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Abstract

The interleukin (IL)-12/interferon(IFN)y axis plays an important role in the control of mycobacterial diseases as
demonstrated by the increased susceptibility to mycobacterial species in patients with an inborn error of the IL-12-
dependent IFNy immunity. Here, we report a novel mutation in the /L-12R(31 gene in a female Pakistani patient who
was born in a consanguineous marriage and developed severe bacille Calmette-Guérin (BCG) infection and recurrent
tuberculosis. After reviewing the patient’s clinical records, she was investigated for IL-12/IFNy defects using
enzyme-linked immunosorbent assay (ELISA), flow cytometry, and DNA genetic Sanger sequencing.
Quantification of secretory cytokines from the patient’s peripheral blood mononuclear cells (PBMCs) revealed sig-
nificantly reduced IFNvy production. Flow cytometric analysis revealed no surface expression of IL-12R{31 on PHA-
activated T lymphocytes. In addition, IL-12-induced impaired STAT4 phosphorylation in the patient’s lymphocytes
when compared with those from five healthy controls. The genetic analysis of /L-/2R[3] gene identified a novel
nonsense mutation ¢.199G>T/p.E67* within exon 3, which encodes part of the cytokine-binding region (CBR). In
silico analysis indicates that this novel nonsense mutation generates a truncated protein with an apparent inactivating
effect. Our data expand the genetic spectrum of IL-12R[31 deficiency. Moreover, our findings highlight the need for
developing newborn screening for patients with primary immunodeficiency associated with mycobacterial infections
in areas where BCG vaccination is mandatory in order to improve the treatment of patients, and consequently their
quality of life.
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Abbreviations

TB Tuberculosis

IL Interleukin

IFN Interferon

BCG Bacille Calmette—Guérin

CBR Cytokine-binding region

NTM Non-tuberculous mycobacteria
TYK Tyrosine-protein kinase

JAK Janus kinase

PIDs Primary immunodeficiencies

SCID Severe combined immunodeficiency
GO6PD  Glucose-6-phosphate dehydrogenase
NEMO NF-kappa B essential modulator
MSMD  Mendelian susceptibility to mycobacterial disease
FNIII Fibronectin type-III domain
Introduction

Tuberculosis (TB) is an infectious disease mainly caused by
Mycobacterium tuberculosis complex (MTC) bacteria,
representing a major health problem worldwide [1], with a
high incidence in developing countries such as Pakistan [2].
Immunity to mycobacteria species such as non-tuberculous
mycobacteria (NTM), M. bovis bacillus Calmette—Guérin
(BCQG) strains, and M. tuberculosis complex (MTC) bacteria
depends on the functional integrity of interleukin (IL)-12 and
interferon (IFN)y signaling pathways. For instance, the bind-
ing of IL-12 to both subunits of its receptor (IL-12R31 and IL-
12R32), which are expressed on cells such as natural killer
cells and T lymphocytes, activates a variety of downstream
signaling molecules (e.g., tyrosine-protein kinase or TYK2
and Janus kinase 2 or JAK?2). This leads to the subsequent
phosphorylation of signal transducer and activator of tran-
scription (STAT)4, as well as formation of STAT4
homodimers which translocate to the nucleus and activate
the transcription of genes such as IFNG [3, 4].

An increased susceptibility to severe mycobacterial disease
has been observed in patients with inborn error of 1L-12-
dependent IFNy immunity (also known as Mendelian suscep-
tibility to mycobacterial disease or MSMD) [5] as well as in
other inborn errors immunity (also called primary immunode-
ficiency disorders (PIDs) [6-9] such as severe combined im-
mune deficiency (SCID), affecting the cellular immune re-
sponse or congenital defects of phagocytes [6-9] such as se-
vere combined immune deficiency [10], chronic granuloma-
tous disease (CGD) [10], as well as glucose-6-phosphate de-
hydrogenase (G6PD) [11], CD40 ligand (CD40L) [12-14],
and NF-kappa B essential modulator (NEMO) [15] deficien-
cies. However, a striking contrast between MSMD patients
and the other aforementioned PIDs is that the former group
is vulnerable to only a narrow spectrum of pathogens such as
non-tuberculous mycobacteria (e.g., BCG, Salmonella spp.,

and Candida spp.). Importantly, infections caused by MTC
are not frequently reported in MSMD patients [5, 16], how-
ever, they are more commonly developed by patients with
other PIDs.

