cultured
in RPMI 1640 medium supplemented with FBS at a density of
1% 10° cells/ml at 37 °C, 5 % CO, for 1 h. Lipopolysaccharide
(LPS) (Sigma, St. Louis, MO) was added to the culture medi-
um at a final concentration of 100 ng/ml in the presence or
absence of 100 ng/ml of human recombinant IL-10, and cells
were cultured at 37 °C, 5 % CO, for 6 h. Culture supernatants
were collected and proinflammatory cytokine levels were
measured with a Human Inflammatory Cytokines Multi-
Analyte ELISArray™ kit (Qiagen).

Flow Cytometry Analysis

Flow cytometry analysis of the XIAP protein in PBMCs
permeabilized with 0.1 % Triton X-100 was performed using
fluorescein isothiocyanate (FITC)-labeled anti-XIAP mono-
clonal antibody clone 48 (BD Biosciences, Franklin Lakes,
NJ) and isotype-matched control IgG, and subjected to flow
cytometry analysis.

A superoxide production assay in response to phorbol
myristate acetate (PMA) stimulation was performed on pe-
ripheral blood from the patients and their parents using
dihydrorhodamine (DHR)-123 staining and subjected to flow
cytometry analysis. Percentage of superoxide production—
positive cells was determined by the ratio of cell numbers in
PMA stimulated cells producing superoxide more than upper
limit of unstimulated cells. Stimulation index was determined
by quantitating mean fluorescent intensity in PMA stimulated
cells compared to unstimulated cells.

Serum Cytokine Profiles

Serum was obtained from peripheral blood of patients and
healthy controls by centrifugation at 1500xg for 5 min.
Serum cytokine levels were measured with a Human
Inflammatory Cytokines Multi-Analyte ELISArray™ kit

(Qiagen).
Statistical Analysis
The statistical significance of differences between groups was

determined using the chi-square test; *p <0.01 was considered
to indicate significance.

@ Springer

Results
Patient Characteristics

Table 2 shows a summary of the genetic analysis and the
clinical and pathological parameters for each of the 35 en-
rolled pediatric patients with IBD. In total, 23 male and 12
female patients were included, and all patients were Japanese,
except patient (Pt) 4, who is half Japanese and half Chinese,
and Pt 21, who is 7/8 Japanese and 1/8 Brazilian. No consan-
guineous families were included. Mean+standard deviation
(SD) for the age at onset of study group was 4.50+4.64 years,
and 27 patients were under the age of 6 years and 7 patients
were under the age of 1 year at onset. Two pairs of siblings
with IBD (Pts 31 and 33, 32 and 35) were included. In total,
17, 15, and 3 patients were diagnosed with UC, CD, and
unclassified IBD or other types of IBD, respectively. All pa-
tients except Pts 1, 2, and 10 were treated with more than two
immunosuppressive agents, 19 patients were treated with nu-
tritional support, and 11 patients underwent surgical
procedures.

Exome and Targeted Sequencing Analysis

In total, 5 of the 35 patients (14.3 %), including 4 patients with
VEO-IBD, were diagnosed with monogenic disorders follow-
ing exome and subsequent targeted sequencing analysis; 2, 2,
and 1 patients were found to have ILI0RA, XIAP, and CYBB
mutations, respectively (Table 2). All mutations were verified
by Sanger sequencing. No other new candidate genes respon-
sible for VEO-IBD were identified in all genes examined by
exome sequencing.

IL10RA Deficiency and Functional Assays

Pt 1 is a girl who showed initial symptoms of fever, vomiting,
and bloody diarrhea at the age of 12 days and subsequently
showed oral thrush, perianal abscess, and unique anal skin
tags (Fig. 1a). Endoscopic examination showed stenosis and
patchy erosion in the rectum (Fig. 1b). Pathological examina-
tion of biopsy specimens showed nonspecific active inflam-
mation and granulation. Immunological screening data were
normal, except elevated serum IL-10 levels (Fig. 5). Exome
sequencing and Sanger sequencing revealed compound het-
erozygous mutations in /L/0RA: a missense mutation at
¢.G350A (p.Argl17His) of maternal origin and a nonsense
mutation at ¢.C634T (p.Arg212X) of paternal origin in the
extracellular domain of the IL10RA protein (Fig. 1c). The
former was reported to be a rare SNP (rs199989396) with an
allele frequency of 1.7/1000 in the 1000 Genomes Project of
Asian populations, and predicted impact score for the mis-
sense mutation by SIFT and Polyphen2 was 0.1 and 1 (both
deleterious), respectively. She was treated with a surgical
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e IL10RA; c.G537A
Pt2
Pt2
Father
Mother

