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Abstract

Background: Inborn errors of immunity (IEl) comprise more than 400 rare diseases
with potential life-threatening conditions. Clinical manifestations and genetic defects
are heterogeneous and diverse among populations. Here, we aimed to characterize
the clinical, immunologic, and genetic features of Thai pediatric patients with IEI. The
use of whole-exome sequencing (WES) in diagnosis and clinical decision making was
also assessed.

Methods: Thirty six unrelated patients with clinical and laboratory findings consistent
with IEl were recruited from January 2010 to December 2020. WES was performed
to identify the underlying genetic defects.

Results: The median age of disease onset was 4 months (range: 1 month to 13 years),
and 24 were male (66.7%). Recurrent sinopulmonary tract infection was the most
common clinical presentation followed by septicemia and severe pneumonia. Using
WES, we successfully identified the underlying genetic defects in 18 patients (50%).
Of the 20 variants identified, six have not been previously described (30%). According
to the International Union of Immunological Societies (IUIS), 38.9% of these detected
cases (7/18) were found to harbor variants associated with genes in combined immu-
nodeficiencies with associated or syndromic features (Class Il).

Conclusion: The diagnostic yield of WES in this patient cohort was 50%. Six novel
genetic variants in |IEl genes were identified. The clinical usefulness of WES in |IEl was
demonstrated, emphasizing it as an effective diagnostic strategy in these genetically

heterogeneous disorders.
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1 | INTRODUCTION

Inborn errors of immunity (IEl) are a heterogeneous group of more
than 400 monogenic disorders caused by defects in genes respon-
sible for different components of the immune system. IEl have
phenotypic and genetic heterogeneity with varying degrees of im-
munodeficiency and immune dysregulation.>? With the advent of
next-generation sequencing (NGS), the number of novel variants
in known genes and newly identified genes responsible for IEI has
been increasing rapidly.3'5 This has expanded our understanding of
genotype-phenotype correlations and provided better insights into
the pathogenesis of IEl. Currently, these diseases are classified into
10 different categories by the International Union of Immunological
Societies (1UIS).*7

Genetic testing plays a vital role in the diagnosis and manage-
ment of patients suspected of IEI. It facilitates rapid and timely di-
agnosis, making more precise treatment planning, leading to better
patient outcomes.*®1° In addition, knowing exact genetic defects
can help determine the inheritance pattern and family members at
risk. This genetic information could provide the basis for counseling
on family planning.

The application of next-generation sequencing (NGS) including
whole-exome sequencing (WES) and whole-genome sequencing
(WGS) has accelerated the discovery of novel disease-associated
genes causing IEl and helped unravel disease-associated variants in
several unresolved cases.>*'2 NGS has become a valid and cost-
effective tool for diagnosis of IElI with diagnostic yield ranging from
15% to 79%.>'* It has been demonstrated that patients with IEI
have a wide spectrum of clinical manifestations including atypical
presentation and overlapping features. Therefore, WES could be
used as a first-tier test for such cases>!® In this study, we aimed to
characterize the clinical and genetic features of IEl in the Thai pedi-
atric population. WES was performed in all cases. Our findings have

expanded the phenotypic and genotypic spectrum of IEI.

2 | METHODS

2.1 | Patients

A total of 36 unrelated patients with clinical and laboratory findings
suspected of IEl were recruited in the study. Most of the patients
were evaluated at King Chulalongkorn Memorial Hospital from
January 2010 to December 2020. Serum levels of immunoglobulins
1gG, IgA, and IgM were measured using nephelometry. Serum IgE was
measured using Elecsys® IgEll immunoassay (Roche). Flow cytome-
try for lymphocyte subpopulations was performed using BD Tritest™
CD3 FITC/CD4 PE/CD45 PERCP, CD3 FITC/CD8 PE/CD45 PERCP,
CD3 FITC/CD19 PE/CD45 PERCP, CD3 FITC/CD16, and CD56 PE/
CD45 PERCP (BD). T-lymphocyte proliferation responses to phyto-
hemagglutinin (PHA) were measured. The amount of 3H-thymidine
detected in cells stimulated with PHA was divided by 3H-thymidine
detected in unstimulated cells. The result was demonstrated as the
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stimulation index (Sl). Dihydrorhodamine (DHR) flow cytometry test
was used to evaluate granulocyte oxidative bursts. The Sl was calcu-
lated as the ratio of geometric mean channel fluorescence intensity
of phorbol myristate acetate-stimulated and unstimulated granulo-
cytes. A healthy control was also used along with the patients' sam-
ples in the PHA stimulation test and DHR test.

