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Abstract. Ιnborn errors of immunity (IEI) represents a 
heterogenous collection of >480 immune system anomalies, 
leading to severe infections, autoimmune disorders and 
malignancies. While these conditions are rare globally, their 
prevalence is notably higher in the Jordanian population, attrib-
uted to elevated rates of consanguinity. The intricate nature of 
IEI has driven the adoption of genomic technologies for the 
identification of associated genetic defects. In the present study, 
whole‑exome sequencing was performed on nine Jordanian 
IEI patient samples, confirming germline single‑nucleotide 
variations (SNVs) in 14 genes through Sanger sequencing. 
Of note, signal transducer and activator of transcription 1 
(STAT1), elastase, neutrophil expressed (ELANE) and inter-
feron induced with helicase c domain 1 (IFIH1) harbored 
mutations that were previously unreported in the Jordanian 
IEI population. In addition, mutations in capping protein 
regulator and myosin 1 linker 2 (c.3683C>T), TNFα‑induced 
protein 3‑interacting protein 1 (TNIP1) (c.460C>G) and 
STAT1 (c.1061T>C) were confirmed, marking their associa-
tion with Jordanian IEI. For robustness, the genomic databases 
Ensemble, Genome AD and ClinVar were used to confirm the 
SNVs' associations with IEI. Kyoto Encyclopedia of Genes and 
Genomes pathway analysis also showed involvement of the 
IL‑17 signaling pathway (including IL‑17 receptor A), T‑helper 
type 17 cell differentiation (including STAT1), the JAK‑STAT 
signaling pathway (including STAT2 and tyrosine kinase 2), 
neutrophil extracellular trap formation (including ELANE), 
cocaine addiction [G protein signaling modulator 1 (GPSM1)] 

and cytokine‑cytokine receptor interaction (IL‑17 receptor C). 
In summary, exome sequencing identified a likely causative 
genetic defect in ELANE (PID‑28), STAT1 (PID‑30) and 
IFIH1 (PID‑33). The present findings reveal the association of 
novel STAT1, ELANE mutations with the clinical phenotype of 
the patients, as well as known mutations in NLRP12, GPSM1 
and TNIP1, in addition to novel ELANE, STAT1 and IFIH1 
mutations associated in the context of Jordanian IEI.

Introduction

Primary immunodeficiency disorders (PID), also termed as 
inborn errors of immunity (IEI), encompass a heterogeneous 
array of conditions characterized by compromised immune 
system function involving essential components, such as 
neutrophils, macrophages, dendritic cells (DC), complement 
proteins and natural killer cells, as well as T and B lympho-
cytes (1).

To date, a variety of >400 disorders have been listed under 
the term IEI and many of them have been described only in 
a small number of patients and families (2‑4). While PIDs 
are primarily hereditary, acquired deficiencies have also been 
identified (5). It is crucial to differentiate IEI from secondary 
immunodeficiencies, which arise more frequently due to 
various factors such as infections, medications, metabolic 
disease and environmental conditions. By contrast, IEI stem 
from genetic anomalies resulting in impaired immune cell 
functionality (5).

Immunoglobulin A deficiency is the most common IEI, 
estimated to affect 1 in 300 to 1 in 500 individuals, whereas 
other IEI are rarer, with an approximate prevalence of 1 in 
1,200 live births (6). The clinical indications of IEI are highly 
diverse and patients have a higher infection susceptibility. IEI 
may be diagnosed as a normal infection (ears, lungs and the 
sinuses), although they may be undetected if misdiagnosed (7). 
The diagnosis of such disorders requires specialized testing, 
accurate and timely diagnosis, as well as a relatively high 
suspicion (8). An experienced clinical immunologist in the 
evaluation of immunodeficiencies should be consulted for an 
accurate and early diagnosis, as well as precise treatment, which 
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could prevent the rate of morbidity related to such disorders 
and it should improve the patient outcomes (9). Furthermore, 
Amaya‑Uribe et al (10) found that there is a high prevalence 
of autoimmune disease (AD) among cases of IEI, indicating a 
link between the occurrence of both conditions. The authors 
found that a defect in autoimmune regulator and T‑regulatory 
cells of the central and peripheral tolerance is associated with 
AD development. In addition, the study found that chronic 
and recurrent infection through molecular mimicry, as well 
as activation of super antigens, are vital for the progression of 
AD, which are characteristics of IEI (10).

The basic classification of IEI depends upon the type of 
immune system defects; they are broadly classified as adaptive 
or innate immunity disorders, respectively (1). The advent of 
whole‑exome sequencing (WES) has significantly contrib-
uted to identifying novel causative genes in IEI cases (11). 
Particularly in regions with elevated rates of parental 
consanguinity, such as Jordan, where ~40% of marriages are 
consanguineous, WES has proven effective in identifying 
disease‑associated genes and variants. The prevalence of 
consanguinity before 1980 in Amman was ~30%, leading to a 
heightened predisposition to IEI (according to www.consang.
net). However, identifying new mutations requires robust 
evidence of their clinical relevance, necessitating functional 
genomic studies. These investigations delve into the impact of 
novel mutations on gene transcription, translation, transcrip-
tional regulation and protein structure and function, ultimately 
shedding light on the precise effects of these mutations on 
proteins. Thus, genetic testing is a must when a family history 
of IEI has been detected in one of the family members (12). 
The present study, for the first time, investigated a cohort of 
Jordanian patients in whom signal transducer and activator 
of transcription 1 (STAT1), elastase, neutrophil expressed 
(ELANE) and interferon induced with helicase C domain1 
(IFIH1) mutations were identified, and a new association 
with variants in NLR family, pyrin domain‑containing 12 
(NLRP12), G‑protein‑signaling modulator 1 (GPSM1) and 
TNFα‑induced protein 3‑interacting protein 1 (TNIP1) was 
discovered.