CAAGGTGCCGGGAAACTTCACG GTATG
A

Exon 4 Intron 4

Fig. 1 Genetic and clinicopathological analysis of patients 1 and 2 with
IL10RA deficiency. a Unique manifestation of perianal lesion with
abscess and skin tags, and b endoscopic evaluation showed stenosis and
patchy erosion in the rectum as indicated by arrows in patient 1. ¢
Mutations of /LI/0R gene in patient 1 and her parents. d Pathological

colostomy at the age of 2 months, due to severe stenosis of the
sigmoid colon and rectum. Her symptoms have gradually im-
proved and have no abdominal symptoms recently, except for
aprolonged fever following viral infection. We confirmed that
Pt 1 had no spontaneous reversion in /L/0RA at the age of
6 years by Sanger sequencing analysis in PBMCs. She has
been doing well for 6 years and has received no immunosup-
pressive therapy to date.

Pt 2 was a newborn boy from non-consanguineous parents
who had initial symptoms of watery diarrhea, recurrent fever,
skin candidiasis, failure to thrive, skin rash, and unique
perianal lesions. Endoscopic examination showed stenosis,
patchy erosion, and multiple ulcers in the rectum.
Pathological examination of biopsy specimens showed non-
specific active inflammation (Fig. 1d). Immunological data
were normal, with the exception of elevated serum IL-10
levels (Fig. 5). Exome sequencing revealed a homozygous

i 2 //\\

IL10RA IL10RA d
c.G350A c.C634T
CCCGCTT TCCCGAA
A T
CCCGCTT TCCCGAA
T
CCC(E:C'I‘I‘ TCCCGAA

IL10RA; cDNA r.520_537delGTGCCAGGAAACTTCACG

GCAAGGTGCCAGGAAACTTCACG TTCACACAC

Exon 4 Exon 5

evaluation of biopsy showed nonspecific active inflammation as
indicated by arrows in patient 2. e Genomic (left panel) and cDNA
(right panel) analysis of IL10RA mutations in patient 2 and his parents.
Normal splicing donor site (black bar) and aberrant splicing donor site
(red broken bar)

mutation in /LI0RA: ¢.G537A at the carboxy-terminal end
of exon 4, which was of both paternal and maternal origin
(Fig. le, left panel). The mutation was not reported in the
1000 Genomes Project or CG46; however, the allele frequen-
cy was reported to be 1.9/1000 in the HGVD. RT-PCR anal-
ysis confirmed that the mutation resulted in a splicing error
and an 18-base pair deletion (¢.520-537delGTGCCAGG
AAACTTCACG, p.Vall74 Thr179del) at the carboxy-
terminal end of exon 4 in the extracellular domain of the
IL10RA protein (Fig. le, right panel). He was treated with a
colostomy at the age of 6 months, due to severe stenosis of the
rectum. He died of multiple organ failure due to severe
hypercytokinemia following infection with the influenza virus
at the age of 11 months.

To confirm that these mutations in Pt 1 and Pt 2 were
functionally significant, we examined STAT3 phosphoryla-
tion in PBMCs in response to recombinant human IL-10
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stimulation. In contrast to the induction of STAT3 phosphor-
ylation following IL-10 stimulation in normal controls,
STAT3 phosphorylation was not observed in either patient
(Fig. 2). We next examined cytokine production in response
to LPS stimulation of PBMC:s in the presence or absence of
IL-10. Production of the proinflammatory cytokines IL-13,
IL-6, IL-8, and tumor necrosis factor-alpha (TNF-c), induced
by LPS stimulation, was varied among Pts 1, 2, and normal
controls. In contrast to normal controls, IL-10 did not have an
inhibitory effect on proinflammatory cytokine production in
PBMCs from either patient with an ILIORA deficiency.
Minimal inhibitory effects of IL-10 on IL-13 and TNF-« se-
cretion were observed in Pt 1 (Fig. S1).