The genetic dissection of MSMD has identified mutations
in seven autosomal (STATI, IL-12p40, IFNGRI, IFNGR2, IL-
12R[(1, IRFS, ISG15) and two X-linked (NEMO and CYBB)
genes [17]. The products of these genes are directly or indi-
rectly involved in the IFNvy-dependent immunity to
mycobacteria. Among the MSMD-causing genes, the autoso-
mal recessive /L-12R[3] deficiency accounts for more than
50% of the cases [5] and the majority of them belong to con-
sanguineous marriages [18]. Here, we expand the molecular
spectrum that confers susceptibility to mycobacterial diseases
by characterizing a novel nonsense mutation in the /L-12R[31
gene in a patient with recurrent TB from a consanguineous
Pakistani family.

Materials and methods
Case report

An HIV-negative 11-year-old Pakistani female born from a
consanguineous marriage was admitted to the hospital with a
complaint of severe coughing, weight loss, and fever. There
were no other reports of TB in her family history. She had a
history of cervical adenopathy due to BCG vaccination and
tuberculosis (TB) at the age of 3 months and 8 years old,
respectively. To fully recover from TB, 10 months of anti-
tuberculous chemotherapy was required while the standard
anti-tuberculous treatment regimen is usually 6 months [19].
Recombinant human IFNy was not administered to the patient
who developed a second episode of TB at 11 years of age. The
diagnosis was confirmed by the presence of characteristic TB
lesions in chest X-ray and by sputum smear microscopy, cul-
ture, and GeneXpert. The drug susceptibility confirmed that
MTC was not resistant to anti-tuberculous drug.

Ethics approval

The patient and healthy controls (all from Pakistan; mean age,
20 years old) provided written consent to participate in the
study, and their blood sample was collected according to the
institutional guidelines for functional and molecular charac-
terization. The study was approved by the ethics committee of
Kohat University of Science and Technology, Kohat,
Pakistan.

Quantification of IL-12 and IFNy

The quantification of IL-12 and IFNYy in response to stimula-
tion with BCG + IFNy and BCG + IL-12 respectively was
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analyzed by enzyme-linked immunosorbent assay (ELISA)
method using IFNvy/IL-12 ELISA kits according to manufac-
turer’s instructions (STEMCELL Technologies). The quanti-
fication of IL-12 and IFNvy and all the other functional assays
described below (“Flow cytometric analysis of IL-12R(31 ex-
pression on T lymphocytes”, “STAT4 phosphorylation”, and
“Genetic analysis” sections) carried out to characterize the
defective IL-12/IFNy axis were performed as previously de-
scribed [20].

Flow cytometric analysis of IL-12RB1 expression on T
lymphocytes

Flow cytometric analysis of IL-12R 31 surface expression was
performed as previously described [21]. Briefly, pre-activated
peripheral blood mononuclear cells (PBMCs) (8 pg/mL phy-
tohemagglutinin [PHA] for 3 days) were stained with anti-IL-
12R31/CD212 antibody (Extracellular Domain, PE, LifeSpan
BioSciences, Inc.) and anti-CD3 antibody before the cells
were fixed with 2% paraformaldehyde. The cells were evalu-
ated by flow cytometry on a BD FACS Canto II cytometer
(BD Biosciences, San Jose, CA, USA). Cells were gated for
lymphocytes according to size (forward scatter, FSC) and
granularity (side scatter, SSC). The data obtained were ana-
lyzed with FlowJo software (TreeStar, Ashland, OR).

