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Abstract 

Background Inherited genetic defects in immune system‑related genes can result in Inborn Errors of Immunity (IEI), 
also known as Primary Immunodeficiencies (PID). Diagnosis of IEI disorders is challenging due to overlapping clinical 
manifestations. Accurate identification of disease‑causing germline variants is crucial for appropriate treatment, prog‑
nosis, and genetic counseling. However, genetic sequencing is challenging in low‑income countries like Brazil. This 
study aimed to perform genetic screening on patients treated within Brazil’s public Unified Health System to identify 
candidate genetic variants associated with the patient’s phenotype.

Methods Thirteen singleton unrelated patients from three hospitals in Rio de Janeiro were enrolled in this study. 
Genomic DNA was extracted from the peripheral blood lymphocytes of each patient, and whole exome sequenc‑
ing (WES) analyses were conducted using Illumina NextSeq. Germline genetic variants in IEI‑related genes were 
prioritized using a computational framework considering their molecular consequence in coding regions; minor 
allele frequency ≤ 0.01; pathogenicity classification based on American College of Medical Genetics and Genomics 
and the Association for Molecular Pathology (ACMG/AMP) guidelines gathered from the VarSome clinical database; 
and IEI‑related phenotype using the Franklin tool. The genes classification into IEI categories follows internationally 
recognized guidelines informed by the International Union of Immunological Societies Expert Committee. Additional 
methods for confirmation of the variant included Sanger sequencing, phasing analysis, and splice site prediction.

Results A total of 16 disease‑causing variants in nine genes, encompassing six different IEI categories, were 
identified. X‑Linked Agammaglobulinemia, caused by BTK variations, emerged as the most prevalent IEI disorder 
in the cohort. However, pathogenic and likely pathogenic variants were also reported in other known IEI‑related 
genes, namely CD40LG, CARD11, WAS, CYBB, C6, and LRBA. Interestingly, two patients with suspected IEI exhibited 
pathogenic variants in non‑IEI‑related genes, ABCA12 and SLC25A13, potentially explaining their phenotypes.

Conclusions Genetic screening through WES enabled the detection of potentially harmful variants associated 
with IEI disorders. These findings contribute to a better understanding of patients’ clinical manifestations by elucidat‑
ing the genetic basis underlying their phenotypes.
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Background
Inborn errors of Immunity (IEI) are a broad group of 
inherited immune system disorders leading to enhanced 
susceptibility to infections. Other conditions include 
autoimmunity, autoinflammatory diseases, atopic mani-
festations, and hematopoietic or solid tissue malignan-
cies [1]. These monogenic illnesses are often caused by 
deleterious germline variants in immunity-related genes 
[2, 3], with an estimated frequency of one case for every 
10,000 patients in Latin America [4]. Nevertheless, as 
novel IEI disorders continue to be discovered and clinical 
phenotypes are better defined, the cumulative prevalence 
worldwide is expected to be at least 1 in 1000 to 1 in 5000 
[1]. Currently, 485 IEI were already identified, which are 
divided into ten different categories [3, 5]. Approximately 
452 loci across the human genome were involved in the 
pathogenesis of IEI [5]. Several other inheritance mod-
els and molecular mechanisms were observed among 
the known IEI phenotypes. IEI categories were assigned 
based on each disease’s clinical manifestations, immu-
nological alterations, and laboratory findings. Consider-
ing the heterogeneous clinical features, the diagnosis of 
IEI is challenging, leading to misdiagnosis in some cases 
[6]. An assertive genetic diagnosis is usually achieved 
in ~ 40% of cases indicating the complexity and heteroge-
neity of IEI [7].

Advances in molecular genetics and cellular immu-
nology allowed a much better resolution of several IEI 
categories. Consequently, speeding up the prognostic 
predictions and contributing to the patient’s manage-
ment [6, 8, 9]. Studies using massively parallel sequenc-
ing technologies, including whole exome sequencing 
(WES) or whole genome sequencing (WGS) were able to 
increase the diagnostic yields from 15 to 79%, allowing 
new therapies, genetic counseling, and identification of 
new disease-related genes [10–13]. Given that the major-
ity of disease-causing variants in monogenic disorders 
are found in protein-coding regions [14], despite limita-
tions, WES is an affordable approach for diagnosing rare 
genetic disorders, displaying crucial advances compared 
to basic Sanger sequencing, panel-target sequencing, or 
the broader screening provided by WGS [7, 15, 16]. The 
WES limitations include the inability to detect variants 
in regions with less coverage or located in the promoter, 
regulator, or intronic regions; additionally, detecting 
complex structural variations through next-generation 
DNA sequencing can be quite challenging [15, 17, 18].

Although WES has already been implemented in the 
clinical routine of many countries, in Brazil, this approach 

is still limited to private companies and research studies. 
The limited availability of resources to provide a person-
alized screening of IEI variants has left many patients and 
family members without an assertive genetic diagnosis. 
Considering the aspects of monogenic disorders, their 
kindreds are also affected by lacking genetic counseling. 
Such differences could be even higher by looking at the 
underreporting issues faced by the public Unified Health 
System (“Sistema Único de Saúde” or SUS) across the 
distinct Brazilian regions. In this study, a genetic vari-
ant prioritization was performed on 13 patients treated 
at SUS hospital facilities. The objective was to provide a 
personalized screening of candidate germline variants 
potentially associated with their clinical manifestations 
and suspicion of IEI.