Patients and methods

Patient samples. Blood samples of members from 9 fami-
lies (total of 37 samples) were collected at the Primary 
Immunodeficiency Department at Queen Rania Al Abdullah 
Hospital for Children, King Hussein Medical Center (Amman, 
Jordan). All patients with IEI and their family members, for 
whom immunologic or genetic testing was carried out, signed a 
consent form. Genomic DNA was extracted using the DNeasy 
blood & tissue kit (Qiagen, Inc.) and stored at  ‑80˚C. The 
quality and quantity of the DNA samples was measured using 
a NanoPhotometer® N50 spectrophotometer (i IMPLEN).

Each patient had been noted to have recurrent infection, 
fever, sinusitis, lymphadenopathy and a family history of 
IEI or autoimmunity, and had undergone extensive lab tests, 
including complete blood count (CBC) and flow cytometry to 
determine any immune malfunction. Patients with abnormal 
immune results, such as agammaglobulinemia, low lympho-
cyte count or high immunoglobulin count, were considered 
patients with IEI. The samples used in the present study 

were chosen at random with no set criteria or procedure. The 
probands and their families presented at the Department of 
Immunology at Queen Rania Children's Hospital in September 
2021. By October 2021, the blood samples had been drawn 
at the Department of Immunology and the consent forms had 
been signed.

Patients and pedigrees. A total of 37 IEI samples from 9 
Jordanian families (patients and their father, mother and/or 
siblings), who had poorer response to conventional treatments 
and were in need of an alternative therapeutic strategy were 
chosen randomly for this study. A total of four patients were 
from consanguineous families (patient ID‑26, ID‑32, ID‑34 
and ID‑35], while the remaining probands had unrelated 
parents. In addition, three patients had a positive family 
history of PID (ID‑26, ID‑29 and ID‑32), while one (ID‑29) 
had a strong family history of familial Mediterranean fever 
(FMF) and three others (ID‑28, ID‑30 and ID‑33) had a nega-
tive family history. The father of proband PID‑31 had chronic 
kidney disease and vision problems.

Proband ID‑26 was a 2.5‑year‑old male who, at the age 
of 14 months, had developed lymphoproliferation, autoim-
mune cytopenia and a decreased level of consciousness. The 
patient had negative culture yields, Epstein‑Barr virus viremia 
and was treated with high‑dose intravenous immunoglobulin, 
rapamycin. The laboratory results showed that the patient 
had hypogammaglobulinemia (after rituximab). In addi-
tion, the proband had a negative next‑generation sequencing 
(NGS) result for the immunodeficiency panel and an elevated 
double‑negative T‑cell level.

Patient ID‑28 was a one‑year‑old male with recurrent 
admissions with fever and severe neutropenia. Once admitted 
with a submental abscess, the patient required surgical 
drainage. The patient suffered from severe neutropenia. The 
proband had no indication of maturation arrest in a bone 
marrow study performed at the age of 3 months. The patient 
also had normal immunoglobulin levels and a normal lympho-
cyte subset.

Patient ID‑29 was a 12‑year‑old female diagnosed with 
refractory Juvenile dermatomyositis since the age of 6 years. 
The patient did not have any history of breakthrough infec-
tions. The proband had hypergammaglobulinemia and 
steroid‑induced lymphopenia, and also had a heterozygous 
M694V mutation in the familial Mediterranean fever gene.

Patient ID‑30 was a 7‑year‑old male with recurrent admis-
sion with cough and fever since the early infancy period. 
The patient suffered from chronic mycosis of the skin, 
developmental delay and hypothyroidism. The proband's 
immunoglobulin levels were normal, as well as the dihy-
drorhodamine test and CBC.

Patient ID‑31 was a 3‑year‑old female diagnosed with 
biliary stasis at the age of 2 months. The patient had a history 
of recurrent fever since the early infantile period and a nega-
tive culture yield. Furthermore, the patient had a history of 
short liver synovitis, microscopic hematuria and prompt 
response to steroids. The laboratory analysis results showed 
that the patient suffered from neutrophilic leukocytosis. 
Inflammatory markers were also high, as well as the urine 
levels of mevalonate kinase. The patient's immunoglobulin 
levels were normal.
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Patient ID‑32 was a 6‑month‑old male patient with a 
history of chronic cough, failure to thrive and chronic diarrhea. 
Lab tests showed decreased naïve T cells, no lymphopenia, 
a reduced number of switched memory B cells and normal 
immunoglobulin levels. The family history indicated positivity 
for similar illness (the proband's brother) and the parents are 
consanguineous.

