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a b s t r a c t

Background: The IL-12/23/ISG15-IFN-γ pathway is the main immunological pathway for controlling intra- 
macrophagic microorganisms such as Mycobacteria, Salmonella, and Leishmania spp. Consequently, upon 
mutations in genes of the IL-12/23/ISG15-IFN-γ pathway cause increased susceptibility to intra-macro
phagic pathogens, particularly to Mycobacteria. Therefore, the purpose of this study was to characterize the 
mutations in genes of the IL-12/23/ISG15-IFN-γ pathway in severe tuberculosis (TB) patients.
Methods: Clinically suspected TB was initially confirmed in four patients (P) (P1, P2, P3, and P4) using the 
GeneXpert MTB/RIF and culturing techniques. The patients’ Peripheral blood mononuclear cells (PBMCs) 
were then subjected to ELISA to measure Interleukin 12 (IL-12) and interferon gamma (IFN-γ). Flow cyto
metry was used to detect the surface expressions of IFN-γR1 and IFN-γR2 as well as IL-12Rβ1and IL-12Rβ2 
on monocytes and T lymphocytes, respectively.The phosphorylation of signal transducer and activator of 
transcription 1(STAT1) on monocytes and STAT4 on T lymphocytes were also detected by flow cytometry. 
Sanger sequencing was used to identify mutations in the IL-12Rβ1, STAT1, NEMO, and CYBB genes.
Results: P1’s PBMCs exhibited reduced IFN-γ production, while P2’s and P3’s PBMCs exhibited impaired IL- 
12 induction. Low IL-12Rβ1 surface expression and reduced STAT4 phosphorylation were demonstrated by 
P1’s T lymphocytes, while impaired STAT1 phosphorylation was detected in P2’s monocytes. The impaired 
IκB-α degradation and abolished H2O2 production in monocytes and neutrophils of P3 and P4 were ob
served, respectively. Sanger sequencing revealed novel nonsense homozygous mutation: c.191 G > A/ 
p.W64 * in exon 3 of the IL-12Rβ1 gene in P1, novel missense homozygous mutation: c.107 A > T/p.Q36L in 
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exon 3 of the STAT1 gene in P2, missense hemizygous mutation:: c.950 A > C/p.Q317P in exon 8 of the NEMO 
gene in P3, and nonsense hemizygous mutation: c.868 C > T/p.R290X in exon 8 of CYBB gene in P4.
Conclusion: Our findings broaden the clinical and genetic spectra associated with IL-12/23/ISG15-IFN-γ axis 
anomalies. Additionally, our data suggest that TB patients in Pakistan should be investigated for potential 
genetic defects due to high prevalence of parental consanguinity and increased incidence of TB in the 
country.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health 

Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/li
censes/by-nc-nd/4.0/).

1. Introduction

Tuberculosis (TB) is primarily caused by Mycobacterium tu
berculosis (M. tuberculosis), is the second leading cause of deaths 
worldwide after coronavirus disease-19 (COVID-19). TB is an air
borne infectious disease that mainly affects the lungs, globally ap
proximately 10 million cases reported annually. According to the 
World Health Organization (WHO), South-East Asia, including 
Pakistan, has the highest incidence of TB cases [1,2]. Mycobacterial 
infections are frequently documented in patients with human im
munodeficiency virus (HIV) and severe forms of primary im
munodeficiencies (PIDs), such as severe combined immune 
deficiency (SCID), CD40 deficiency, nuclear factor kappa-beta es
sential modulator (NEMO) deficiency, chronic granulomatous disease 
(CGD), hyper IgE syndrome, and defects in the interleukin-12/23IL- 
12/23/ISG15-IFN-γ circuit [3–5].