Results
Description of cohort
The 13 singleton patients included in this study presented 
clinical manifestations established in the inclusion cri-
teria that led to the suspicion of an IEI at different life-
times, supported by multiple clinical or laboratory tests. 
The cohort comprised 12 (92.3%) males and one (7.7%) 
female from unrelated Brazilian families in Rio de Janeiro 
(Table S1, and Figure S1). On average, patients presented 
the onset of the symptoms in early childhood, from the 
first year of life, varying from birth to five years old (y.o.). 
The median age was 10 y.o. (interquartile range 6–12 y.o., 
range 1–17 y.o.) (Table S1, and Figure S1). The patients 
presented immunological impairment, followed by recur-
rent infection episodes, remarkable pulmonary impair-
ment, and/or altered levels of specific immunoglobulin 
production. In two patients, the microorganism culture 
showed secondary infection caused by Pseudomonas sp., 
and Klebsiella sp.. The most common infections were 
pneumonia (37.5%), sinusitis (20.8%), otitis (16.7%), and 
arthritis (12.5%) (Figure S1). Though less frequently, 
urinary tract infections (4.2%), meningitis 4.2%), and 
encephalitis (4.2%) were also noticed. For one patient, 
microabscesses on the liver without a known infectious 
cause were reported and characterized as autoimmunity 
and another single patient had a phenotype consistent 
with complex ichthyosis condition and severe chickenpox 
case.

Genetic findings and candidate damage variants
The genetic screening in the studied cohort revealed the 
presence of pathogenic, likely pathogenic, and/or variants 
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of uncertain significance (VUS) associated with genetic 
disorders in 13 cases (Table 1, Table S2). Only VUS can-
didates to have a genotype–phenotype correlation that 
could impact the clinical manifestations of the patients 
were reported. However, further studies are needed to 
confirm these VUS as responsible for the clinical pheno-
type. For all patients, additional non-IEI-related variants 

were found (Table S2). The 16 single nucleotide variants 
(SNVs) found in the 13 patients overlapped nine genes, of 
which seven were well-characterized to cause IEI, includ-
ing BTK, CD40LG, CARD11, WAS, CYBB, C6, and LRBA 
(Table 1 and Table S2). The nine genes were mainly dis-
tributed among the chromosomes 2 (11.1%), 4 (11.1%), 
5 (11.1%), 7 (22.2%), and X (44.4%), as shown in Figure 

Table 1 Potentially IEI‑causative variants identified in patients WES data

AR Autosomal recessive, AD Autosomal dominant, XLR X-linked recessive, Hem Hemizygous, Hom Homozygous, Het Heterozygous, MAF minor allele frequency, LP 
Likely Pathogenic, P Pathogenic, VUS Variant of Uncertain Significance

Patient OMIM 
Disease

OMIM 
number

Inheritance Gene Variant Zigosity MAF ACMG 
Classification

Patient 1 Agamma‑
globulinemia, 
X‑linked 1

300755 XLR BTK NM_000061.3:c.1111_1112dup 
(p.Arg372ProfsTer32)

Hem LP

Patient 2 Agamma‑
globulinemia, 
X‑linked 1

300755 XLR BTK NM_000061.3:c.167T > A (p.Ile56Lys) Hem LP

Patient 3 Agamma‑
globulinemia, 
X‑linked 1

300755 XLR BTK NM_000061.3:c.993dup 
(p.Arg332ThrfsTer17)

Hem LP

Patient 4 Agamma‑
globulinemia, 
X‑linked 1

300755 XLR BTK NM_000061.3:c.336C > A 
(p.Tyr112Ter)

Hem P

Patient 5 Agamma‑
globulinemia, 
X‑linked 1

300755 XLR BTK NM_000061.3:c.1735G > T 
(p.Asp579Tyr)

Hem P

Patient 6 Immuno‑
deficiency, 
X‑linked, 
with hyper‑
IgM

308230 XLR CD40LG NM_000074.3:c.436_438del 
(p.Tyr146del)

Hem P

Patient 7 B‑cell expan‑
sion with NFKB 
and T‑cell 
anergy

616452 AD CARD11 NM_032415.7:c.752T > C 
(p.Leu251Pro)

Het LP

Patient 8 Wiskott‑Aldrich 
Syndrome

301000 XLR WAS NM_000377.3:c.889C > T 
(p.Gln297Ter)

Hem LP

Patient 9 Chronic 
granuloma‑
tous disease, 
X‑linked

306400 XLR CYBB NM_000397.4:c.483G > A 
(p.Lys161 =)

Hem P

Patient 10 C6 deficiency 612446 AR C6 NM_001115131.3:c.1138del 
(p.Gln380SerfsTer7)

Hom 0.000514112 P

Patient 11 Immunodefi‑
ciency, com‑
mon variable, 
8, with autoim‑
munity

614700 AR LRBA NM_001367550.1:c.6624_6625del(p.
Glu2208AspfsTer3)

Het P

NM_001367550.1:c.7452+1G > T P

Patient 12 Ichthyosis, 
congenital, 
autosomal 
recessive 4B 
(harlequin)

242500 AR ABCA12 NM_173076.3:c.318‑2A > G Het LP

NM_173076.3:c.2033A > G 
(p.Asn678Ser)

0.00137 VUS

Patient 13 Citrulline‑
mia, type II, 
neonatal‑onset

605814 AR SLC25A13 NM_014251.3:c.1618C > T(p.
Pro540Ser)

Het 0.000103421 LP

NM_014251.3:c.1754G > A(p.
Arg585His)