Patient ID‑33 was a 4‑year‑old female diagnosed with 
secondary alveolar proteinosis at the age 8 months, improved 
on antimicrobials and systemic steroids also, and was recur-
rently admitted with chest infections. The patient had a 
negative culture yield, developmental delay, as well as epilepsy 
disorder at the age of 2 years.

Patient ID‑34 was a 14‑year‑old male diagnosed with 
unclassified arthritis at the age of 11  years, managed by 
anti‑TNF. The patient had been diagnosed with esophageal 
candidiasis and at the age of 14 years, he had a prolonged 
fever. The initial lab results showed normal immunodeficiency 
work‑up and the patient also had a lymph node biopsy with 
atypical lymphoblasts. In addition, the patient had a positive 
family history of malignancy.

Patient ID‑35 was a 9‑month‑old male diagnosed with 
complicated meningitis at the age of 7 months. In addition, 
the patient has a polio vaccine‑associated paralysis and the 
candidate's diagnosis was based on major histocompatibility 
complex II deficiency. The patient has agammaglobulinemia 
and absent CD4 lymphocytes. The proband also had a positive 
family history of IEI with an affected brother. A summary of 
the cases is provided in Table I.

Pedigree charts were constructed using Progeny 
Genetics (https://pedigree.progenygenetics.com/), to reveal 
the occurrence and appearance of the PID phenotypes of 
particular patients and their ancestors from one generation 
to the next.

WES. Genomic DNA from each sample (3 µg) was randomly 
fragmented using the Covaris Acoustic System with the 
following settings: Frequency, 500  kHz; temperature, 
4˚C; and duration, 5 min. The fragmented DNA was then 
linked to adapters. The DNA was purified using Agencourt 
AMPure SPRI beads (Beckman Coulter, Inc.) according 
to the manufacturer's protocol, extracted, and amplified 
by ligation‑mediated PCR. For the ligation‑mediated PCR, 
KAPA HiFi HotStart DNA Polymerase (KAPA Biosystems) 
was used. The thermocycling conditions were as follows: 
Initial denaturation at 98˚C for 2 min; 15 cycles of denatur-
ation at 98˚C for 20 sec, annealing at 60˚C for 30 sec and 
elongation at 72˚C for 1 min; and final extension at 72˚C for 
5 min. It was then hybridized to Agilent's SureSelect Human 
All Exon V8 (Agilent Technologies, Inc.) for enrichment and 
the captured PCR products were subjected to quantitative 
PCR to estimate the magnitude of enrichment. Each captured 
library was subsequently sequenced using an Illumina 
NovaSeq sequencer (Illumina, Inc.). The sequenced reads 
were aligned to the human genome reference [University of 
California Santa Cruz (UCSC) hg38; https://genome.ucsc.
edu/] using SOAP aligner (soap2.21) and duplicated reads 
were filtered out. SOAPsnp (v.1.03) was used to assemble 
the consensus sequence and call genotypes in target regions, 
and integrative genomic viewer (IGV) 2.17.4 (https://igv.org) 

was utilized to visually inspect all reported variants. Patients 
born in consanguineous families were expected to show an 
autosomal recessive (AR) inheritance pattern. Therefore, 
the synonymous mutations were filtered out and the variants 
with a >0.5% frequency in dbSNP143 (https://vatlab.github.
io/vat‑docs/applications/annotation/variants/dbsnp/), 1000 
genomes (internationalgenome.org) and HapMap (coriell.
org) were excluded. The new single nucleotide polymor-
phisms (SNPs) detected were confirmed using Sanger 
sequencing. For this purpose, exon‑specific PCR primers 
were designed using Primer3 (https://primer3.ut.ee/), the 
annealing location of which was tested using in‑silico PCR 
(https://genome.ucsc.edu/cgi‑bin/hgPcr). Subsequently, the 
genomic DNA was amplified using FastGene Taq DNA 
polymerase (5 U/µl; 0.5 µl), 10 µM forward primer (1 µl), 
10 µM reverse primer (1 µl), 10 µM dNTP mix (1 µl), 10X 
Buffer A (15 mM) (5 µl), 100 ng of genomic DNA, with the 
mixture topped up to 50 µl with nuclease‑free water, in a 
BioRad (T100) thermal cycler (Bio‑Rad Laboratories, Inc.) 
The thermocycling program was as follows: Initial denatur-
ation at 95˚C for 5 min, 35 cycles of 95˚C for 15 sec, 60˚C 
for 30 sec and 72˚C for 1 min, followed by a final extension 
at 72˚C for 5 min. The PCR products were electrophoresed 
on a 2% agarose gel and purified with a QIAquick gel extrac-
tion kit (Qiagen, Inc.). They were then Sanger sequenced at 
Macrogen Europe BV and the sequencing electrophoregrams 
were analyzed using Lasergene17 (DNAStar, Inc.).