STAT4 phosphorylation

Evaluation of STAT4 phosphorylation was carried out in T
lymphocytes pre-activated with PHA and stimulated with 10
ng/mL recombinant human IL-12 (rhIL-12), as previously de-
scribed [20]. After fixation, permeabilization, and staining
with anti-CD3 antibody (abcam) and anti-pY 693 STAT4 an-
tibody (BD Biosciences), the STAT4 phosphorylation was
analyzed in T lymphocytes by flow cytometry.

Genetic analysis

DNA was extracted using the QlAamp DNA Mini Kit
(QIAGEN, Hilden, Germany) from EDTA blood. All exons
of IL-12R31 gene were amplified by polymerase chain reac-
tion (PCR) using IL-12R31 gene—specific primers (available
upon request). The PCR products were subjected to Sanger
sequencing for mutational analysis through the genetic ana-
lyzer ABI 3500 (Thermo Fisher Scientific, Waltham, MA).

In silico analyses

MutationTaster was used for the pathogenic prediction of
the novel mutation, p.E67*. In addition, a comparative
three-dimensional (3D) structure of wild-type and mutant
IL-12R31 was constructed based on the crystal structure
of the full ectodomain of human gp130 (IL6Rf3, pdb id

@ Springer

3LSH) [22] and IL-12Rp1 p.E67* mutant’s 3D structure
was compared with that of wild-type IL-12R(31 by using
the program MODELLER 9v15 [23, 24]. The best model,
which consists of all non-hydrogen main-chain, side-chain
atoms, was selected based on PROCHECK and ProSa
evaluation protocols [11, 25, 26]. Structures were visual-
ized and analyzed using Accelrys DS Visualizer 2.0
(Accelrys, USA). Multiple sequence alignment was per-
formed by ClustalW2 (https://www.ebi.ac.uk/Tools/msa/
clustalw?2/).

Statistical analysis

The data obtained were analyzed using GraphPad Prism 5
statistical software (GraphPad Software, San Diego, CA).
Unpaired 7 test (Mann—Whitney test) was applied on controls
and patient group. Five control individuals were compared
with three replicates of the patient’s data and P < 0.05 was
considered significant.

Results
Decreased IFNy production by the patient’s PBMCs

The IL-12/IFNvy axis plays a vital role in the protection of
mycobacteria, and therefore the patient was screened for de-
fects in the IL-12/IFNy axis [27, 28]. The PBMCs from the
patient responded to BCG and/or [IFNy demonstrating normal
production of IL-12 when compared with the healthy controls
(Fig. 1a), ruling out intrinsic IFNy signaling defects. In con-
trast, the PBMCs from the patient secreted significantly less
IFNvy than those from healthy subjects (Fig. 1b), suggestive of
impaired IL-12 signaling.

Defective IL-12RB1 expression and impaired STAT4
phosphorylation

The patient was screened for defects in the IL-12 signal-
ing pathway by analyzing the expression of IL-12R31 on
the surface of the patient’s T lymphocytes. In accordance
with the impaired IFNy secretion, the patient’s lympho-
cytes displayed defective expression of the IL-12Rf31,
while it was normally detected on the control lympho-
cytes (Fig. 2a, b). As the binding of IL-12 to its receptors
(IL-12R31 and IL-12R{32) leads to the phosphorylation
of STAT4 [29], we evaluated the STAT4 phosphorylation.
The patient’s T lymphocytes showed impaired STAT4
phosphorylation upon IL-12 stimulation as compared with
the healthy control (Fig. 2c, d).


https://www.ebi.ac.uk/Tools/msa/clustalw2/
https://www.ebi.ac.uk/Tools/msa/clustalw2/
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Fig. 1 Impaired IFNy production by patient’s PBMCs. a Normal IL-12
secretion by patient’s PBMCs in response to BCG and/or IFNy. b
Reduced IFNy synthesis by patient’s PBMCs after stimulation with
BCG and/or IL-12 when compared with 5 healthy controls. Each dot is