0.0000119439 LP
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S1 and Fig. 1. Most phenotypes associated with the genes 
displayed an X-linked recessive (XLR; 53.8%) inheritance 
pattern, followed by autosomal recessive (AR; 30.8%) 
and autosomal dominant (AD; 7.6%) models (Figure S1). 
Moreover, missense (31.25%), frameshift (25%), nonsense 
(12.5%), splicing (12.5%), and in-frame insertions or dele-
tions (6.25%) were among the most frequent molecular 
consequences observed in the pathogenic/likely patho-
genic (P/LP) variants (Figure S1). Among the IEI catego-
ries previously established by the International Union 
of Immunological Societies (IUIS) Expert Committee, 
the candidate disease-causing variants in the 13 patients 
were mainly associated with predominantly antibody 
deficiencies (38.5%), followed by immunodeficiencies 
affecting cellular and humoral immunity (15.4%), com-
bined immunodeficiencies with associated or syndromic 
features (7.7%), congenital defects of phagocyte number 
or function (7.7%), complement deficiencies (7.7%), and 
regulatory T cell defect (7.7%). It was also observed that 

15.4% of the identified variants did not match any of the 
genes listed in the IUIS categories. However, according to 
the analysis, these variants were deemed relevant to the 
patient’s phenotype (Figure S1).

Genotype–phenotype correlations
Predominantly antibody deficiencies
Five unrelated male patients from nonconsanguineous 
couples were identified with symptoms consistent with 
X-linked Agammaglobulinemia (XLA; OMIM #300755) 
harboring SNVs in the BTK gene (Table 1 and Table S2). 
BTK gene encodes a non-receptor tyrosine kinase pro-
tein composed of five different domains, including the 
N-terminal pleckstrin homology (PH), the TEC homol-
ogy (TH), SRC homology 3 (SH3), SH2, and the Tyros-
ine Kinase (TK) domain at the C-terminal region [19, 
20]. The five SNVs found across the different patients 
overlapped the PH (n = 2), SH2 (n = 2), and TK (n = 1) 

Fig. 1 Genome‑wide distribution of genes harboring the harmful variants prioritized. Distribution of the main genes and variants 
across chromosomes. Gray, red or black stars represent VUS, pathogenic or likely pathogenic variants, respectively. The number of variants per gene 
is summarized beside each gene symbol. The compound heterozygous genotype is represented by a green symbol and the multiple patients 
per gene are shown as a blue symbol
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domains. The subjects presented reduced levels of all 
immunoglobulins, CD19 and CD20. They also showed 
recurrent infections in early childhood with pneumonia, 
sinusitis, otitis, arthritis, and, less frequently, subacute 
encephalitis phenotype (Table 2).

Patient 1 is a 15 y.o. male, with a family history of 
IEI in a male cousin, harbored a likely pathogenic 
frameshift variant NM_000061.3:c.1111_1112dup 
(p.Arg372ProfsTer32). In patient 2, a 16 y.o. male 
with a family history of maternal uncles who died 
from infections, a likely pathogenic missense variant 
NM_000061.3:c.167T > A (p.Ile56Lys) was reported. 
Patient 3 is a 17 y.o. male presented with oral polio vac-
cine reaction and subacute encephalitis, which caused 
his death at 18 years old. The likely pathogenic frameshift 
NM_000061.3:c.993dup (p.Arg332ThrfsTer17) was 
found. Patient 4 is a 12 y.o. male harbored a patho-
genic nonsense alteration NM_000061.3:c.336C > A 
(p.Tyr112Ter). Finally, patient 5 is a seven y.o. male diag-
nosed with meningocele at birth submitted to surgery. 
His familial history shows early death of maternal uncles 
from unknown causes. A pathogenic missense SNV 
NM_000061.3:c.1735G > T (p.Asp579Tyr) was found 
(Table 1 and Table S2).

Immunodeficiencies affecting cellular and humoral immunity
Two candidate damage variants were identified in 
CD40LG and CARD11 genes previously associated with 
Combined Immunodeficiency (CID). Both subjects 

presented reduced levels of immunoglobulins and recur-
rent infections in early childhood with pneumonia, sinus-
itis, otitis (acute otitis media), and pyoderma.

Patient 6 is a 10 y.o. male with a family history show-
ing a brother’s death from unknown causes. He also pre-
sented agammaglobulinemia phenotype, and hyper-IgM 
syndrome with Glucose-6-phosphate dehydrogenase 
deficiency (G6PD). A pathogenic hemizygous in frame 
deletion NM_000074.3:c.436_438del (p.Tyr146del) was 
found in the CD40LG gene related to Immunodeficiency, 
X-linked, with hyper-IgM (OMIM #308230). Patient 7 is 
a 10 y.o. male with the onset of the symptoms after one 
and a half years of life with lymphoproliferation and B 
lymphocytosis. A likely pathogenic missense variant 
NM_032415.7:c.752T > C (p.Leu251Pro) was identi-
fied in the CARD11 gene. CARD11 is associated with 
B cell expansion with NF-κB and T cell anergy (OMIM 
#616452) (Table 1 and Table S2).