Written informed consent was obtained from the patients and/or
their parents. This study was approved by the Institutional Review Board
of the Faculty of Medicine, Chulalongkorn University (IRB No.264/62),

and conducted in accordance with the Declaration of Helsinki.

2.2 | Whole-exome sequencing and data analysis

After informed consent, three milliliters of peripheral blood was
taken from the patients and their available parents. Genomic
DNA was extracted from peripheral blood leukocytes using the
Puregene Blood Kit (Qiagen). Whole-exome sequencing (WES) was
performed by Macrogen, Inc. as previously described.*® In brief,
DNA samples were prepared as an lllumina sequencing library, and
in the exome capture step. The sequencing libraries were enriched
by SureSelect Human All Exon V7 Kit. The captured libraries
were sequenced using lllumina HiSeq 4000 Sequencer. Sequence
reads were mapped against UCSC hgl9 using Burrows-Wheeler
Alignment (BWA) software (http://bio-bwa.sourceforge.net/). The
single nucleotide polymorphisms (SNPs) and indels were detected
by SAMtools (http://samtools.sourceforge.net/) and annotated by
dbSNP&1000G. A total of 1648 genes listed in abnormality of the
immune system (HP:0002715) were applied in the analysis. The
variants were subsequently filtered out if they were present in
our in-house database of 2166 unrelated Thai exomes. The vari-
ants would be called novel if they were not listed in the ClinVar
Miner database (https://clinvarminer.genetics.utah.edu/) and
the Genome Aggregation Database (GnomAD) (https://gnomad.
broadinstitute.org). Prediction software including PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/), SIFT (Sorting Intolerant
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From Tolerant; http://sift.bii.a-star.edu.sg/www/SIFT_seq_submi
t2.html), and M-CAP (http://bejerano.stanford.edu/mcap/) was
used to analyze the potential pathogenicity of the missense vari-
ants. In addition, for insertion and deletion variants, PROVEAN
(Protein Variation Effect Analyzer; http://provean.jcvi.org) was
used for protein function prediction. All novel potential causative

variants were confirmed by PCR-Sanger sequencing.

3 | RESULTS

A total of 36 patients clinically diagnosed with IEl were included and
underwent WES. The median age of disease onset was 4 months
(range: 1 month to 13 years), and 24 (66.7%) were male. The most
frequent clinical presentation was recurrent sinopulmonary tract in-
fections (33.3%), followed by septicemia (30.6%) and severe pneu-
monia (16.7%). The clinical manifestations and immunologic findings
are summarized in Table 1. The clinical diagnosis distribution of all
patients based on IUIS classification is shown in Figure 1A.
Whole-exome sequencing (WES) was performed to investi-
gate the genetic defects in all 36 cases. According to the American
College of Medical Genetics and Genomics/Association for
Molecular Pathology (ACMG/AMP) guideline for variant classi-
fication, 20 variants including pathogenic, and likely pathogenic
explaining the patients' phenotypes were identified in 18 cases
(50%) (Figure 1B, Table 2). Of the 20 variants identified, 6 of 20
(30%) were novel (Table 3). These variants included eight missense,
six frameshift, three splicing, two nonsense, and one in-frame de-
letion. According to IUIS classification, seven cases were found
to harbor variants associated with genes in category II: combined
immunodeficiencies with associated or syndromic features; four
in category |: immunodeficiencies affecting cellular and humoral
immunity; three in both category Ill: predominantly antibody de-
ficiencies, and category IV: diseases of immune dysregulation;
and one in category V: congenital defects of phagocyte number,
function, or both. No variants were identified in genes classified
in categories VI-X (Figure 1B). Of all seven and three patients clas-
sified into categories Il and IV by clinical features, respectively,
the molecular defects were successfully identified in all of them
(Figure 1). Nevertheless, of the 14 patients with clinical diagnosis
of immunodeficiencies affecting cellular and humoral immunity,
four (29%) were found to harbor causative variants (Figure 1). This
could be due to the broad spectrum and variety of clinical pre-
sentations in this category. There were also three patients diag-
nosed with defects in intrinsic and innate immunity; however, no

disease-associated variants could be identified.
3.1 | Classl: Immunodeficiencies affecting
cellular and humoral immunity

Four variants in different genes including CD40LG, DOCKS, IL2RG,
and RAG1 were identified in four unrelated patients with IEI (Table 2).

Patient 1 presented with disseminated cryptococcosis affect-
ing skin, gastrointestinal tract, and blood. The leukocyte count and
flow cytometry were in normal range, while the immunoglobulin
test showed an elevated IgM level (5.07 g/L). The diagnosis of
hyper-IgM syndrome was made by identifying a hemizygous vari-
ant ¢.514T > C (p.Tyr172His) in CD40LG. This variant was inher-
ited from the mother and previously reported in individuals with
hyper-1gM syndrome.’