Among these PIDs, the IL-12/23/ISG15-IFN-γ circuit is the main 
immunological pathway for controlling intra-macrophagic patho
gens such as Mycobacteria, Salmonella and leishmania spp [6,7]. The 
intra-macrophagic infections stimulate the IL-12/23/ISG15-IFN-γ 
pathway resulting in the activation of intracellular immunity ne
cessary for the control of Mycobacteria and other intracellular pa
thogens [8–10]. Notably, mutations in genes of the IL-12/23/ISG15- 
IFN-γ pathway result in increased susceptibility to mycobacterial 
infections; hence, this condition is commonly referred as Mendelian 
susceptibility to mycobacterial disease (MSMD). Other intracellular 
pathogens, such as Salmonella and Leishmania spp, can also cause 
infections in otherwise healthy people with an IL-12/23/ISG15-IFN-γ 
pathway malfunction; due to this reason, MSMD is also known as an 
"inborn error of the IFN-γ pathway"[11–17]. Germline mutations in 
18 genes in this pathway (IL-12Rβ1, STAT1, CYBB, NEMO, IL-12Rβ2, 
IL12B, IL23R, IFNG, IFNGR1, IFNGR2, ISG15, ZNFX1, IRF8, TBX21, SPPL2A, 
JAK1, TYK2 , and RORC) have been linked to 34 distinct genetic dis
orders [18–21]. Importantly, mutations in genes (IL-12Rβ1, IL-12Rβ2, 
IRF8, ISG15, and NEMO) limit the induction of IFN-γ, whereas mu
tations in genes (IFNGR1, IFNGR2, STAT1, and CYBB also known as 
NOX2) eliminate the response to IFN-γ and impaired IFN-γ immunity. 
As mentioned earlier, IL-12/23/ISG15-IFN-γ pathway abnormalities 
are related to impaired anti-mycobacterial immune response and 
causes increase susceptibility to TB [18,19,22–24]. Due to high TB 
incidence of 259 cases per 100,000 people annually in Pakistan, this 
is the country’s most significant public health concern [25]. In Pa
kistan, Bacillus Calmette-Guérin (BCG) vaccination is mandatory for 
all newborns for immunization against TB [26]. Unfortunately, pa
tients with defective IL-12/23/ISG15-IFN-γ pathway can develop BCG 
adverse reactions as BCG is a live attenuated vaccine [27].

Considering that inborn error of the IFN-γ pathway can result in 
TB susceptibility [27–30], therefore, the purpose of this study was to 
characterize the functional integrity of IL-12/23/ISG15-IFN-γ 
pathway in individuals with TB-related PID. The characterization of 
immunological defects of TB patients is essential because clinical 
outcomes and therapeutic responses depend on the type of defects 
that impair IFN-γ immunity (either by preventing IFN-γ production 
or by inducing aberrant responses to IFN-γ).

2. Materials and methods

Relevant clinical information, such as previous TB family history, 
parental consanguinity, BCG complications, and TB (confirmed by 
the GeneXpert MTB/RIF and culture technique), was obtained from 
all HIV-negative patients. Consent forms signed by the patients, or 
their parents, were obtained, and whole blood samples were col
lected and processed accordingly. The ethical board of Khyber 
Medical University, Peshawar, Pakistan, approved this study via 
letter No. DIR/KMU-EB/FG/000673.

2.1. Separation of peripheral blood mononuclear cells (PBMCs)

From 10 ml of heparinized whole blood collected from patients 
and healthy controls, PBMCs were separated using Ficoll-Paque 
density gradient centrifugation as per recommended protocol with 
minor modification. [28]. Briefly, 10 ml of Ficoll Paque 
(1.077  ±  0.001 g/ml) was added to 50 ml of falcon tubes (Corning, 
NY, Mexico) before 10 ml of blood from the patients and healthy 
donors were carefully layered on top. After 30 min of density gra
dient centrifugation at 800 g, the interface layer containing PBMCs 
were collected in another 50 ml of falcon tube and washed twice 
with phosphate buffered saline (PBS). The PBMCs were enumerated 
and utilized in various immunological tests.

2.2. IL-12 and IFN-γ cytokines assessment through Enzyme-Linked 
Immunosorbent Assay (ELISA)

PBMCs from patients and healthy controls were stimulated with 
BCG + IFN-γ and BCG + IL-12 accordingly [27] The ELISA technique 
was used to determine IL-12 and IFN-γ cytokines levels using ELISA 
kits (STEMCELL Technologies).