Combined immunodeficiencies with associated or syndromic 
features
A single patient harbored a harmful SNV in the WAS 
gene associated with immunodeficiency with con-
genital thrombocytopenia. Patient 8 is a one-year-old 
male who first showed symptoms of thrombocytope-
nia with small platelets besides chronic diarrhea with 
digestive bleeding at four months of age. He was 
first misdiagnosed as food allergy with an addi-
tional diagnosis of Inflammatory Bowel Disease. He 

Table 2 Clinical IEI‑manifestations of agammaglobulinemia patients harboring candidate disease‑causing variants in BTK gene

RV Reference Value, SH2 SRC homology 2, PH Bruton’s tyrosine kinase pleckstrin homology, TK Catalytic domain of the Protein Tyrosine Kinases

Patient 
number

Reccurent 
infections

Hematological alteration Variant in BTK gene BTK domain

Blood cell 
count (%)

Immunoglobulin level

IgA (mg/dL) IgG (mg/dL) IgM (mg/dL) IgE (UI/L)

Patient 1 Sinusite, 
Pneumonia, 
and Pseu-
domonas sp. 
infection

CD19, CD20 
undetectable

undetectable 579 undetectable undetectable NM_000061.3:c.1111_1112dup 
(p.Arg372ProfsTer32)

SH2

RV: 553–971

Patient 2 Pneumonia, 
Otite, Sinusite

CD19 = 0.7 8 65 32 undetectable NM_000061.3:c.167T > A (p.Ile56Lys) PH

RV: 6–23 RV: 4–7 RV: 338–406 RV: 29–32

Patient 3 Artrite, 
Pneumonias, 
Sinsuites

CD19 less than 1 17.3 44.5 8.9 0.5 NM_000061.3:c.993dup 
(p.Arg332ThrfsTer17)

SH2

RV: 6–23 9 RV: 739–793 RV: 81–92 RV: 0 ‑0.1

Patient 4 Otite, Sinusite, 
Pneumonia, 
Artrite

CD19 
and CD20 = 0.2

undetectable  < 30 57 undetectable NM_000061.3:c.336C > A 
(p.Tyr112Ter)

PH

RV: 13–27; RV: 
7.1–23.8

RV: 616–799 RV: 64–87

Patient 5 Chronic 
arthritis, 
pneumonia, 
and bronchi‑
ectasis

CD19 = 0.4; 
CD20 = 0.2

undetectable 12 undetectable undetectable NM_000061.3:c.1735G > T 
(p.Asp579Tyr)

TK

RV: 13–27; RV: 
7.7–24.3

RV: 338–406
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carried a likely pathogenic hemizygous nonsense vari-
ant NM_000377.3:c.889C > T (p.Gln297Ter) in the WAS 
gene related to Wiskott-Aldrich Syndrome (OMIM 
#301000) (Table 1 and Table S2).

Congenital defects of phagocyte number or function
Variants in the CYBB gene have been associated with 
respiratory burst defects among congenital defects 
of phagocyte number. A pathogenic SNV was identi-
fied in CYBB in a single patient in the cohort. Patient 
9 is a four y.o. male with a family history showing a 
brother’s death from unknown causes. His symptoms 
started during the second month of life with recurrent 
pneumonia, anemia, and urinary tract infection caused 
by Klebsiella spp. A pathogenic hemizygous synony-
mous variant NM_000397.4:c.483G > A (p.Lys161 =) 
was found in the CYBB gene related to Chronic gran-
ulomatous disease, X-linked (OMIM #306400) with 
XLR inheritance, that characterizes his Chronic granu-
lomatous disease phenotype (Table 1 and Table S2). A 
splice region prediction analysis was performed for the 
variant region. It indicated a broken splice site altera-
tion, particularly in a prospective 5′ donor splice site, 
evoking suspicions that it may affect gene function and 
protein synthesis (Table S3).

Complement deficiencies
A rare pathogenic SNV was found in the C6 gene related 
to complement deficiencies. Patient 10 is a nine y.o. male 
of couples claiming to be nonconsanguineous with clini-
cal manifestations compatible with complement disease. 
His symptoms onset was observed at five y.o. with low 
rates of CH50 and recurrent meningitis. He had a sister 
who was also diagnosed with meningitis by unknown 
causes. The homozygous pathogenic frameshift vari-
ant NM_001115131.3:c.1138del (p.Gln380SerfsTer7) 
was found in the C6 gene associated with C6 deficiency 
(OMIM #612446) (Table 1 and Table S2). Trio sequenc-
ing including samples from both parents and patient 
10 was performed to validate the recessive inheritance 
pattern of frameshift variant p.Gln380SerfsTer7 in the 
patient. Both parents were heterozygous for the variant 
and the patient’s homozygosity was confirmed. Supple-
mentary Figure S2 shows the electropherogram of Sanger 
sequencing and the visualization of Next Generation 
Sequencing (NGS) reads in the locus.

Regulatory T Cell defect
Two rare pathogenic variants in the LRBA gene asso-
ciated with T cell dysregulation were identified in 
patient 11. Recurrent infections, inflammatory bowel 
disease, and autoimmunity characterize this group 

of disorders. The patient is 11 y.o. female with symp-
toms onset at the third year of life with autoim-
mune manifestations leading to systemic myasthenia 
gravis, celiac disease, insulin-dependent diabetes 
mellitus, severe pulmonary infection, pancytopenia/
bicytopenia, hemorrhagic stroke and hypothyroid-
ism. WES analysis revealed two SNVs in heterozygo-
sis in the LRBA gene related to Immunodeficiency, 
common variable, 8, with autoimmunity, AR (OMIM 
#614700). The NM_001367550.1:c.6624_6625del 
(p.Glu2208AspfsTer3) is a frameshift and the sec-
ond variant NM_001367550.1:c.7452+1G > T is in 
a splicing site. Both SNVs may suggest a compound 
heterozygous genotype (Table  1 and Table S2). The 
reconstruction of variant phases using NGS reads 
proved unfeasible due to their genetic distance.