XIAP Deficiency

Pt 3 is a boy who suffered from fever, bloody diarrhea, and
abdominal pain at the age of 6 years. Endoscopic examination
showed stenosis and ulcer formation in the sigmoid colon
(Fig. 3a). Pathological examination of biopsy specimens
showed nonspecific active inflammation (Fig. 3b). Whole-
exome sequencing revealed a nonsense mutation in X/AP,
c.C1141T (p.Arg381X), on the X chromosome, and we con-
firmed the mutation by Sanger sequencing (Fig. 3d). Blood
samples from the parents were not available. Flow cytometry
analysis of PBMCs from the patient confirmed that XIAP
protein expression was significantly reduced compared to that
in normal controls (Fig. 3¢). He was treated with 5-
aminosalicylic acid, prednisolone, and azathioprine, followed
by infliximab, tacrolimus, and prednisolone. He was also
treated with a surgical sigmoid colectomy at the age of 8 years;
however, his symptoms were not sufficiently controlled. He
received allogeneic cord blood hematopoietic stem cell trans-
plantation (HSCT) following reduced intensity conditioning
consisting of fludarabine, cyclophosphamide, and low-dose
total body irradiation. He achieved full-donor chimerism in
the bone marrow. His symptoms were completely ameliorat-
ed, the endoscopic findings at the site shown in Fig. 3a were
improved (Fig. 3¢), and XIAP protein expression became nor-
mal following allogeneic cord blood HSCT (Fig. 3e).

Pt 4 is a boy who suffered from anorexia, weight loss, and
general malaise at the age of 16 years, and computed tomog-
raphy showed multiple swellings of the intestinal lymph
nodes. Endoscopic examination showed multiple erosions
and aphthoid lesions in the ileum (Fig. 3f). Pathological ex-
amination of biopsy specimens showed apoptosis in the mu-
cosal layer and granulation. Exome sequencing revealed a
nonsense mutation in X/AP, ¢.C847T (p.GIn283X); his mother
is an asymptomatic carrier (Fig. 3g). No blood sample was
available from his father. Flow cytometry analysis of PBMCs
from the patient confirmed that XIAP protein expression was
significantly reduced compared to that in normal controls
(Fig. 3h). He has been treated with adalimumab and 5-
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Fig. 2 Impaired STAT3 phosphorylation of patients 1 and 2 with
IL10RA deficiency. Impaired tyrosine phosphorylation of STAT3
(Tyr705) in response to IL-10 stimulation in PBMCs. pSTAT3 tyrosine
phosphorylated STAT3, M molecular weight marker, kDa kilodalton

aminosalicylic acid, and his symptoms are partly controlled
to date. Allogeneic HSCT is under consideration as a curative
therapy for IBD.

CYBB Deficiency

Pt 5 is a boy who suffered from bloody diarrhea at the age of
6 years. However, he has not suffered from severe bacterial
and fungal infections, as are typically observed in patients
with CGD. Endoscopic examination showed edema and mul-
tiple bleeding in the rectum (Fig. 4a), and pathological exam-
ination showed poor basal plasmacytosis but increased infil-
tration of neutrophils and pigmented vacuolated macrophages
at disease onset (Fig. 4b). He then developed perianal abscess
and ulcers, and formation of granuloma in the jejunum at the
age of 14 years. Exome sequencing revealed a missense mu-
tation in CYBB, c.T615A (p.Phe205Leu); his mother is an
asymptomatic carrier (Fig. 4c). Predict impact score for the
missense mutation by SIFT and Polyphen2 was 0 and 0 (both
deleterious), respectively. Pt 5 showed significantly reduced
(percentage of superoxide production—positive cells was 75 %
and stimulation index was 4.17), but not total loss of superox-
ide production compared to that of his mother (94 % and 31.0)
and of his father (93 % and 51.9) (Fig. 4d). His mother had
minimally detectable negative, but not bimodal, peak of re-
duced superoxide production in the DHR analysis probably
because of X-chromosome inactivation or skewing to normal
allele. He was successfully treated with steroids and azathio-
prine. Based on the genetic diagnosis, we tapered azathioprine
and added prophylactic use of oral sulfamethoxazole and tri-
methoprim antibiotics as a standard therapy for CGD.

Serum Cytokine Profiles

It has been reported that serum IL-18 levels are significantly
elevated in patients with XIAP deficiency who also showed
hemophagocytic lymphohistiocytosis [20]. To identify new
immunological parameters in patients with pediatric IBD,
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Fig. 3 Genetic and clinicopathological analysis of patients 3 and 4 with
XIAP deficiency. a Endoscopic evaluation at onset showed stenosis and
ulcer formation in the sigmoid colon, b pathological evaluation of biopsy
specimen at onset showed nonspecific active inflammation as indicated
by arrows, and ¢ improved endoscopic finding after allogeneic cord
blood HSCT in patient 3. d X/AP mutation and e flow cytometric
demonstration of XIAP protein expression levels before and after