2.3. Evaluation of IFN-γR1 and IL-12Rβ1 receptor surface expression on 
Monocytes and T lymphocytes

The surface expression of the IL-12Rβ1 receptor on T lympho
cytes was measured using flow cytometry as previously explained 
[27]. Briefly, PBMCs were stimulated for three days with 8 μg/ml of 
phytohemagglutinin (PHA) in order to induce IL-12Rβ1, followed by 
staining with anti-Human IL12Rβ1/CD212 antibody (Extracellular 
Domain., PE, LifeSpan Bio-Sciences., Inc). Flow cytometry was per
formed on cells treated with 2% paraformaldehyde using a BD FACS 
Canto II cytometer (BD Biosciences, San Diego, California, United 
States) and FlowJo software (TreeStar, Ashland, Oregon) for data 
processing. Similarly, PBMCs were stained with anti-Human CD119/ 
IFN gamma receptor 1, and gated monocytes on FSC/SSC were ana
lyzed for IFNγR1.

2.4. Detection of STAT1 and STAT4 phosphorylation

Detection of STAT1/STAT4 phosphorylation was performed on 
monocytes and T lymphocytes after stimulation with recombinant 
human IFN-γ (rhIFN-γ) and recombinant human IL-12 (rhIL-12) 
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respectively, as described previously [27]. Staining with an anti- 
pTyr701-STAT1/anti-pY693-STAT4 antibody (BD Bio-sciences) was 
performed after fixation and permeabilization. The flow cytometric 
analysis of STAT1/STAT4 phosphorylation was performed in gated 
monocytes, and T lymphocytes, respectively, and the phosphoryla
tion was assessed by the FlowJo software (Treestar, Inc., Ash
land., Ore.,).

2.5. Flow cytometric analysis of oxidative burst and NADPH oxidase 
components

The capacity of neutrophils to induce oxidative burst (H2O2) was 
measured as described previously with minor modifications [28]. 
200 μL of heparinized whole blood (patients and healthy control) 
was stimulated with phorbol myristate acetate (PMA 300 ng/ml), 
(Sigma Laboratories, St. Louis, MO, USA) for 20 min, followed by 
incubation at 37 degrees Celsius for 5 min with dihydrorhodamine 
123 (DHR-123) (Sigma-Aldrich). After erythrocytes lysis with RBC 
lysis solution at 25 °C for 10 min and the cells were washed twice 
with PBS, 1% paraformaldehyde was used to fix the cells. Neutrophils 
were gated using flow cytometry (BD FACSCanto II), and H2O2 was 
quantified on neutrophils using the FlowJo software (Treestar, Inc., 
Ashland, Ore). As previously described, the membrane bound NOX2 
protein of the NADPH oxidase complex was assessed by flow cyto
metry [28]. Anti-NOX2 antibody (Mouse IgG, k; BioLegend Inc.) was 
applied to neutrophils, and flow cytometric analysis was performed 
to detect membrane bound NOX2 protein.

2.6. NEMO expression and degrade IκB-α analysis

For the staining of NEMO in monocytes, PBMCs (2 × 105) were 
fixed with 2% paraformaldehyde and permeabilized as described 
previously [31,32]. Briefly, for intracellular staining of NEMO, the 
cells were incubated with anti-NEMO antibodies and then washed 
twice with PBS. Flow cytometry was used to evaluate intracellular 
NMEO expression in monocytes from patients and healthy controls. 
The degradation of IκB-α was carried out as previously described 
with minor modification [29]. Briefly, PBMCs of the patient and 
healthy controls were subsequently treated with TNF-α, and iono
mycin calcium ionophore. The 2% paraformaldehyde was used to fix 
the cells, and the degradation of IκB-α was assessed by flow cyto
metry.

2.7. Mutational analyses of IL-12Rβ1, STAT1, NEMO and CYBB genes

Wizard® genomic DNA purification kit (Promega) was used for 
extraction of Genomic DNA from EDTA-chelated blood. Full exons of 
IL-12Rβ1, STAT1, NEMO and CYBB genes were amplified by PCR using 
specific primers (forward and reverse) for each exon. PCR products 
were sequenced on ABI 3730xl DNA Sequencer and mutational se
quence analysis were performed on biological sequence alignment 
editor (BioEdit) tool.

2.8. Prediction of possible impact of amino acid substitutions on the 
structure and function of IL-12Rβ1, STAT1, NEMO and CYBB proteins

MutationTaster was used to predict the pathogenicity of novel 
mutations. The comparative three-dimensional (3D) structures of 
wild-type and mutant (IL-12Rβ1, STAT1, NEMO and CYBB) proteins 
were constructed based on the crystal structures. Utilizing program 
MODELLER 9v15, the structures (3D) of mutants and their wild-type 
counterparts were compared, and the top models were selected 
using the PROCHECK and ProSa evaluation procedures. Multiple 

sequence alignment was performed with ClustalW2 (https://www. 
ebi.ac.uk/Tools/msa/clustalw2/).