Phenotypes associated with variants in non‑IEI‑related genes
For two patients previously included in this study with 
suspicion of IEI, it was infeasible to identify candidate 
SNVs in genes included in the 2022 classification of the 
International Union of Immunological Societies Expert 
Committee. Nevertheless, it was possible to identify 
SNVs associated with the subject’s phenotype, and the 
zygosity profile of the variants matched the inheritance 
pattern of the disease.

Patient 12 is six y.o. male with symptoms being 
observed at birth characterized as a harlequin fetus. He 
presented recurrent episodes of pneumonia during the 
first year of his life, besides severe episodes of chicken-
pox, and complex ichthyosis manifestation. Two SNVs in 
the ABCA12 gene related to Ichthyosis, congenital, auto-
somal recessive 4B (harlequin) (OMIM #242500) were 
identified. The NM_173076.3:c.318-2A > G is a splicing 
site variant classified as likely pathogenic by the Ameri-
can College of Medical Genetics and Genomics and the 
Association for Molecular Pathology (ACMG/AMP) 
guidelines. The second variant NM_173076.3:c.2033A > G 
(p.Asn678Ser), had a missense effect, being classified as 
VUS (Table  1 and Table S2). Both SNVs may suggest a 
compound heterozygous genotype. The phasing associa-
tion between heterozygous variants was infeasible due to 
their genetic distance. Patient 13 is one y.o. male with 
symptoms onset being observed after six months old 
mirroring the clinical signs of autoimmunity with per-
sistent fever, and recurrent microabscesses in the liver, 
without an infectious agent. Additionally, he presented 
bicytopenia, polyclonal hypergammaglobulinemia, and 
Evans syndrome. Two likely pathogenic heterozygous 
missense SNVs NM_014251.3:c.1618C > T (p.Pro540Ser) 
and NM_014251.3:c.1754G > A (p.Arg585His) were 
in the SLC25A13 gene related to autosomal recessive 
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Citrullinemia, type II, neonatal-onset (OMIM #605814) 
(Table 1 and Table S2). The phasing analysis revealed that 
these variants were in different chromosomes, suggesting 
a compound heterozygous genotype in trans configura-
tion (Table S4).

Discussion
This study describes the genetic screening conducted on 
13 patients suspected to have an IEI. The recurrent infec-
tion episodes in early childhood and altered immuno-
logical findings raised concerns about the possibility of 
IEI-related disorders in the cohort [21, 22]. Many infec-
tion episodes were associated with a reduced number or 
function of one or more immunological cell types, as pre-
viously described in IEI patients [23, 24]. However, this 
broad group of disorders often shares common clinical 
manifestations which challenge an assertive diagnosis in 
many cases. Reda and colleagues (2013) report warning 
signs of IEI, which focus on the site, severity, and fre-
quency of recurrent infection as best practices to guide 
the study of IEI [25, 26].

By employing a genomic-based strategy, candidate dis-
ease-causing variants associated with nine different genetic 
disorders were detected in 13 subjects. Seven disorders 
were previously classified as IEI, being (i) predominantly 
antibody deficiencies due to variants in the BTK gene, the 
most abundant disorders in the cohort. Two genes asso-
ciated with (ii) immunodeficiencies affecting cellular and 
humoral immunity were identified. The remaining IEI 
disorders were related to (iii) combined immunodeficien-
cies with associated or syndromic features, (iv) congenital 
defects of phagocyte number or function, (v) complement 
deficiencies, and (vi) regulatory T cell defect. The WES 
analysis also identified four variants in two genes related to 
(vii) non-IEI disorders, associated with rare skin diseases, 
metabolic and blood disorders. Though the disorders were 
not included in the list of IEI-related diseases, the pheno-
types observed in the patients are similar to other geneti-
cally determined IEI disorders.

Five different SNVs were identified in the BTK gene 
related to X-Linked Agammaglobulinemia (XLA; OMIM 
#300300) representing the most prevalent disorder in 
the cohort. Predominantly antibody deficiencies have 
been reported as the most prevalent IEI disorders reach-
ing approximately 50% of the cases globally reported [27, 
28]. XLA is typically characterized by very low immu-
noglobulin serum levels and the absence of peripheral B 
cells due to its arrest at the pre-B or mature B cells dif-
ferentiation stages [29, 30]. Interestingly, other deleteri-
ous variants were reported in some residues altered in 
the patients, indicating the relevance of such regions in 

the XLA pathogenesis [31–34]. The nonsense variant 
(p.Tyr112*) harbored by patient 4 is a well-characterized 
SNV that promotes a premature stop-codon gain at the 
PH domain [31]. This residue is crucial to maintain the 
stability and function of BTK protein [31, 35].

Combined B and T cell defects accounted for two 
(CD40LG and CARD11) out of the seven IEI-related 
genes in this analysis. This group of disorders includes T 
cell-negative and B cell-positive severe combined immu-
nodeficiencies (SCID), T cell-negative and B cell-negative 
SCID; and combined immunodeficiencies (CID), gen-
erally less severe than SCID [5]. The disorders reported 
in the genes identified in this group were classified as 
CID. An exome-wide search was crucial to establish the 
genetic diagnosis in patient 6 given his agammaglobu-
linemia phenotype with hyper-IgM findings. One case 
of X-Linked Hyper IgM Syndrome, attributed to an in-
frame deletion (p.Tyr146del) in the CD40LG gene, was 
reported. Clinical manifestations like this patient may 
misinterpret an XLA diagnosis [36]. The p.Tyr146del 
was also reported in a Vietnamese patient with X‐linked 
hyper‐IgM syndrome [37]. Clinical findings also pointed 
toward the X-linked inheritance with the patients show-
ing early death of male family members [36, 38, 39].