Pathway analysis. The genes harboring non‑silent muta-
tions were assigned to gene sets using the Molecular 
Signatures Database Human Collection [MSigDB 2023.1.Hs 
(https://www.gsea‑msigdb.org/gsea/msigdb/collections.jsp)], 
where the ‘canonical pathways’ were explored. Only 1 
nonsynonymous mutation per gene was accounted for in each 
IEI sample. 

Databases. ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) 
was used to confirm the SNVs' associations with IEI. The 
Online Mendelian Inheritance in Man (OMIM) database 
(https://www.omim.org/) was used to acquire information 
on the genes of interest and their relationship with the 
phenotype.

Results

WES results. WES was performed and the candidate genes 
were selected according to the patients' symptoms and diag-
nosis. Nearly 200 genes were chosen from a PID gene panel 
and visualized for each patient in order to cover all the possible 
disease‑causing genes. Only deleterious and damaging SNPs 
were considered for downstream analysis, while benign and 
likely benign SNPs were excluded.

The detected SNPs were in relevant genes to each 
patient's symptoms. These were heterozygous in the following 
genes: Interleukin 17 receptor A (IL17RA) (c.1345C>G; 
p.Arg449Gly), STAT1 (c.1061T>C; p.Leu354Pro), phos-
phoinositide 3‑kinase regulatory subunit 4 (PIK3R4) 
(c.574C>T; p.Leu192Phe), TNIP1 (c.460C>G; p.Asp154His), 
STAT2 (c.1466C>G; p.Pro489Arg), ELANE (c.659G>A; 
p.Arg220Gln), capping protein regulator and myosin 
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1 linker 2 (CARMIL2) (c.3683C>T; p.Pro1228Leu), 
NLRP12 (c.2591T>A; p.Leu863Gln), mannose binding 
lect in 2 (MBL2)  (c.154C>T; p.Arg52Cys),  T YK2 
(c.1342C>T; p.Arg448Trp), uracil DNA glycosylase 
(UNG) (c.262C>T; p.Arg88Cys) and cell division cycle 
associated 7 (c.679C>T; p.Arg227Cys). Furthermore, two 
homozygous SNPs were detected, one in GPSM1 (c.1283C>A, 
stop gained; p.Ser428Ter) and another in IFIH1 (c.2891G>A; 
p.Cys964Tyr). In addition, a CTC/CT frameshift muta-
tion (L/X) was detected in GPSM1 in patient PID‑32 and a 
TCTGGTCTT in‑frame insertion (p.V42VWSF) in IL17RC 
in patient PID‑35. Of note, five novel SNPs were identified 
in CARMIL2, TNIP1, STAT1, IL17RA and PIK3R4. Of these, 
c.1061T>C in STAT1 was de novo and further confirmed using 
Sanger sequencing (Figs. 1‑5 and Tables II and III).

Kyoto Encyclopedia of Genes and Genomes (KEGG; 
https://www.genome.jp/kegg/pathway.html) pathway analysis 
also showed involvement of the IL‑17 signaling pathway [IL‑17 
receptor A (IL17RA), c.1345C>G], T helper type 17 (Th17) cell 
differentiation (STAT1, c.1061T>C), the JAK‑STAT signaling 
pathway [STAT1 and tyrosine kinase 2 (TYK2)], neutrophil 
extracellular trap (NET) formation (ELANE, c.659G>A), 
cocaine addiction (GPSM1, c.1283C>A) and cytokine‑cyto-
kine receptor interaction (IL17RC, TCTGGTCTT in‑frame 
insertion) (Fig. 6).

Discussion

Primary immunodeficiencies encompass a diverse spectrum 
of disorders that necessitate precise diagnostic strategies. The 
emergence of NGS techniques has revolutionized clinical 
immunology. These methodologies not only aid in pinpointing 
the causative genetic variations but also inform therapeutic 
interventions, tailoring treatments to individual patient's 
genetic profiles (13,14).

A salient factor influencing the incidence of novel muta-
tions is consanguinity. In Jordan, consanguinity is more 
prevalent in rural areas (~40%) than in its capital, Amman, 
where these levels are ~25.5%. The historical trend of 
consanguinity in Amman also seems to have influenced the 
prevalence of PID. Marriages before 1980 had a consanguinity 
rate of ~30%. (15)

Consanguinity does not seem to be a relevant bias in the 
present cohort of patients with PID. A novel homozygous 
mutation of uncertain significance was found in GPSM1, 
only in patient ID‑32. In addition, the homozygous IFIH1 
variant was found in a family where consanguinity was not 
previously reported. In all other patients, only heterozygous 
variants/mutations were found.

Arunachalam et al (14) elucidated that PIDs are typically 
monogenic, arising from an SNV. By contrast, polygenic 
diseases often manifest as autoimmune conditions such as 
rheumatoid arthritis or systemic lupus erythematosus. Of note, 
certain genetic variations that are associated with PIDs also 
appear in autoimmune diseases, underscoring the interwoven 
nature of immunological disorders (14,15).

It is true that several studies have shed light on the genetic 
landscape of PIDs, but with different results. For instance, 
Arunachalam et al  (14) identified numerous genetic vari-
ants across different PID subtypes. In addition, studies from 
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Aghamohammadi et al (16,17), Abolhasssani et al (18,19) and 
Kilic et al (20) provided valuable insight into the distribu-
tion of PID subtypes in Iranian and Turkish populations, 
respectively.