Patient 2 had chronic eczema, recurrent bacterial skin infections,
and recurrent pneumonia since the age of 2 years. He subsequently
developed pulmonary tuberculosis at 8 years old. His immunoglob-
ulin test revealed an elevated IgE level (1661 IU/ml). We identi-
fied a novel 1-bp insertion variant ¢.3201dupT (p.Val1068Cysfs*3)
in DOCK8 (Figure 2A, Table 3). The valine residue 1068 is highly
conserved among different species, from zebrafish to humans
(Figure S1). Loss-of-function mutations in DOCK8 are associated
with autosomal recessive hyper-IgE syndrome.

Patient 3 was found to have chronic diarrhea at the age of
3 months and subsequently developed severe pneumonia and sep-
sis. T-B + NK + severe combined immunodeficiency was suspected.
WES revealed a novel hemizygous variant ¢.722G > A (p.Ser-
241Asn) in IL2RG, which was inherited from the mother, confirm-
ing the diagnosis of X-linked severe combined immunodeficiency
(SCID) (Figure 2B). The serine residue 241 is conserved (Figure S1).
This variant was classified as likely pathogenic (Table 3).

Patient 4 developed pneumonia since the age of 4 months and
later developed rotavirus gastroenteritis, fungal skin infections,
and BCGitis. The leukocyte count and immunoglobulin levels were
extremely low (Table 1). T-B-NK + severe combined immunodefi-
ciency was suspected. WES revealed a known homozygous variant
€.1871G > A (p.Argb24His) in RAG1.18%

3.2 | Class ll: Combined immunodeficiencies with
associated or syndromic features

Seven patients were found to carry variants in genes associated
with combined deficiencies with associated or syndromic features.
The variants were identified in KMT2D, PGM3, STAT3, and TTC37
(Table 2).

Patient 5 was found to have recurrent sinopulmonary tract in-
fections and pancytopenia. She also had arched eyebrows, long pal-
pebral fissures, and depressed nasal tip. WES revealed a de novo
novel heterozygous 1-bp deletion, c.453delG (p.GIn152Argfs*56) in
KMT2D that was classified as pathogenic from ACMG classification
and associated with Kabuki syndrome (Figure 2C, Table 3). The glu-
tamine residue 152 is also conserved (Figure S1).

Patient 6 developed recurrent sinopulmonary tract infections,
severe atopic dermatitis, chronic diarrhea, and multiple food aller-
gies since the age of 2 years. Using WES, two compound previously
reported heterozygous variants c¢.1527delC (p.Asn510Metfs*4) and
c.1087A > G (p.Thr363Ala) in PGM3 were identified, confirming the
diagnosis of PGM3 deficiency.?°
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(A)

(n=4)

8%
(n=3)

14%
(n=5)

u Class I: Immunodeficiencies affecting cellular and humoral immunity
m Class III: Predominantly antibody deficiencies

Class V: Congenital defects of phagocytic number, function or both

8% (n=3)

20% (n=7)
n=36

Class II: Combined i

deficiencies with associated or syndromic features

m Class IV: Diseases of immune dysregulation

Class VI: Defects in intrinsic and innate immunity

11% (n=4)
(B)
6%
(n=2) 20% (n=7)
I (w)
28% 8% (n=3)
(n=10)
8% (n=3)
3%(n=1)
n=36
mClass I: 1 defici affecting cellular and h al immunity (w) Class II: Combined im deficiencies with iated or syndromic features(w)
m Class I11: Pred ly antibody deficiencies (w) u Class IV: Diseases of immune dysregulation(w)

Class V: Congenital defects of phagocytic number, function or both(w)
Class I: Immunodeficiencies affecting cellular and humoral immunity (n)

m Class V: Congenital defects of phagocytic number, function or both (n)

m Class I1I: Predominantly antibody deficiencies (n)

m Class VI: Defects in intrinsic and innate immunity (1)

FIGURE 1 IEl categorized by IUIS classification. (A) Clinical diagnosis distribution of all patients. (B) Molecular findings in patients with IEI
categorized by IUIS classification. IEl, Inborn errors of immunity; IUIS, International Union of Immunological Societies; n, negative WES; w,

positive WES; WES, whole-exome sequencing

Patients 7, 8, 9, and 10 developed recurrent skin infections and
recurrent pneumonia. They all had extremely elevated levels of IgE
(more than 2000 IU/ml) (Table 1). The known heterozygous variants
¢.1110-2A > G and ¢.1397A > G (p.Asn466Ser) in STAT3 were found
in patients 8 and 9, respectively.zL22 Two patients (patients 7 and 10)
harbored the same variant (c.1909G > A; p.Val637Met), which has
been reported previously.?®