we measured serum proinflammatory cytokine levels. As
shown in Fig. Sa, IL-8 levels were significantly elevated in
both of the patients with XIAP deficiency who had IBD (785
+99 pg/ml) compared to those in healthy controls (mean=12
+5.0 pg/ml) (p<0.01). We could not examine immune re-
sponse to bacterial muramyl dipeptide (MDP) in patients with
XIAP deficiency due to limited blood samples. Serum IL-10
levels were significantly elevated in both patients with IL-
10RA deficiency (105+21 pg/ml) compared to those in
healthy controls (mean=10+5.0 pg/ml) (»p<0.01), which
was caused by compensation for impaired IL-10 signaling
(Fig. 5b). Variable IL-8 and IL-10 levels were observed in
other patients diagnosed with UC or CD without monogenic
mutations. Levels of other cytokines did not differ significant-
ly between Pts 1 and 5 and healthy controls.

allogeneic cord blood HSCT in patient 3. f Endoscopic evaluation at
onset showed multiple erosions and aphthoid lesions as indicated by
arrows in the ileum, g mutations of X/AP gene in the patient and his
mother, and h flow cytometric demonstration of reduced XIAP protein
expression levels in patient 4. In Fig. 3e, h, red histograms showed
isotype control and Y-axis denoted percent of maximum

Variants of Genes Responsible for PID

Next, we examined whether the allele frequency of any SNP
was significantly associated with an increased risk of IBD in
30 enrolled patients without monogenic mutations compared
with in-house Japanese healthy controls. A SNP of TNFSF15
(rs4246905) only tended to increase the risk of VEO-IBD,
although it was not statistically significant (Table S2).

Pt 28 had a heterozygous nonsense mutation in /L/0RA,
c.C634T (p.Arg212X) (Fig. S2a). A functional assay for pro-
inflammatory cytokine production in response to LPS re-
vealed that IL-10 had normal inhibitory effect on TNF-«x se-
cretion in Pt 28 similarly to healthy controls (Fig. S2b). Pt 9
had a heterozygous missense mutation in NCF4, ¢c.G478A
(p-V160M) (Fig. S2¢). However, Pt 9 also possessed a wild-
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Fig. 4 Genetic and clinicopathological analysis of patient 5 with CYBB
mutation. a Endoscopic evaluation showed edema and multiple bleeding
in the rectum, and b pathological evaluation of biopsy specimen at onset
showed increased infiltration of neutrophils (left panel) and pigmented
vacuolated macrophages (right panel) as indicated by arrows in patient 5.

type allele of NCF4 and showed normal levels of superoxide
production compared with healthy control. Therefore, we con-
cluded that these heterozygous mutations were not disease-
causing and were insufficient for the molecular diagnosis of
the autosomal recessive ILIORA deficiency or the autosomal
recessive form of CGD.

Discussion

In the present study, using exome sequencing, we identified 5
patients with monogenic disorders (IL10RA, XIAP, or CYBB
deficiency), including 4 patients with VEO-IBD, among 35
Japanese patients with pediatric IBD, and confirmed that these
mutations were functionally significant for the molecular
pathogenesis of each patient. The frequency was concordant
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had mutations in some of 40 responsible genes, as determined
by targeted gene panel sequencing [9].

IL-10 signaling plays an indispensable role in maintaining
immune homeostasis and mediates a range of anti-
inflammatory activities. IL-10 binds to a tetrameric receptor
composed of two IL10RA and two IL10RB molecules, and
IL-10-mediated signaling inhibits the production of proin-
flammatory cytokines [21]. Mutations in /L-10, ILI0RA, and
IL10RB have been reported in patients with VEO-IBD. The
characteristic phenotypes are very early-onset, and at less than
3 months of age, some patients show perianal lesions with
unique skin tags, fissures and abscess, eczematous skin rash,
and susceptibility to infections. Endoscopic examination
showed erosion and ulcers, as well as pathologically nonspe-
cific inflammation, granuloma, infiltration of immune cells,
and crypt abscess formation; these same symptoms were ob-
served in our patients. Immunosuppressive therapy was not
fully effective, and allogeneic HSCT, a potentially curative
therapy, was also considered [4, 22-25]. Recently, Neven
et al. reported an unexpected complication in five patients
with mutations in /L/0RA or IL10RB, who developed similar
phenotypes of diffuse large B cell lymphoma caused by so-
matic second-hit mutations in tumor cells and loss of host
immune surveillance against tumor cells [26].