In the present study, the genetic underpinnings of PIDs 
in 9 Jordanian patients were explored, identifying mutations in 
key immunological genes, including STAT1/2, MBL2, TYK2, 
UNG, TNIP1, CARMIL2 and ELANE, as well as a 9‑bp insertion 

Figure 1. Pedigrees of patients (A) ID‑26, (B) ID‑28 and (C) ID‑29, along with the single nucleotide polymorphisms detected in STAT2, ELANE and IL17RA, 
respectively, through exome‑sequencing and Sanger sequencing. Probands are indicated with arrowheads. Circles with a black dot indicate the mother or sister 
being a carrier of the corresponding SNV. A double line between parents represents consanguinity. A square with a black dot indicates the father or brother 
being a carrier of the corresponding SNV. A circle/square with a strike‑through line indicates a deceased subject. The different colors in the next‑generation 
sequencing reads from IGV depict the different nucleotides. Red is for ‘T’, blue is for ‘C’, green is for ‘A’ and brown is for ‘G’. STAT2, signal transducer and 
activator of transcription 2; ELANE, elastase, neutrophil expressed; IL17RA, interleukin 17 receptor A; SNV, single nucleotide variant.
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in IL17RC, and one frameshift and nonsense mutation in the same 
exon in GPSM1. Of note, a STAT2 mutation was found in patient 
ID‑26 suffering from hypogammaglobulinemia (after treatment 

with rituximab). However, STAT2 heterozygosity may have no 
impact on the patient; thus, it should be investigated along with 
PIK3R4 in order to determine their effect on the patient.

Figure 2. Pedigrees of patients (A) ID‑30 and (B) ID‑31, along with the single nucleotide polymorphisms detected in (A) CARMIL2 and STAT1 and (B) TNIP1 
through exome‑sequencing and Sanger sequencing. Probands are indicated with arrowheads. Circles with a black dot indicate the mother or sister being a 
carrier of the corresponding SNV. A double line between parents represents consanguinity. A square with a black dot indicates the father or brother being 
a carrier of the corresponding SNV. A circle/square with a strike‑through line indicates a deceased subject. The different colors in the next‑generation 
sequencing reads from IGV depict the different nucleotides. Red is for ‘T’, blue is for ‘C’, green is for ‘A’ and brown is for ‘G’. CARMIL2, capping protein 
regulator and myosin 1 linker 2; STAT1, signal transducer and activator of transcription 1; TNIP1, TNFα‑induced protein 3‑interacting protein 1; SNV, single 
nucleotide variant.

https://www.spandidos-publications.com/10.3892/br.2024.1848
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Figure 3. Pedigrees of patients (A) ID‑33 and (B) ID‑35, along with the single nucleotide polymorphisms detected in (A) MBL2 and IFIH1 and (B) IL17RC 
and CDCA7 through exome‑sequencing and Sanger sequencing. Probands are indicated with arrowheads. Circles with a black dot indicate the mother or sister 
being a carrier of the corresponding SNV. A double line between parents represents consanguinity. A square with a black dot indicates the father or brother 
being a carrier of the corresponding SNV. A circle/square with a strike‑through line indicates a deceased subject. The different colors in the next‑generation 
sequencing reads from IGV depict the different nucleotides. Red is for ‘T’, blue is for ‘C’, green is for ‘A’ and brown is for ‘G’. MBL2, mannose binding lectin 2; 
IFIH1, interferon induced with helicase C domain1; IL17RC, interleukin 17 receptor C; CDCA7, cell division cycle associated 7; cell division cycle associated 
7; SNV, single nucleotide variant.
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Furthermore, mutations in TYK2 and UNG were found 
in patient ID‑34, who had been diagnosed with unclassified 
arthritis and esophageal candidiasis.

Mutations in STAT1 have been reported in different 
ethnicities, affecting critical cellular processes, such as 
STAT1‑mediated responses to IFNG and IL27 (21,22) In the 
present cohort, patient ID‑30 had a heterozygous SNV in 
the CARMIL2 and STAT1 genes. CARMIL2 is associated 
with immunodeficiency‑58 (IMD58). This is an AR primary 
immunologic disorder distinguished by early‑onset skin 

lesions, such as eczematous dermatitis, infectious abscesses 
and warts, as well as recurrent respiratory infections or 
allergies, among others. CARMIL2 deficiency, as described 
by Wang et al  (23), presents with a unique set of clinical 
features, with compromised T‑cell subsets and antibody 
responses. STAT1 deficiency, on the other hand, is associ-
ated with three distinct phenotypes depending on whether 
it's loss of function (LOF) AD/AR or gain of function (GOF) 
AD, while LOF mutations correlate with compromised Th1 
immunity. GOF mutations are associated with impaired Th17 