2.9. Data analysis

The GraphPad Prism 8 statistical software (GraphPad Software, 
San Diego, CA) was used to analyze the obtained data.

3. Results

3.1. Clinical presentations of P1, P2, P3 and P4

The P1 presented with BCG lymphadenitis after BCG vaccination 
when she was just two months old and pneumonia at the age of one 
year, and her recovery took three weeks at hospital. At the age of 
fifteen years, she was diagnosed with TB, and the treatment took 
more than ten months to recover despite M. tuberculosis being drug 
sensitive. At the age of 17 years, she was infected with severe 
Cutaneous leishmaniasis on her left leg. Her lesion did not improve 
with anti-leishmanial treatment and took six months to recover. The 
P2 developed severe viral pneumonia after her birth and was hos
pitalized for one month. She did not produce any BCG complications, 
and later on, at the age of four, she complained of severe chest and 
throat infections and responded well to treatment. At the age of 10 
years, she was diagnosed with severe TB, and her response to anti- 
tuberculosis was poor. After 12 months of TB, her test was negative 
for M. tuberculosis, later she also developed COVID-19. P3 is male and 
has typical NEMO deficiency associated with clinical symptoms of 
ectodermal dysplasia (sparse hair and conical teeth). The P3 had BCG 
vaccination without BCG complication, and he developed TB at the 
age of eight, and his response to anti-TB treatment was good. His test 
after eight months was negative for M. tuberculosis. However, at the 
age of eleven years, he developed TB again but recovered after eight 
months treatment. The P4 presented BCGitis and severe clinical 
presentations after birth, such as fever, diarrhea, oral infections, and 
skin rashes. He tested positive for TB when he was just 12 years of 
age and was given anti-TB treatment for ten months.

3.2. Evaluation of 12/23/ISG15-IFN-γ pathway in TB patients

TB patients (P1 and P2) belonging to consanguinity and (P3, and 
P4) to unrelated families were subjected to ELISA to measure IL-12 
and IFN-γ cytokines. The PBMCs of the P1 produced a low level of 
IFN-γ, while PBMCs from P2 and P3 induced an impaired amount of 
IL-12 production. The PBMCs from P4 demonstrated normal levels of 
IL-12 and IFN-γ (Fig. 1, E-F).

3.3. Abnormal surface expression of IL-12Rβ1 on T lymphocytes and 
abolished phosphorylation of STAT4

Following the abnormal level of IFN-γ measured by ELISA, we 
used flow cytometer to examine the surface expression of IL-12Rβ1 
on T lymphocytes from P1 and healthy control, as well as the 
phosphorylation of STAT4 in response to IL-12 stimulation. We found 
that P1 lymphocytes demonstrated abolished surface expression of 
IL-12Rβ1 and reduced phosphorylation of STAT4 as compared to 
healthy controls (Fig. 2 A-D). Additionally, in response to IFN-γ sti
mulation, we found normal expression of IFN-γR1 and reduced 
STAT1 phosphorylation in monocytes from P2 in comparison to 
healthy controls (Fig. 3 A-D).
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3.4. Reduced degradation of IκB-α displayed by P3 monocytes

We suspected NEMO deficiency based on X-linked pattern, clin
ical phenotypes such as ectodermal dysplasia (ED), thickened skin, 
the absence of sweat glands, conical teeth, thin, sparse hair, and 

susceptibility to infections. We used flow cytometry to examine the 
intracellular expression of NEMO and degradation of IκB-α in 
monocytes in response to PMA stimulation. Normal expression of 
intracellular expression of NEMO and abolished degradation of IκB-α 
in P3 monocytes were detected (Fig. 4A, B).

Fig. 1. Family pedigree and functional evolution of IL-12/IFN-γ axis. (A) and (B) filled black circles represent female P1/P2, while (C) and (D) filled black squares represent male P3/ 
P4. Following activation of PBMCs from patients and healthy controls with BCG+IL-12 and IFN- γ + BCG, respectively, (E) and (F) demonstrate the ELISA detection of IFN-γ and IL-12 
for all 4 patients (P1, P2, P3 and P4), respectively. Each experiment was conducted independently in triplicate, and a p-value of <  0.005 was considered statistically significant.