Within the CID disorders group, the missense variant 
(p.Leu251Pro) in the CARD11 gene classified as likely path-
ogenic in this analysis displayed a conflict of interpretations 
about the variant pathogenicity in ClinVar. Experimental 
analyses showed that variants in the CARD11 gene were 
associated with aberrant growth and survival of lympho-
cytes allowing lead to both malignancy and monogenic pri-
mary immunodeficiencies [40–44]. The p.Leu251Pro causes 
a gain of function (GOF) in the CARD11, driving an in vitro 
cell proliferation and a constitutive NF-κB activation, which 
is required for lymphocyte activation, survival, and prolif-
eration during the adaptive immune response [45]. Notably, 
the reported phenotype matches the lymphoproliferation 
and B lymphocytosis observed in patient 7.

Although some categories of IEI were less frequent in 
the studied cohort, the variants reported by WES analysis 
provided valuable insight into the genetic diagnosis of the 
patients. For example, the Wiskott–Aldrich Syndrome 
(WAS; OMIM #301000) reported in patient 8 caused by 
the likely pathogenic nonsense variant (p.Gln297Ter) 
is a rare genetic illness occurring between 1–10 males 
per million [46]. WAS is a CID with associated or syn-
dromic features inherited under an X-linked recessive 
model. The disorder is associated with thrombocytope-
nia, eczema, and a remarkably high percentage of auto-
immunity disease [46–48]. The p.Gln297Ter relies on 
the P21-Rho-binding domain responsible for binding a 
highly conserved GTPase domain that controls cellular 
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morphogenesis [49–51]. Unlike the previous report 
SNVs, the alteration detected in the CYBB gene showed 
a synonymous effect (p.Lys161 =), has been classified as 
pathogenic by ACMG rules and Likely pathogenic by 
ClinVar, and is associated with a pathogenic outcome 
previously reported in a patient with chronic granu-
lomatous disease (CGD) and myelodysplastic syndrome 
[52]. The harmful potential of the p.Lys161 = variant has 
been studied, evidencing alteration of the broken donor 
site, which affects splicing and leads to the exon skipping 
event. It disrupts CYBB gene function and protein for-
mation [52]. The exon skipping event on the CYBB gene 
is reported as one of the causes of CGD phenotype [53, 
54]. CGD is a primary phagocytic deficiency resulting in 
defects of respiratory burst [5]. Variants in CYBB account 
for more than 60% of all CGD cases, with about 10–15% 
of CYBB-related CGD being caused by new germline var-
iants [55, 56].

Complement deficiency was represented by a patho-
genic frameshift variant (p.Gln380SerfsTer7) in the C6 
gene, causing C6 deficiency (OMIM #612446). Usually, 
low-throughput genetic investigations focused on tar-
get amplification of the exonic regions that commonly 
accumulate most pathogenic deletions, such as exons 6, 
7 and 12 of the C6 gene [57, 58]. The reported indel was 
in exon 8 of C6, corroborating the breadth of WES analy-
sis [57, 58]. Finally, the last category of IEI-related disor-
ders found was defects in intrinsic and innate immunity. 
Two heterozygous pathogenic variants in the LRBA gene 
suggest a compound heterozygous genotype that leads 
to immunodeficiency, common variable, 8, with autoim-
munity (OMIM #614700), which confirm the genotype–
phenotype correlation, since patient 11 presented several 
disorders resulting from autoimmune manifestation as 
diabetes mellitus, pancytopenia/bicytopenia, hypothy-
roidism and celiac disease [59–61].

Two subjects (patients 12 and 13) initially enrolled in 
the study with symptoms overlapping candidate IEI dis-
orders were found to harbor deleterious variants in genes 
other than those known to cause IEI. Both patients met 
the clinical inclusion criteria since the IEI has heteroge-
neous phenotypic features related to overlapping clinical 
manifestations and misdiagnosis [3, 6, 62]. In ABCA12, 
the heterozygous likely pathogenic splicing variant 
(c.318-2A > G) and a VUS missense (p.Asn678Ser) SNV 
might be involved in Ichthyosis, congenital, autosomal 
recessive 4B (harlequin) (OMIM #242500) in patient 12. 
Compound heterozygous (CH) genotypes have also been 
detected as a possible reason for the less severe congeni-
tal ichthyosis [63–66]. Akiyama and colleagues (2010) 
reported several variant combinations that result in 
compound heterozygosity and the disease outcome. This 
study suggests combining nonsense, frameshift, or splice 

site variants with a second missense variant leads to a 
high prevalence of harlequin ichthyosis phenotype [63–
66]. The identification of VUS usually leads to the discov-
ery of novel variants that, with a genotype–phenotype 
correlation, can help in the understanding of this hetero-
geneous disorder [67]. Although this occurrence reveals 
novel Ichthyosis-causing variants, additional investiga-
tion, such as computational pathogenicity prediction, 
family history, and laboratory validation are needed to 
determine these VUS as responsible for the clinical phe-
notype [68].

Heterozygous likely pathogenic variants suggest that 
compound heterozygosity genotype was also identified in 
the SLC25A13 gene. The p.Arg585His was reported with 
a CH genotype in a Chinese female patient with neona-
tal intrahepatic cholestasis caused by citrin deficiency 
(NICCD), also known as Citrullinemia, type II, neonatal-
onset (OMIM #605814) [69]. Patient 13, p.Arg585His 
was observed with a second likely pathogenic variant, 
p.Pro540Ser. NICCD leads to suppression of the bile flow, 
usually not severe [69].