The clinical severity differed between our two patients with
IL10RA deficiency; Pt 1 improved spontaneously, whereas Pt
2 died of hypercytokinemia following influenza virus infec-
tion at the age of 11 months. Lu et al. reported a Chinese
patient with the same homozygous /L/0RA mutation as ob-
served in Pt 2, who also showed severe clinical symptoms
[27]. This mutated allele may be relatively frequent in east
Asian countries. We confirmed that Pt 1 had no spontaneous
reversion in /L10RA at the age of 6 years. Therefore, we spec-
ulated that the difference in clinical severity might have been
caused by a partial inhibitory effect of IL-10 on production of
proinflammatory cytokines, IL-13 and TNF-«, in response to
LPS in Pt 1; however, this effect was not observed in Pt 2
(Fig. S1). Another possibility is that other compensatory
mechanisms for IL-10 signaling defects may be involved in
regulating immune homeostasis in Pt 1.

Mutation of X/AP is responsible for X-linked lymphopro-
liferative syndrome type II, and XIAP mediates signaling be-
tween NOD2 and nuclear factor-kappa B (NF-kB). NOD2 is
stimulated by bacterial MDP and induces the production of
IL-8 and monocyte chemotactic protein-1 via NF-kB.
Therefore, loss of XIAP function results in impairment of
the immune response via NF-kB and induces chronic inflam-
mation [28]. Mutations in X7AP induce clinical manifestations
similar to CD in the gastrointestinal tract [28-35]. Allogeneic
HSCT is a curative therapy for the disease, and Pt 3, who
received HSCT following reduced intensity conditioning,
achieved full-donor chimerism in the bone marrow and im-
provement of gastrointestinal symptoms, as shown in Fig. 3c.

Flow cytometric analysis for XIAP protein expression in
PBMCs was useful for screening the patients with XIAP de-
ficiency and for confirming the diagnosis and the improve-
ment in XIAP protein expression levels after HSCT.

X-linked CGD is caused by mutations in CYBB, which
encodes glycoprotein 91-phox protein as a component of nic-
otinamide adenine dinucleotide phosphate (NADPH) oxidase
[36]. Loss of superoxide production in CGD patients induces
IL-13 production and chronic inflammation in the gastroin-
testinal tract, which is recognized as CGD colitis [37]. Exome
sequencing identified a missense mutation in CYBB that
caused significant, but not complete, loss of NADPH oxidase
activity in Pt 5. Pathological examination of CGD colitis
shows infiltration of eosinophils and neutrophils, as well as
pigmentation and inclusion bodies in macrophages [38], as
was observed at disease onset in Pt 5. Granulation was ob-
served at 8 years following disease onset in Pt 5. Therefore, a
subtype of CGD with partial NADPH oxidase activity is in-
cluded in the spectrum of pediatric IBD; these patients show a
lack of susceptibility to bacterial and fungal infections, which
is atypical for severe forms of CGD [39].

We identified heterozygous nonsense mutations of
ILI0ORA in Pt 28, although this mutation was not func-
tionally significant, as determined by the cytokine pro-
duction assay. Kelsen et al. recently identified variants
in PID genes that were more frequently observed in
VEO-IBD patients than in healthy controls, including
heterozygous mutations in /L/0RA. In this paper, IL-10
was less efficient at reducing TNFa« production from
LPS-stimulated macrophages. Therefore, further analyses
will be required to determine the exact effects of the
heterozygous variant on the molecular pathogenesis of
autosomal recessive forms of VEO-IBD [40].

The contribution of genetic background remains un-
clear in more than 80 % of the patients enrolled in this
study. SNPs associated with an increased risk of pediat-
ric IBD were not observed in the Japanese population
enrolled in our study. Whole-genome sequencing may
identify genetic factors in introns and transcriptional
regulatory regions. In addition, we should consider
whether a dysregulated immune response to microbiota
and dysbiosis, as determined by metagenomic analysis,
is involved in the pathogenesis of pediatric IBD.

An accurate molecular diagnosis is crucial to identify
pediatric IBD patients with monogenic PID, such as IL-
10 signaling defects, XIAP deficiency, CGD, IPEX syn-
drome, Wiskott—Aldrich syndrome, and common vari-
able immunodeficiency. Our study suggests that compre-
hensive whole-exome sequencing is necessary for iden-
tifying or excluding monogenic PID and for determining
the appropriate therapy, including the indication for al-
logeneic HSCT, in patients with refractory IBD and
VEO-IBD.
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