Patient 11 had persistent diarrhea, with failure to thrive with light-
colored, brittle hair starting at the age of 1 month. PHA stimulation
test was markedly decreased (Sl = 2, control S| = 533). WES revealed
two compound heterozygous variants, c.2689delT (p.Cys897Alafs*27)
and ¢.154G > T (p.Glu52Ter) in TTC37. The c.154G > T (p.Glu52Ter)

inherited from the mother was reported in a 3-year-old girl with failure
to thrive, recurrent infections, and chronic diarrhea starting at 2 years
of age.?* The ¢.2689delT (p.Cys897Alafs*27) inherited from the father
has not been previously described (Figure 2D, Table 3). The cysteine
residue 897 is highly conserved (Figure S1). Trichohepatoenteric syn-
drome (THES) was diagnosed in this case.

3.3 | Class lll: Predominantly antibody deficiencies

Three patients (patients 12, 13, and 14) were found to harbor disease-
associated variants in the BTK gene associated with predominantly
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antibody deficiencies. All were male with recurrent sinopulmo-
nary tract infections and low levels of immunoglobulins requiring
monthly intravenous immunoglobulin. One of them (patient 13)
developed chronic bronchiectasis. Mutation analysis showed three
hemizygous variants, c.974 + 5G > A, c.179_181del (p.Lys60del),
and ¢.1635T > A (p.Tyr545*) in BTK in patients 12, 13, and 14, re-
spectively. The c.1635T > A (p.Tyr545*) was novel and classified as
pathogenic (Figure 2E, Table 3). The tyrosine 545 is highly conserved
(Figure S1). The ¢.974 + 5G > A and c.179_181del (p.Lys60del) were
previously described.?>%¢

3.4 | Class IV: Disease of immune dysregulation
There were three patients with PIDs carrying variants in the PRF1,
RAB27, and UNC13D genes.

Patients 15 and 17 had sepsis with splenomegaly and cytope-
nia. Their clinical features were consistent with hemophagocytic
lymphohistiocytosis (HLH). WES revealed a homozygous variant
c.658G > A, p.Gly220Ser in PRF1 in patient 15 and compound hetero-
zygous variants c.446delG (p.Gly149Alafs*13) and ¢.2709 + 1G > A
in UNC13D in patient 17. Both PRF1 and UNC13D genes were known
to be associated with familial hemophagocytic lymphohistiocytosis
syndrome (Table 2).27%?

Patient 16 was a 4-month-old boy born to consanguineous
parents. He was found to have fever, progressive splenomegaly,
pancytopenia, hyperferritinemia (1856 ug/L), hypofibrinogenemia
(<100 mg/dl), and hypertriglyceridemia (598 mg/dl). Bone marrow
aspiration and biopsy revealed hemophagocytosis. He also had oc-
ulocutaneous albinism with silver-colored hair and eyebrows. The
microscopic examination of his hair showed pigment clumps in the
medullary area. A novel deletion variant ¢.377delC (p.Pro126Gl-
nfs*3) in RAB27A was identified by WES confirming the diagnosis of
Griscelli syndrome type 2 (Figure 2F). The mother was heterozygous
for this variant. The paternal DNA was unavailable. The proline resi-
due 126 is highly conserved (Figure S1). It is classified as pathogenic
(Table 3).

3.5 | Class V: Congenital defects of phagocytic
number, function, or both

One patient was found to carry a variant in the G6PD gene.

Patient 18 developed Chromobacterium violaceum skin infec-
tion and necrotizing pneumonia at the age of 1 year. An elevated
white blood cell count with neutrophil predominance was seen
(WBC: 46,000 cells/ul, neutrophil 80%). Dihydrorhodamine (DHR)
test showed reduced oxidative burst (SI = 17.4, control SI = 110.7)

with broad histograms. The DHR pattern from the mother showed
bimodal distribution. WES identified a known hemizygous variant
c.496C > T, p.Argl66Cys in G6PD (Table 2) in the patient.’® His
G6PD activity was 0 U/gHb (4.6-13.5). The variant was also identi-
fied in the mother.

4 | DISCUSSION

We studied 36 pediatric patients with clinical and immunologic fea-
tures consistent with IEl. With whole-exome sequencing, as a first-
tier diagnostic tool, we successfully identified pathogenic and likely
pathogenic variants in 18 patients (50%). 30% of these identified
variants have not been previously described. In addition, 38.9% of
these detected variants were found in genes responsible for com-
bined immunodeficiencies with associated or syndromic features
(Class II). Our study is the first and largest to investigate the genetic
defects underlying IEl using WES in the Thai population.