Fig. 2. Flow cytometric analysis of surface expression of IL-12Rβ1 and phosphorylation of STAT4. (A) and (B) black and red filled squares representing unstained and stained with 
anti-IL-12Rβ1 and demonstrating the surface expression of IL-12Rβ1 on PHA-activated T lymphocytes of healthy control and P1, respectively, and (C) and (D) black and red squares 
representing the unstimulated and stimulated phosphorylation status in T lymphocytes of healthy control and P1, respectively.
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Fig. 3. Flow cytometric evaluation of surface expression of IFN-γR1 and phosphorylation of STAT1. (A) and (B) black and red filled squares represent unstained and stained with 
anti-IFN-γR1 monocytes and showing surface expression of IFN-γR1 on healthy control and P2 monocytes, respectively, while (C) and (D) black and red filled squares represent 
unstimulated and stimulated phosphorylation status in healthy control and P2 monocytes, respectively.

Fig. 4. Flow cytometric analyses of IκB-α degradation, H2O2 production and NOX2 cell membrane protein expression. (A) and (B) filled black and red squares, representing the 
unstimulated and stimulated status of IκB-α degradation in healthy control and P3 monocytes, respectively. (C) and (D) filled black and red squares, indicating the unstimulated 
and stimulated levels of H2O2 production in healthy control and P4 neutrophils, respectively, while (E) and (F) filled black and red squares, displaying the unstained and stained 
with anti-NOX2 and demonstrating the expression of cell membrane protein NOX2 in healthy control and P4 neutrophils.
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3.5. Reduced oxidative burst and impaired NOX2 by P4 neutrophils

Using flow cytometry, we identified decreased levels of oxidative 
and NOX2 protein in P4 neutrophils compared to healthy control 
neutrophils (Fig. 4 C-F).

3.6. Genetic analysis revealed novel mutations in IL-12Rβ1, STAT1, 
NEMO and CYBB genes

We sequenced the candidate genes based on reduced receptor 
(IL-12Rβ1), phosphorylation (STAT1/STAT4), IκB-α degradation, and 
oxidative burst. We found the novel nonsense homozygous muta
tion: (c.191 G > A/p.W64 *) in exon 3 of the IL-12Rβ1gene in P1, and 

multiple sequence alignment showed that this p.W64 residue is the 
same across all the species indicating its conservation. The 3D 
structural study of wild-type and mutant IL-12Rβ1 indicated that 
this mutation may result in a truncated IL-12Rβ1 protein (Fig. 5 A, B, 
C). We also detected a novel a novel homozygous missense muta
tion, c.107 A > T/p.Q36L, in exon 3 of the STAT1 gene in P2. Multiple 
sequence alignments reveal that the p.Q36 residue is present in all 
species, indicating that it is highly conserved. Similarly, the 3D 
structural analysis of wild-type and mutant STAT1 predicted that this 
mutation resulted in a truncated STAT1 protein, which was asso
ciated with the abnormal phosphorylation of STAT1 (Fig. 6A, B, C). 
We also identified that missense hemizygous mutation: (c.950 A > C/ 
p.Q317P) in exon 8 of NEMO in P3 and nonsense hemizygous 

Fig. 5. Genetic and in silico analysis of IL-12Rβ1. (A) and (B) showing the chromatogram of the sequencing of the nonsense mutation: c.191 G > A/p.W64 * in exon 3 of IL-12Rβ1 
gene in P1 and the wild-type IL-12Rβ1 gene, respectively, while (B) demonstrates the multiple sequencing alignment of the p.W64 residue across the species and indicates the 
highly conservation of p.W64. (C) represent 3D mutated and wild-type IL-12Rβ1 proteins, demonstrating that c.191 G > A/p.W64 * resulted in a truncated IL-12Rβ1 protein.
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mutation: c.868 C > T/p.R290X in exon 8 of the CYBB gene in P4 are 
highly conserved across species, as shown by multiple sequence 
alignment. Moreover, 3D structural analyses of both wild-type and 
mutated NEMO and CYBB (p.Q317P and p.R290X) suggested that 
these mutations disrupt the NEMO and CYBB proteins (Fig. 7 A, B, C) 
and that these mutations are pathogenic (Fig. 8A, B, C). Significantly, 
an in silico study utilizing the MutationTaster predicted that all four 
new mutations (c.191 G > A/p.W64 *, c.107 A > T/p.Q36L, c.950 A > C/ 
p.Q317P, and c.868 C > T/p.R290X) were disease-causing (Fig. 9 A-D).