The patients described in this study often originated 
from low-income Brazilian families and were treated by 
the national public health system. The limited availability 
for performing some immunological tests, discontinuity 
in the patient follow-up and absence of access to clini-
cal data challenge an in-depth correlation between the 
genetic background and the phenotype of each patient. 
Similar limitations are faced with validating the func-
tional effects and the presence of the variants by alter-
native molecular biology methods. Combining WES 
findings and functional analyses allows a better resolu-
tion of genotype–phenotype correlation, improving the 
variant classification and the discovery of new disease-
associated genes [7, 10–13, 70]. Though it was not pos-
sible to reach such a level of evidence in the analysis of 
this study, considering that most of the patients had a 
previous history of unknown death among relatives, the 
findings reported in the present research were crucial to 
providing insights into the genetic source of their pheno-
type. The match observed between the patient’s pheno-
type and the SNVs harbored by them should be further 
investigated in future studies. Though additional cases 
harboring the variants firstly reported here might rein-
force the genotype–phenotype correlation observed, cau-
tion was exercised to discourage over-interpretation of 
the data for guiding clinical decisions.

Conclusions
Diagnosing highly heterogeneous genetic disorders, such 
as inborn errors of immunity (IEI), poses significant chal-
lenges in identifying disease-causing variants. This is par-
ticularly true in low-income countries like Brazil, where 
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access to genetic sequencing is especially difficult. The 
recent advances in sequencing technologies have shown 
promise in overcoming these limitations and provid-
ing a comprehensive overview of the genetic landscape, 
even within resource-constrained settings. In this study 
conducted among patients treated by the Brazilian pub-
lic health system, whole exome sequencing (WES) was 
utilized to improve the genetic characterization of IEI 
disorders significantly. This approach holds immense 
potential for implementation within the Brazilian public 
Unified Health System, offering a transformative impact 
on patient care and management. The present analysis 
revealed genetic variants in genes associated with six dis-
tinct categories of IEI disorders, confirming the clinical 
manifestations observed in all patients.

Moving forward, it is crucial to recognize the perspec-
tives and challenges in implementing genetic sequenc-
ing analysis within the context of Brazil’s public Unified 
Health System. By overcoming barriers such as cost, 
infrastructure, and access to specialized expertise, 
there is an opportunity to extend the benefits of genetic 
screening to a broader patient population, ensuring equi-
table healthcare services. This would enhance the genetic 
diagnosis of IEI disorders and facilitate the development 
of tailored treatment approaches and genetic counseling 
services. Nevertheless, additional studies are required to 
delve deeper into the molecular mechanisms underly-
ing the alterations caused by the identified SNVs in the 
genetic screening. Such investigations will contribute to 
a more comprehensive understanding of the pathogen-
esis of IEI disorders and further refine clinical manage-
ment strategies. In conclusion, the findings highlight the 
transformative potential of implementing WES within 
the Brazilian public health system for advancing the diag-
nosis and management of IEI disorders. Addressing the 
challenges specific to low-income countries like Brazil 
can pave the way for integrating genetic sequencing tech-
nologies into routine clinical practice, ultimately improv-
ing patient outcomes and fostering a more inclusive and 
comprehensive healthcare system.

Materials and methods
Setting
A genetic screening was conducted in 13 unrelated 
patients with suspicion of IEI treated by the Brazilian 
public health system across different medical centers 
in Rio de Janeiro between 2017 and 2018. Patients were 
being followed up by medical centers awaiting genetic 
counseling to aid in the diagnosis. All diagnosed IEIs 
were classified according to the Primary Immunodefi-
ciency Classification of the International Union of Immu-
nological Societies (IUIS) Expert Committee, updated 
in 2022 [5]. The inclusion criteria considered the ten 

IEI warning signs promoted by the Jeffrey Modell Foun-
dation: ≥ 4 ear infections in one year; ≥ 2 serious sinus 
infections in one year; ≥ 2  months on antibiotics with 
little effect; ≥ 2 cases of pneumonias in one year; Failure 
of an infant to gain weight or grow normally; Recurrent, 
deep skin or organ abscesses; Persistent thrush in mouth 
or fungal; Infection on the skin; Need for intravenous 
antibiotics to clear infections; ≥ 2 deep-seated infections 
including septicemia; Family history of IEI [27, 71–73]. 
Additional warning signs were considered as listed by 
Pinto-Mariz and Goudouris (2021) [28]. The studied 
cohort included five patients admitted to the Instituto 
de Puericultura e Pediatria Martagão Gesteira (IPPMG) 
of the Universidade Federal do Rio de Janeiro (UFRJ), 
seven from the Serviço de Alergia e Imunologia, do Insti-
tuto Fernandes Figueira (IFF) in the Fundação Oswaldo 
Cruz (FIOCRUZ), and one from Allergy and Immunol-
ogy Sector of the Pediatric Service of the Federal Hospi-
tal of Rio de Janeiro State (HFSE)—Ministry of Health. 
A peripheral venous blood sample was taken from each 
patient, along with their clinical history and relevant lab-
oratory results. All subjects and their guardians agreed 
to participate in this study by signing a written informed 
consent. The Institutional Ethical Committee approved 
the Instituto Fernandes Figueira study protocol (no. 
CAAE42934815.4.0000.52695269), and the Ethical Com-
mittee of the Instituto Nacional do Câncer (153/10).