Due to the phenotypic and genetic heterogeneity of IEIl, molecu-
lar diagnosis by NGS has become a crucial part for evaluating these
patients with complex condition. In addition, cases with atypical fea-
tures or severe manifestations would require rapid and definitive di-
agnosis that could be possibly made by using NGS. These results can
lead to appropriate decision and life-saving treatment in some pa-
tients. There were two patients whose clinical diagnosis was changed
after having molecular results. Patient 2 was initially diagnosed with
combined immunodeficiencies with associated syndromic features.
WES revealed a pathogenic variant ¢.3201dupT (p.Val1068Cysfs*3)
in DOCKS8, a gene associated with immunodeficiencies affecting cel-
lular and humoral immunity. Patient 5 was initially diagnosed to have
immunodeficiencies affecting cellular and humoral immunity at the
age of 2 months. The patient was found to harbor a heterozygous
c.453delG (p.GIn152Argfs*56) in KMT2D, the gene responsible for
Kabuki syndrome. Patients 4 and 16 were found to carry a homozy-
gous variant in RAG1 and RAB27A, respectively. Patient 4 underwent
hematopoietic stem cell transplantation (HSCT) shortly afterward.
Due to severe infection in patient 16, he has not received HSCT.
Previous studies have demonstrated that overall survival rate of
HLA-matched HSCT in both diseases is approximately 70%; how-
ever, poor T-cell engraftment and immune function could develop
unless conditioning prior to cell infusion was given.3%32

We also identified a hemizygous variant in IL2RG, confirming the
diagnosis of X-linked severe combined immunodeficiency (SCID) in
patient 3 (Table 2). He was the second child with a healthy brother.
The mother was found to be a carrier. Genetic counseling was then
provided. Subsequently, the mother was pregnant for the third time.
The baby boy was born at term after an uneventful pregnancy. He
was found to harbor the similar variant. T-cell receptor excision

FIGURE 2 Electropherograms showing all six novel variants identified in the PID genes. (A) The 1-bp insertion variant ¢.3201dupT
(p.Val1068Cysfs*3) in DOCK8 was present in patient 2. (B) The hemizygous variant ¢.722G > A (p.Ser241Asn) in IL2RG was detected in
patient 3 and his mother. (C) The de novo heterozygous 1-bp deletion c.453delG (p.GIn152Argfs*56) in KMT2D was identified in patient 5.
(D) The c.2689delT (p.Cys897Alafs*27) in the TTC37 gene was found in patient 11 and her father. (E) The c.1635T > A (p.Tyr545*) in BTK was
identified in patient 14. (F) The deletion variant ¢.377delC (p.Pro126GInfs*3) in RAB27A was present in patient 16 and his mother
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circles (TRECs) obtained from peripheral blood at birth were un-
detectable. At age nine days, flow cytometry was performed and
revealed lymphopenia with markedly low T-cell and NK cell num-
bers (lymphocyte 1330 cells/ul), CD3 (0.009 x 10%/L; normal range
2.50-5.50), CD4 (0.009 x 10%/L; normal range 1.60-4.00), CD8
(0.009 x 10°/L; normal range 0.56-1.70), CD19 (0.76 x 10°/L; nor-
mal range 0.30-2.00), and CD56 (0.08 x 10%/L; normal range 0.17-
1.10). The immunoglobulin testing also showed normal levels of
serum IgG (7.68 g/L; normal range 6.31-14.31) and IgA (<0.05 g/L;
normal range 0-0.08) with high IgM (0.25 g/L; normal range 0.01-
0.21). Intravenous immunoglobulin (IVIG) and prophylactic medica-
tions including fluconazole, acyclovir, and co-trimoxazole were given
starting at the age of 19 days. He received HSCT from his healthy
4-year-old brother at the age of 2 months and showed favorable
outcomes. IVIG has been administered monthly, and his laboratory
findings at the age of 1 year and 4 months revealed a normal ab-
solute lymphocyte count (3697 cells/ul), CD3 (2.96 x 107/L; normal
range 1.46-5.44), CD4 (1.70 x 10°/L; normal range 1.02-3.60), CD8
(0.89 x 107/L; normal range 0.57-2.23), CD19 (0.52 x 10°/L; normal
range 0.50-1.50), CD56 (0.15 x 10°/L), and 1gG (8.33 g/L; normal
range 3.44-11.8). He is currently 1 year and 2 months old without
history of severe infection.

As shown in patient 18, patients with severe G6PD deficiency
could present with recurrent infections mimicking the phenotype of
chronic granulomatous disease.>*%> The reduction in granulocyte
NADPH oxidase leads to the impairment of neutrophil extracellular
trap (NET) formation, resulting in susceptibility to infections.®¢ Our
patient currently receives co-trimoxazole prophylaxis with no epi-
sodes of severe infections.