4. Discussion

In this study, we identified novel mutations in the IL-12Rβ1, 
STAT1, NEMO, and CYBB genes of the IL-12/23/ISG15-IFN-γ axis in 

patients with severe TB and other infections for the first time. The 
female P1 developed BCG lymphadenitis, pneumonia, and TB, and 
the female P2 developed severe viral pneumonia and TB without any 
BCG complications. At the same time, the male P3 showed signs of 
typical ectodermal dysplasia, such as sparse hair, conical teeth, and, 
later, recurrent TB. Male P4 was early stage infected with BCGitis and 
presented with severe clinical presentations such as fever, diarrhea, 
oral infections, skin rashes, and severe recurrent TB. So far, using 
immunological and molecular techniques, we have identified two 
novel hemizygous mutations (c,191 G > A/p.W64 * in IL-12Rβ1 and 
c.868 C > T/p.R290 * in CYBB, and two novel hemizygous missense 
mutations (c.107 A > T/p.Q36L in STAT1 and c.950 A > C/p.Q317P in 
NEMO). The bioinformatics analyses predicted that these mutations 
were pathogenic. Although the novel mutations were affecting the 

Fig. 6. Genetic and in silico analyses of STAT1. (A) and (B) showing the chromatogram of the sequencing of a novel missense mutation: c.107 A > T/p.Q36L, in exon 3 of the STAT1 
gene in P2 and the wild-type STAT1 gene, respectively. At the same time, (B) represents the multiple sequencing alignment of the p.Q36L residue across the species and highlights 
that the p.W64 residue is highly conserved. (C) show the 3D mutated and wild-type STAT1 proteins, demonstrating that c.107 A > T/p.Q36L resulted in a truncated STAT1 protein.
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protein in vitro functionality, however, further characterization 
would be required, such as site-directed mutagenesis and whole 
exome sequencing, to declare these novel mutations (c.191 G > A/ 
p.W64 *, c.868 C > T/p.R290 *, c.107 A > T/p.Q36L, and c.950 A > C/ 
p.Q317P) alone pathogenic and responsible for abnormal protein 
expression and immunological anomalies.

IL-12Rβ1 deficiency is usually associated with BCGitis and intra- 
macrophagic pathogens such as M. tuberculosis and leishmania [8, 27, 
33]. Accordingly, our IL-12Rβ1 deficient P1 developed both BCGitis, 
TB, and leishmaniasis. This is the third case of cutaneous leishma
niasis associated with a novel IL-12Rβ1 deficiency that we have re
ported [8]. STAT1 deficiency usually presents both mycobacterial and 
viral infections [34], and in agreement, STAT1 deficiency in our P2 
developed both COVID-19 and TB. NEMO deficiency is associated 
with several distinct phenotypes, such as abnormal teeth, skin, nails, 
sweat glands, and hair, and is susceptible to a broad array of infec
tions, including TB [29, 35, 36]. Concurrently, NEMO deficiency in P3 
presented typical somatic changes such as sparse hair, conical teeth, 
and recurrent TB. CYBB deficiency causes increased susceptibility to 
multiple infections, such as catalase-positive bacterial and myco
bacterial infections [28,37–39]. Similar to these findings, the CYBB 
deficiency in P4 caused increased susceptibility to catalase-positive 

Staphylococcus aureus and mycobacterial infections (BCGitis and 
recurrent TB).