Figure 4. Pedigree of patient ID‑34, along with the single nucleotide polymorphisms detected in TYK2 (A) and UNG (B) through exome‑sequencing and 
Sanger sequencing. Probands are indicated with arrowheads. Circles with a black dot indicate the mother or sister being a carrier of the corresponding SNV. 
A double line between parents represents consanguinity. A square with a black dot indicates the father or brother being a carrier of the corresponding SNV. 
A circle/square with a strike‑through line indicates a deceased subject. The different colors in the next‑generation sequencing reads from IGV depict the 
different nucleotides. Red is for ‘T’, blue is for ‘C’, green is for ‘A’ and brown is for ‘G’. TYK2, tyrosine kinase 2; UNG, uracil DNA glycosylase; SNV, single 
nucleotide variant.

https://www.spandidos-publications.com/10.3892/br.2024.1848
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immunity‑in the case of patient ID‑30, GOF mutations were 
more likely suggested based on the patient's clinical presenta-
tion. IMD31C is an immunologic dysregulation disorder with 
highly variable manifestations caused by AD GOF mutations 
in STAT1. Most patients present with chronic mucocutaneous 
candidiasis in infancy or early childhood (24). Other highly 

variable characteristics include persistent infections, enterop-
athy with villous atrophy and autoimmune disorders such as 
hypothyroidism and diabetes mellitus. In addition, IMD31C 
is inherited in an AD manner (25‑27). Both genes (STAT1, 
CARMIL2) could be relevant to the patient's disease, STAT1 
function (e.g. phosphorylation) should be investigated, in 

Figure 5. Pedigree of patient ID‑32, along with the single nucleotide polymorphisms detected in GPSM1 (frameshift and stop gained), through exome‑sequencing 
and Sanger sequencing. Probands are indicated with arrowheads. Circles with a black dot indicate the mother or sister being a carrier of the corresponding 
SNV. A double line between parents represents consanguinity. A square with a black dot indicates the father or brother being a carrier of the corresponding 
SNV. A circle/square with a strike‑through line indicates a deceased subject. The different colors in the next‑generation sequencing reads from integrative 
genomic viewer depict the different nucleotides. Red is for ‘T’, blue is for ‘C’, green is for ‘A’ and brown is for ‘G’. GPSM1, G‑protein‑signaling modulator 1; 
SNV, single nucleotide variant.
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Table  III. SNP and protein change for each detected gene per patient with inborn errors of immunity, along with the SIFT, 
PolyPhen‑2, CADD score, ClinVar and OMIM phenotype.

			   Protein			   CADD		
Patient	 Gene ID	 SNP change	 change	 SIFT	 PolyPhen‑2	 score	 ClinVar	 OMIM phenotype

ID‑26	 STAT2	 c.1466C>G	 p.Pro489Arg	 0 (deleterious)	 0.966	 22.5	 Uncertain	 Immunodeficiency
					     (damaging)		  significance	 44
	 PIK3R4	 c.574C>T	 p.Leu192Phe	 0 (deleterious)	 0.959	 26.9	 ‑	 ‑
					     (damaging)			 
ID‑28	 ELANE	 c.659G>A	 p.Arg220Gln	 0.56	 0.96	 21.8	 Pathogenic	 Severe congenital
				    (tolerated)	 (probably			   neutropenia
					     damaging)			 
ID‑29	 IL17RA	 c.1345C>G	 p.Arg449Gly	 0 (deleterious)	 0.997	 25.8	 ‑	 IMD‑51
					     (probably	 		 
					     damaging)			 
ID‑30	 STAT1	 c.1061T>C	 p.Leu354Pro	 0 (deleterious)	 0.989	 25.2	 ‑	 IMD 31 A,B,C
					     (probably	 		 
					     damaging)			 
	 CARMIL2	 c.3683C>T	 p.Pro1228Leu	 0 (deleterious)	 0.995	 25.0	 ‑	 IMD 58 
					     (probably	 		 
					     damaging)			 
ID‑31	 TNIP1	 c.460C>G	 p.Asp154His	 0.01	 0.996	  24.2	 ‑	 ‑
				    (deleterious)	 (possibly			 
					     damaging			 
ID‑32	 GPSM1	 CTC/CT	 L/X	 ‑	 ‑	 0.07	 ‑	 ‑
		  frameshift						    
		  c.1283C>A	 p.Ser428Ter	 ‑	 ‑	 0.22	 ‑	 ‑
		  (Stop gained)				 		    
	 NLRP12	 c.2591T>A	 p.Leu863Gln	 0 (deleterious)	 0.934	 24.3	 ‑	 Familial cold
					     (possibly			   autoinflammatory
					     damaging)			   syndrome 2
ID‑33	 IFIH1	 c.2891G>A	 p.Cys964Tyr	 0 (deleterious)	 1 (probably	 26.1	 ‑	 Immunodeficiency
					     damaging)			   95
	 MBL2	 c.154C>T	 p.Arg52Cys	 0 (deleterious)	 0.997	 24.3	 Risk factor	 Chronic infection
					     (Probably		  (pathogenic)	 (due to MBL2
					     damaging)			   deficiency)
ID‑34	 TYK2	 c.1342C>T 	 p.Arg448Trp	 0.01	 0.462	 24.8	 Uncertain	 Immunodeficiency
				    (deleterious)	 (possibly		  significance	 35
					     damaging)			 
	 UNG	 c.262C>T	 p.Arg88Cys	 0 (deleterious)	 0.714	 31.0	 Uncertain	 Immunodeficiency
					     (possibly		  significance;	 with hyper IgM,
					     damaging)		  conflicting	 type 5
							       interpretations	
							       of pathogenicity	
ID‑35	 CDCA7	 c.679C>T	 p.Arg227Cys	 0.01	 0.899	 23.6	 ‑	 ICF3
				    (deleterious)	 (possibly	 		 
					     damaging)			 
	 IL17RC	 TCTGGTCTT	 p. v42VWSF	 ‑	 ‑	 ‑	 ‑	 Candidiasis 
		  (inframe				 		    
		  insertion)						    