There are six disease-associated variants that have not been
previously described. The functional consequences of these newly
identified variants require further studies. Functional validation
of variants remains fundamental to attribute pathogenicity with
certainty.®’

There were also 18 cases suspected of IElI with negative WES
results (50%) (Figure 1B). There were no differences in severity
between children who had a positive and negative WES (Table 1).
Of note, WES was able to identify molecular defects in all pa-
tients classified as combined immunodeficiencies with associated
or syndromic features, and diseases of immune dysregulation.
Nevertheless, of the 14 patients with clinical diagnosis of immu-
nodeficiencies affecting cellular and humeral immunity, four (29%)
were found to harbor disease-associated variants (Figure 1). This
could be due to the broad spectrum and variety of clinical presen-
tations in this category.

Whole-exome sequencing and WGS have markedly increased
the number of newly identified disease-associated genes; re-analysis
of the exome data for those novel genes could lead to diagnosis in
some patients.>3®% There is also a possibility that copy number or
structural variants, variants located deep within introns, and repeat
expansions could be missed by WES. It has been demonstrated

that whole-genome sequencing (WGS) could be used for further

evaluation if the cases remained undiagnosed after WES. If poten-
tial new disease-causing genes could be identified, evaluating the
validity and performing functional studies to confirm disease-gene
association and elucidate the pathophysiology underlying diseases
are required. Discovering novel |El-associated genes could provide
molecular insights into the pathway involved in the human immune
system and expand our knowledge of the molecular mechanism un-
derlying IEl or immune-related disorders. This could bring new ther-
apeutic opportunities leading to improved patient outcomes.

In conclusion, this study is the first and largest to investigate
genetic causes in pediatric IEl cases in the Thai population. WES
was successfully performed to identify the genetic defects in 50%
of cases. Of all the 20 variants found to be associated with the dis-
eases, six (30%) were novel. Our findings also demonstrated the
genetic and phenotypic heterogeneity of IEI supporting the use of
WES in diagnosis and clinical decision making.

ACKNOWLEDGMENTS

We would like to thank the patients and their families for par-
ticipating in this study. This work was supported by Thailand
Research Fund (BRG5980001, DPG6180001, MRG6080172),
Health Systems Research Institute (64-125, 64-132), TSRI Fund
(CU_FRB640001_01_30_10), Grants for Development of New
Faculty Staff, and Ratchadaphiseksomphot Endowment Fund,
Chulalongkorn University (764002-HEO1).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Maliwan Tengsujaritkul: Data curation (equal); Formal analysis
(equal); Writing - original draft (equal). Narissara Suratannon:
Formal analysis (supporting); Investigation (lead); Writing - original
draft (equal). Chupong Ittiwut: Formal analysis (equal); Methodology
(supporting); Software (equal). Rungnapa Ittiwut: Formal analy-
sis (equal); Methodology (supporting); Software (equal). Pantipa
Chatchatee: Conceptualization (supporting); Writing - review &
editing (equal). Kanya Suphapeetiporn: Conceptualization (equal);
Funding acquisition (equal); Supervision (equal); Writing - review
& editing (equal). Vorasuk Shotelersuk: Conceptualization (equal);
Funding acquisition (equal); Writing - review & editing (equal).

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/pai.13701.

ORCID

Narissara Suratannon "= https://orcid.org/0000-0003-1182-3611
https://orcid.org/0000-0002-7238-589X
https://orcid.org/0000-0002-7540-7564
https://orcid.org/0000-0001-5679-7547

https://orcid.org/0000-0002-1856-0589

Chupong Ittiwut
Rungnapa Ittiwut
Kanya Suphapeetiporn
Vorasuk Shotelersuk


https://publons.com/publon/10.1111/pai.13701
https://publons.com/publon/10.1111/pai.13701
https://orcid.org/0000-0003-1182-3611
https://orcid.org/0000-0003-1182-3611
https://orcid.org/0000-0002-7238-589X
https://orcid.org/0000-0002-7238-589X
https://orcid.org/0000-0002-7540-7564
https://orcid.org/0000-0002-7540-7564
https://orcid.org/0000-0001-5679-7547
https://orcid.org/0000-0001-5679-7547
https://orcid.org/0000-0002-1856-0589
https://orcid.org/0000-0002-1856-0589

TENGSUJARITKUL ET AL.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bousfiha A, Jeddane L, Picard C, et al. The 2017 IUIS phenotypic
classification for primary immunodeficiencies. J Clin Immunol.
2018;38(1):129-143.

Notarangelo LD. Primary immunodeficiencies. J Allergy Clin
Immunol. 2010;125(Suppl 2):5182-5194.