According to Global Variome (https://databases.lovd.nl/shared/ 
genes/IL12RB1), up till now, more than 350 variants of IL-12Rβ1 have 
been reported. We here report a novel nonsense mutation ( 
c.191 G > A/p.W64 *) that causes unknown IL-12Rβ1 deficiency, and 
this is the fourth novel IL-12Rβ1 deficiency in our group [8,40]. IL- 
12Rβ1 deficiency is mainly reported in consanguineous families 
[40–42] and here a novel IL-12Rβ1 defect is also identified in a Pa
kistani consanguineous family whose parents are carriers of this IL- 
12Rβ1 deficiency. The novel nonsense mutation, c.191 G > A/p.W64 * , 
is positioned in exon 3 of the IL-12Rβ1 gene. Currently, six distinct 
mutations in roughly 12 persons have been identified in exon 3 of 
the IL-12Rβ1 gene. Therefore, this c.191 G > A/p.W64 * expands the 
genetic spectrum of high heterogeneous IL-12Rβ1 deficiency. The 
autosomal recessive form of partial STAT1 deficiency is characterized 
by poor responses to both IFN-γ and IFN-α/β, increasing suscept
ibility to intracellular bacterial and viral infections [43]. We only 
assessed inadequate responses to IFN-γ and did not test the response 
to IFN-α/β. Therefore, we did not conclude that STAT1 deficiency 
impaired responses to both IFN-γ and IFN-α/β, although our P2 with 
STAT1 deficiency developed both viral and mycobacterial diseases. 

Fig. 7. Genetic and in silico analysis of NEMO Protein. (A) and (B) show the chromatogram of the sequencing of a missense mutation: c.950 A > C/p.Q317P in exon 8 of NEMO in P3 
and wild type, respectively, while (B) represents the multiple sequencing alignment of the p.Q317 residue across the species and highlights that the p.Q317P residue is highly 
conserved. (C) shows the 3D mutated and wild-type NEMO proteins and how c.950 A > C/p.Q317P resulted in a truncated NEMO protein.
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Notably, 32 different NEMO mutations have been reported that 
caused 80 different phenotypes, of which only 77% developed an
hidrotic ectodermal dysplasia with immune deficiency (EDA-ID) 
[44,45] and are an X-linked recessive disorder (XL-EDA-ID). This is 
the result of NEMO’s hypomorphic mutations. Here, our P3 also 
presented an XL-EDA-ID phenotype due to a novel missense muta
tion residing in the leucine zipper domain of NEMO.

Globally, until now, more than 600 mutations have been reported in 
the CYBB gene that causes X-CGD [37]. Among these mutations, rare 
nonsense mutations result in a total lack of NOX2 expression (X910CGD), 
which is associated with altogether abolishing NADPH oxidase activity 
[46]. In accordance, nonsense mutation: c c.868 C > T/p.R290X caused a 
variant of X910CGD. The lack of NOX2 expression suggests that this 

nonsense mutation, c.868 C > T/p.R290X, affects the NADPH oxidase re
spiratory burst. However, the impact of the mutation: p.R290X on 
NADPH oxidase assembly requires further characterization using trans
genic studies [47]. Our data expand the clinical and genetic spectra as
sociated with the defects of the IL-12/23/ISG15-IFN-γ axis and suggest 
that TB patients in Pakistan should be evaluated for possible genetic 
defects due to the high prevalence of parental consanguinity and TB.

4.1. Limitation of the study

The limitation of our study is the site directed mutagenesis and 
in vivo studies.

Fig. 8. Genetic and in silico analyses of CYBB. (A) and (B) showing the chromatogram of the sequencing of the nonsense mutation: c.868 C > T/p.R290X in exon 8 of the CYBB gene 
in P4 and wild type, respectively, while (B) represents the multiple sequencing alignment of the p.R290X residue across the species and highlights that the p.R290 residue is highly 
conserved. (C) representing the 3D mutated and wild-type CYBB proteins and demonstrating that nonsense mutation: c.868 C > T/p.R290X created impaired NEMO protein.
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Fig. 9. MutationTaster predictions of mutations. (A, B, C, and D) demonstrating the predictions of the MutationTaster and predicting that all mutations ( c.191 G > A/p.mW64 *, 
c.107 A > T/p.Q36L, c.950 A > C/p.Q317P,and c.868 C > T/p.R290X) are disease-causing.
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5. Conclusion

Our findings broaden the clinical and genetic spectra associated 
with IL-12/23/ISG15-IFN-γ axis anomalies. Additionally, our data 
suggest that TB patients in Pakistan should be investigated for po
tential genetic defects due to high prevalence of parental con
sanguinity and increased incidence of TB in the country.
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