SNP, single nucleotide polymorphism; ClinVar, Clinical Variance; OMIM, Online Mendelian Inheritance in Man; STAT2, signal transducer 
and activator of transcription 2; PIK3R4, phosphoinositide 3‑kinase regulatory subunit 4; ELANE, elastase, neutrophil expressed; IL‑17RA, 
interleukin 17 receptor A; CARMIL2, capping protein regulator and myosin 1 linker 2; TNIP1, TNFα‑induced protein 3‑interacting protein 
1; GPSM1, G‑protein‑signaling modulator 1; NLRP12, NLR family, pyrin domain‑containing 12; IFIH1, interferon induced with helicase C 
domain1; MBL2, mannose binding lectin 2; TYK2, tyrosine kinase 2; UNG, uracil DNA glycosylase; CDCA7, cell division cycle associated 
7; IMD 51, immunodeficiency 51; ICF3, immunodeficiency‑centromeric instability‑facial anomalies syndrome‑3.
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addition to IL‑17A production testing post‑stimulation by 
phorbol 12‑myristate 13‑acetate and ionomycin, are useful to 
activate transcription factors for intracellular signaling and 
production of cytokines of many different immune cell types 
in the presence of Brefeldin, as well as the enumeration of 
Th17 lymphocytes, feasible through C‑C motif chemokine 
receptor 6 and C‑X‑C motif chemokine receptor 3 markers, 
to ascertain the diagnosis. In addition, CARMIL2 expres-
sion should be detected in the patient. Similarly, mutations 
in IL17RA and TYK2 have been associated with charac-
teristic clinical phenotypes and cellular defects  (28‑30). 
In the present study, a new IL17RA mutation was detected 
in a patient suffering from hypergammaglobulinemia and 
steroid‑induced lymphopenia, namely ID‑29. Two new 
mutations, one in STAT1 and another in CARMIL2, were 
also detected in a patient suffering from chronic mycosis of 
the skin, developmental delay and hypothyroidism, namely 
ID‑30. In addition, a new TNIP1 mutation was found in 
ID‑31, a patient diagnosed with biliary stasis at the age of 
2 months, with are current history of fever since the early 
infantile period, and a history of short liver synovitis and 
microscopic hematuria. Furthermore, studies have empha-
sized the clinical significance of mutations in genes such as 
UNG, MBL2 and IL17RC (14,31‑35).

Furthermore, studies reported the existence of NLRP12 
deficiency in Chinese patients, being a compelling case of the 
diverse clinical manifestations associated with PID mutations, 
ranging from erythema nodosa to systemic symptoms such as 
fever and lymphadenopathy (36‑38).

ELANE encodes leukocyte elastase, being produced by 
neutrophil precursors, and its mutations have been associated 
with different immunodeficiencies, such as congenital neutro-
penia (14,39,40). In the present study, ELANE mutation was 
found in patient ID‑28, who suffered from severe neutropenia. 
The patient was diagnosed with no maturation arrest in the 
bone marrow study performed at the age of 3 months.

IFIH1 (IMD95) encodes an RIG‑I‑like receptor involved 
in the sensing of viral RNA (41,42). IFIH1 variants are also 
related to hepatitis C virus clearance  (43). Heterozygous 
gain‑of‑function IFIH1 mutations have also been associ-
ated with autoimmune diseases  (44). Furthermore, rare 
gain‑of‑function mutations in IFIH1 significantly increase 
the production of type I IFN, leading to Aicardi‑Goutières 
or Singleton‑Merten syndromes (45,46). Nonetheless, IMD95 
is an AR disorder characterized primarily by recurrent and 
severe viral respiratory infections beginning in infancy or 
early childhood (47). Infections such as human rhinovirus 
which is the most common viral infectious agent in humans 
and is the predominant cause of the common cold and respira-
tory syncytial virus, a contagious virus that causes infections 
of the respiratory tract, frequently necessitate hospitalization 
or respiratory support. Immunologic testing is usually normal, 
though some minor abnormalities may be detected. The 
disorder is caused by a loss of the innate immune system's 
ability to sense viral genetic information, resulting in a lack 
of interferon production, poor response to viral and immuno-
logic stimulation and failure to control viral replication (48). 
The patient in whom the IFIH1 mutation was detected had a 

Figure 6. Bubble plot of KEGG pathway enrichment analysis of the genes with the detected single nucleotide polymorphisms in the Jordanian cohort with 
inborn errors of immunity. ‘Count’ indicates the number of genes enriched in each pathway. KEGG, Kyoto Encyclopedia of Genes and Genomes.
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low CD4 count. She was diagnosed with secondary alveolar 
proteinosis at the age of 8 months, had recurrent admissions 
with chest infection, as well as developmental delay and 
epilepsy disorder at the age of 2 years, which were associated 
with the patient's symptoms and initial diagnosis (15).