Meyts |, Bosch B, Bolze A, et al. Exome and genome sequenc-
ing for inborn errors of immunity. J Allergy Clin Immunol.
2016;138(4):957-969.

Seleman M, Hoyos-Bachiloglu R, Geha RS, Chou J. Uses of next-
generation sequencing technologies for the diagnosis of primary
immunodeficiencies. Front Immunol. 2017;8:847.

Stray-Pedersen A, Sorte HS, Samarakoon P, et al. Primary immuno-
deficiency diseases: genomic approaches delineate heterogeneous
Mendelian disorders. J Allergy Clin Inmunol. 2017;139(1):232-245.
Bousfiha A, Jeddane L, Picard C, et al. Human inborn errors of im-
munity: 2019 Update of the IUIS phenotypical classification. J Clin
Immunol. 2020;40(1):66-81.

Tangye SG, Al-Herz W, Bousfiha A, et al. Human inborn errors of
immunity: 2019 Update on the Classification from the International
Union of Immunological Societies Expert Committee. J Clin
Immunol. 2020;40(1):24-64.

Notarangelo LD, Fleisher TA. Targeted strategies directed at
the molecular defect: toward precision medicine for select
primary immunodeficiency disorders. J Allergy Clin Immunol.
2017;139(3):715-723.

Heimall JR, Hagin D, Hajjar J, et al. Use of genetic testing for primary
immunodeficiency patients. J Clin Immunol. 2018;38(3):320-329.
Castagnoli R, Delmonte OM, Calzoni E, Notarangelo LD.
Hematopoietic stem cell transplantation in primary immunode-
ficiency diseases: current status and future perspectives. Front
Pediatr. 2019;7:295.

Arts P, Simons A, AlZahrani MS, et al. Exome sequencing in routine
diagnostics: a generic test for 254 patients with primary immuno-
deficiencies. Genome Med. 2019;11(1):38.

Rudilla F, Franco-Jarava C, Martinez-Gallo M, et al. Expanding the
clinical and genetic spectra of primary immunodeficiency-related
disorders with clinical exome sequencing: expected and unex-
pected findings. Front Immunol. 2019;10:2325.

Yska HAF, Elsink K, Kuijpers TW, Frederix GWJ, van Gijn ME, van
Montfrans JM. Diagnostic yield of next generation sequencing in
genetically undiagnosed patients with primary immunodeficien-
cies: a systematic review. J Clin Immunol. 2019;39(6):577-591.
Al-Herz W, Chou J, Delmonte OM, et al. Comprehensive genetic
results for primary immunodeficiency disorders in a highly consan-
guineous population. Front Immunol. 2018;9:3146.

Platt C, Geha RS, Chou J. Gene hunting in the genomic era: ap-
proaches to diagnostic dilemmas in patients with primary immuno-
deficiencies. J Allergy Clin Immunol. 2014;134(2):262-268.

Ittiwut R, Sengpanich K, Lauhasurayotin S, et al. Clinical and mo-
lecular characteristics of Thai patients with ELANE-related neutro-
paenia. J Clin Pathol. 2020. doi:/10.1136/jclinpath-2020-207139
Athipongarporn A, Ittiwut C, Manuyakorn W, Assawawiroonhakarn
S, Larbcharoensub N, Shotelersuk V. Diagnosis of hyper IgM syn-
drome in a previously healthy adolescent boy presented with
cutaneous and cerebral cryptococcosis. Pediatr Infect Dis J.
2021;40(1):e18-e20.

Cifaldi C, Scarselli A, Petricone D, et al. Agammaglobulinemia asso-
ciated to nasal polyposis due to a hypomorphic RAG1 mutationin a
12 years old boy. Clin Immunol. 2016;173:121-123.

Alsmadi O, Al-Ghonaium A, Al-Muhsen S, et al. Molecular analysis
of T-B-NK+ severe combined immunodeficiency and Omenn syn-
drome cases in Saudi Arabia. BMC Med Genet. 2009;10:116.

Ittiwut C, Manuyakorn W, Tongkobpetch S, et al. Compound
heterozygous PGM3 mutations in a Thai patient with a specific

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wi LEYH

antibody deficiency requiring monthly IVIG infusions. J ClinImmunol.
2020;40(1):227-231.

Woellner C, Gertz EM, Schaffer AA, et al. Mutations in STAT3
and diagnostic guidelines for hyper-IgE syndrome. J Allergy Clin
Immunol. 2010;125(2):424-432.e8.

Minakawa S, Tanaka H, Kaneko T, et al. Hyper-IgE syndrome
with a novel mutation of the STAT3 gene. Clin Exp Dermatol.
2016;41(6):687-689.