DNA extraction, whole exome sequencing, and variant 
calling framework
Genomic DNA was extracted from each patient’s 
peripheral blood lymphocytes using the QIAmp DNA 
Mini Kit® (QIAGEN®) according to the manufacturer’s 
instructions. The WES libraries were prepared using 
Illumina TruSeq® Exome Kit (8 rxn × 6plex) according 
to the manufacturer’s protocol. The Illumina NextSeq® 
500/550 High Output Kit v2 (150 cycles) was used, yield-
ing 2 × 75 bp paired-end reads to generate the sequencing 
data. The raw data files in FASTQ format were processed 
in an in-house bioinformatic pipeline described by us 
[74–77]. The computational framework used includes 
reads mapping, quality control, and variant calling and 
annotation. The fastqc (http:// www. bioin forma tics. babra 
ham. ac. uk/ proje cts/ fastqc/) and Trimmomatic [78] were 
used to inspect the quality of sequences generated and 
remove bad-formed reads. The remaining sequences 
were mapped to the human reference genome (GRCh38) 
using Bowtie2 version 2.3.5.1 [79, 80]. Additional BAM 
file manipulations were performed with Samtools version 
1.11 [81] for sorting and mapping quality filtration (Q30). 
Duplicate reads were marked using Picard MarkDupli-
cates tool version 2.20.7 (http:// broad insti tute. github. 
io/ picard). Using Genome Analysis Toolkit (GATK) 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
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software version 4.1.20 [82], to recalibration of the base 
quality of BAM files was used Base Quality Score Recali-
bration (BQSR) steps followed by germline variant call-
ing in the HaplotypeCaller tool. To annotate the genetic 
consequences, populational allele frequencies, molecular 
impact, and effects of the variants identified, was used 
version 5.0 of SnpEff and SnpSift software [83, 84]. Tablet 
graphical viewer software was used to visualize the read 
mappings from BAM files [85].

Filtering potential harmful single nucleotide variants
A list of 585 IEI-related genes panel, as previously 
described in the literature, was utilized to select poten-
tial pathogenic variants [5, 27, 86–90]. The analysis 
was focused on germline and rare (minor frequency 
allele ≤ 0.01) protein-altering variants, including trun-
cating variants (stop gain/loss, start loss, or frameshift), 
missense variants, canonical splice-site variants, in-
frame insertions, deletions, and indels. Additionally was 
integrated prediction scores of pathogenicity from dif-
ferent computational tools such as SIFT (Sorting Intol-
erant from Tolerant) [91], PolyPhen (Polymorphism 
Phenotyping) [92], CADD (Combined Annotation-
Dependent Depletion) [93], and LoFtool [94] according 
to the Ensembl Variant Effect Predictor database (VEP) 
[95]. The variant classification strategy was based on the 
American College of Medical Genetics and Genomics 
and the Association for Molecular Pathology (ACMG/
AMP) guidelines [96]. Two approaches to select quali-
fying variants. First, the VarSome clinical database [97] 
was employed to prioritize germline pathogenic and 
likely pathogenic variants based on ACMG guidelines. 
Secondly, the Franklin (http:// frank lin. genoox. com) tool 
was used for phenotype-based variants prioritization 
according to Human Phenotype Ontology (HPO) terms. 
Additionally, a target gene investigation was performed 
considering the panel for primary Immunodeficiency 
Classification of the International Union of Immunologi-
cal Societies (IUIS) Expert Committee, updated in 2022 
[5]. The annotation of inheritance pattern was consid-
ered the Online Mendelian Inheritance in Man (OMIM) 
database and the population frequency of the variants 
was researched in 1000 Genomes Project, Exome Aggre-
gation Consortium (ExAC) and Genome Aggregation 
Database (gnomAD) [98–102]. The filtering approach is 
shown in Supplementary Figure S3.

Downstream genetic variant analysis for advancing 
Genotype–Phenotype correlation
The validation of homozygous variant 
NM_001115131.3:c.1138del (p.Gln380SerfsTer7) in patient 
10, was done with the polymerase chain reaction (PCR) 
combined with bidirectional Sanger sequencing. Primers 

targeting the variant site were designed for PCR-amplifi-
cation (ThermoFisher Cycler, Waltham, MA, USA) and 
sequencing (Forward Primer: 5’-GAT TCT AGT TTT ATT 
AGG AT-3’ and Reverse Primer: 5’-AAA AAT GTA TTG CAT 
GCT AT-3’). Primers and PCR products were purified using 
PureLink® Invitrogen™ (Thermo Fisher Scientific, Waltham, 
MA, USA) and on an automated sequencer ABI 3730 
Genetic analyzer (Thermo Fisher Scientific, Waltham, MA, 
USA). The results were interpreted by the software BioEdit.

In silico analysis was performed to investi-
gate the splicing regions of synonymous variant 
NM_000397.4:c.483G > A (p.Lys161 =) in the CYBB 
gene found in patient 9. The tools for predicting splicing 
defects have the potential to aid in disease diagnosis by 
facilitating a deeper understanding of the splicing mecha-
nism [103]. The prediction analysis was performed using 
NetGene2; Alternative Splice Site Predictor (ASSP); VEP 
splicing prediction (Ada score, RF score, and MaxEntS-
can); ESEfinder; and NNSplice tools with correspond-
ing prediction score thresholds and sequence lengths to 
reach a sensitivity, and specificity ≥ 80% [95, 104–108].

To confirm the phase of the variants in genes LRBA, 
ABCA12 and SLC25A13, read-based phasing analysis 
was conducted using HapCUT2 with default parameters 
accessing germline WES BAM files and respective VCF 
files [109]. Given that the analysis focused on the recon-
struction of haplotype blocks with increased resolution 
directly proportional to the distance of the variations in 
the gene, the size of the reads on the Illumina platform 
(100–250 bases) must be considered [109].
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