Familial cold autoinflammatory syndrome‑2 is an AD 
autoinflammatory disorder that causes episodic and recur-
ring rash, urticaria, arthralgia, myalgia and headaches. In 
most patients, these episodes are accompanied by fever and 
serologic signs of inflammation. The majority of patients, but 
not all, report that exposure to colds triggers their episodes. 
Other symptoms may include abdominal pain, thoracic pain 
and sensorineural deafness. The age of onset varies, ranging 
from infancy to middle age, and the severity and clinical 
manifestations are diverse (49). In the present study, patient 
ID‑32 had a mutation in NLRP12 and according to various 
databases, the variant found is pathogenic. The patient had 
a history of chronic cough, failure to thrive and chronic 
diarrhea, which explains the symptoms. Furthermore, a 
mutation in GPSM1 was detected for the same patient; he had 
decreased naïve T cells and a reduced number of switched 
memory B cells.

Despite the high rate of consanguinity (4 out of 9 patients), 
only two homozygous variants were identified, with only one 
potentially linked to an IEI. This can be explained by consid-
ering several factors related to genetic diversity, the complexity 
of inheritance patterns and the nature of the diseases involved. 
IEIs are often genetically heterogeneous, meaning they can be 
caused by mutations in different genes. Despite the high rate 
of consanguinity, the patients may carry mutations in different 
genes that lead to similar clinical phenotypes. In addition, 
not all individuals with a pathogenic variant will necessarily 
manifest the disease (incomplete penetrance) and the severity 
of the disease can vary among those who do (variable expres-
sivity) (38,50). This could result in only some of the patients 
showing symptoms of an IEI despite having related genetic 
backgrounds. Certain genetic conditions are caused by having 
two different mutations in a gene (one on each allele) rather 
than two identical mutations (homozygosity). In consanguin-
eous populations, there may still be a presence of compound 
heterozygous variants that are not immediately apparent as 
homozygous but that lead to disease (51). Besides homozygous 
variants, other mechanisms, such as copy number varia-
tions, epigenetic changes or mutations in regulatory regions 
may be responsible for IEIs and may not be easily detected 
by standard genetic screening focused on homozygous vari-
ants (52‑54). Finally, IEIs may be influenced by multiple genes 
and environmental factors. Therefore, not all individuals 
with consanguinity and clinical symptoms will have a clear, 
single‑gene cause that can be identified as homozygous 
mutations.

The IL‑17 family of cytokines plays crucial roles in both 
acute and chronic inflammatory responses and IL‑17A, the 
hallmark cytokine of the Th17 cells, has important roles in 
protecting the host against extracellular pathogens, but also 
promotes inflammatory pathology in autoimmune disease (55).

The mutation in STAT1 affects the differentiation of 
Th17 cells, which are a subset of CD4+ T cells involved in 
epithelial cell‑ and neutrophil‑mediated immune responses 
against extracellular microbes and in the pathogenesis of 

autoimmune diseases. The same mutation along with the 
c.1342C>T mutation in TYK2 also affects the JAK‑STAT 
signaling pathway. This is the principal signaling mechanism 
for a wide array of cytokines and growth factors. Following 
the binding of cytokines to their cognate receptor, STATs are 
activated by members of the JAK family of tyrosine kinases. 
Once activated, they dimerize and translocate to the nucleus 
and modulate the expression of target genes. In addition to the 
activation of STATs, JAKs mediate the recruitment of other 
molecules such as the MAPKs and PI3K. These molecules 
process downstream signals via the Ras/Raf/MAPK and PI3K 
pathways, which results in the activation of additional tran-
scription factors.

Our analysis also hints towards a deregulation in the NET 
formation through the mutation in ELANE. Neutrophils play a 
central role in innate immune defense. One of the mechanisms 
of neutrophil action is the formation of NETs, the extracel-
lular structures composed of chromatin coated with histones, 
proteases and granular and cytosolic proteins that help catch 
and kill microorganisms.

Finally, two more pathways affected by mutations in 
GPSM1 and IL17RC were those of cocaine addiction and 
cytokine‑cytokine receptor interaction, respectively.

The present study has certain limitations, which should 
be acknowledged. It focuses on the Jordanian population, 
thus limiting the generalizability of the present findings. 
Furthermore, the sample size was relatively small (nine fami-
lies), potentially affecting the statistical power of the study. In 
addition, the present study lacks functional validation of the 
main findings. However, it still provides a direction for future 
research.

In conclusion, the intricate tapestry of primary immu-
nodeficiencies is gradually being unraveled with the aid of 
advanced genetic techniques. Understanding the genetic basis 
of these disorders among consanguineous Jordanian families 
holds promise for the development of personalized therapeutic 
interventions and improved patient outcomes.
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