Saikia B, Rawat A, Minz RW, et al. Clinical profile of hyper-IgE syn-
drome in India. Front Immunol. 2021;12:626593.

Chong JH, Jamuar SS, Ong C, et al. Tricho-hepato-enteric syn-
drome (THE-S): two cases and review of the literature. Eur J Pediatr.
2015;174(10):1405-1411.

Conley ME, Broides A, Hernandez-Trujillo V, et al. Genetic analysis
of patients with defects in early B-cell development. Immunol Rev.
2005;203:216-234.

Dogruel D, Serbes M, Sasihuseyinoglu AS, Yilmaz M, Altintas DU,
Bisgin A. Clinical and genetic profiles of patients with X-linked
agammaglobulinemia from southeast Turkey: novel mutations in
BTK gene. Allergol Inmunopathol. 2019;47(1):24-31.

Pronicka E, Piekutowska-Abramczuk D, Ciara E, et al. New perspec-
tive in diagnostics of mitochondrial disorders: two years' experi-
ence with whole-exome sequencing at a national paediatric centre.
J Transl Med. 2016;14(1):174.

Liu D, Hu X, Jiang X, Gao B, Wan C, Chen C. Characterization
of a novel splicing mutation in UNC13D gene through am-
plicon sequencing: a case report on HLH. BMC Med Genet.
2017;18(1):135.

Reference SNP (rs) Report. 2021. https://www.ncbi.nlm.nih.gov/
snp/rs758813224?vertical_tab=true#variant_details. Accessed
October 24, 2021.

Moradkhani K, Mekki C, Bahuau M, et al. Practical approach for
characterization of glucose 6-phosphate dehydrogenase (G6PD)
deficiency in countries with population ethnically heteroge-
neous: description of seven new G6PD mutants. Am J Hematol.
2012;87(2):208-210.

Gennery AR, Lankester A, Inborn Errors Working Party of the
European Society for B, Marrow T. Long term outcome and immune
function after hematopoietic stem cell transplantation for primary
immunodeficiency. Front Pediatr. 2019;7:381.

Greenberg-Kushnir N, Lee YN, Simon AJ, et al. A large cohort of
RAG1/2-deficient SCID patients-clinical, immunological, and prog-
nostic analysis. J Clin Immunol. 2020;40(1):211-222.

Al-Mofareh M, Ayas M, Al-Seraihy A, et al. Hematopoietic stem
cell transplantation in children with Griscelli syndrome type 2:
a single-center report on 35 patients. Bone Marrow Transplant.
2020;55(10):2026-2034.

Agudelo-Flérez P, Costa-Carvalho BT, Alvaro Lépez J, et al.
Association of glucose-6-phosphate dehydrogenase deficiency and
X-linked chronic granulomatous disease in a child with anemia and
recurrent infections. Am J Hematol. 2004;75(3):151-156.

Tangye SG, Al-Herz W, Bousfiha A, et al. Human inborn errors of
immunity: 2019 Update on the Classification from the International
Union of Immunological Societies Expert Committee. J Clin
Immunol. 2020;40(1):24-64.

Siler U, Romao S, Tejera E, et al. Severe glucose-6-phosphate dehy-
drogenase deficiency leads to susceptibility to infection and absent
NETosis. J Allergy Clin Immunol. 2017;139(1):212-219.e3.

Bucciol G, Van Nieuwenhove E, Moens L, Itan Y, Meyts |. Whole
exome sequencing in inborn errors of immunity: use the
power but mind the limits. Curr Opin Allergy Clin Immunol.
2017;17(6):421-430.

Thaventhiran JED, Lango Allen H, Burren OS, et al. Whole-genome
sequencing of a sporadic primary immunodeficiency cohort.
Nature. 2020;583(7814):90-95.


https://doi.org/10.1136/jclinpath-2020-207139
https://www.ncbi.nlm.nih.gov/snp/rs758813224?vertical_tab=true#variant_details
https://www.ncbi.nlm.nih.gov/snp/rs758813224?vertical_tab=true#variant_details

TENGSUJARITKUL ET AL.

il—Wl LEY

39. SunY, LiuF, Fan C, et al. Characterizing sensitivity and coverage of
clinical WGS as a diagnostic test for genetic disorders. BMC Med
Genomics. 2021;14(1):102.

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-

sion of the article at the publisher’s website.

How to cite this article: Tengsujaritkul M, Suratannon N,
Ittiwut C, et al. Phenotypic heterogeneity and genotypic
spectrum of inborn errors of immunity identified
through whole exome sequencing in a Thai patient
cohort. Pediatr Allergy Immunol. 2021;00:1-14.
doi:10.1111/pai.13701



https://doi.org/10.1111/pai.13701