Fig.2 Low IL-12R31 expression
and STAT4 phosphorylation by
patient’s T lymphocytes.
Histograms compare the expres-
sion of IL-12R31 on the surface
of T lymphocytes from controls
(a) and the patient (b). 1
Histograms demonstrate induced
STAT4 phosphorylation in T
lymphocytes of healthy controls
(c) while defective STAT4 phos-
phorylation in patient’s (d) T
lymphocytes. Both IL-12R{31 ex-
pression and STAT4 phosphory-
lation were assessed by flow cy-
tometry using PHA-pre-activated
PBMCs and the data was ana- "
lyzed using the FlowJo software
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a mean of an experiment performed in triplicate. Error bars denote mean
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Fig. 3 Genetic analysis of JL- ¢.199G/G>T
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c.199G>T/E67*

Identification of the novel nonsense mutation
¢.199G>T/p.E67*

Based on several indications (low production of IFNvy,
lack of IL-12R[(31 surface expression, and reduced
STAT4 phosphorylation) and autosomal recessive IL-
12RB31 deficiency (Fig. 3a), we genetically analyzed
the IL-12R(3] gene. This was of particular interest as
this deficiency has previously been reported in children
with severe TB [18] who were from consanguineous
marriages [3, 30]. Sanger sequencing of [/L-12R(31 of
our patient identified a novel nonsense mutation
(c.199G>T/p.E67*) in exon 3, creating a stop codon
(Fig. 3b—d). This mutation is located with the first fi-
bronectin type-1II (FNIII) repeat domain which forms
the cytokine-binding region (CBR) of the IL-12R[]
(Fig. 3e). The parents of the patient were heterozygous
for the novel nonsense mutation ¢.199G>T/p.E67*.

@ Springer

In silico analysis predicts structural and functional
impacts of the novel /L-12R31 disease-causing
mutation

The novel nonsense mutation ¢.199G>T/p.E67* was not
found in Ensemble, Exome Aggregation Consortium
(ExAC, http://exac.broadinstitute.org/), Human Gene
Mutation Database (HGMD®, http://www.hgmd.cf.ac.uk/ac/
index.php), 1000 Genomes Data (1000G, http://www.
internationalgenome.org/data/), and online IL-12R31 varia-
tion databases (www.LOVD.nl/IL12R31). Therefore,
suggesting the ¢.199G>T/p.E67* mutation is novel. The
MutationTaster prediction tool indicated this mutation as
disease causing (data not shown). Structurally, the human
IL-12Rf31 is composed of extracellular (further divided into
five FNIII domains), transmembrane, and cytoplasmic do-
mains and its functionality is attributed to these domains [3].
The 3D structure of the wild-type and mutant E67* IL-12R31


http://exac.broadinstitute.org/
http://www.hgmd.cf.ac.uk/ac/index.php
http://www.hgmd.cf.ac.uk/ac/index.php
http://www.internationalgenome.org/data/
http://www.internationalgenome.org/data/
http://www.lovd.nl/IL12R%CE%B21
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Fig.4 Insilico analyses of IL-12R 31 mutant. The structure of the wild type IL-12R31 (a) and p.E67* mutant (b). The residue E67 is shown by the small
red balls. ¢ Multiple sequence alignments of the motif containing p. E67* mutation across different species

truncated proteins is shown in Figs. 4a and b, respectively. The
mutant E67* IL-12R31 truncated protein indicates a loss-of-
function due to an abnormal IL-12R[(31 structure.
Furthermore, multiple sequence alignments showed that the
c.199G>T/p.E67* is located in a highly conserved protein
region across different species (Fig. 4c).

Discussion

We herein reported a Pakistani patient with IL-12R(31 defi-
ciency that had a history of BCG and recurrent TB infections.
Investigation of the IL-12/I[FNYy axis demonstrated impaired
production of IFNy by patient’s PBMCs, lack of IL-12Rf31
surface expression, and reduced STAT4 phosphorylation upon
IL-12 activation. Genetic evaluation revealed a novel non-
sense mutation, ¢.199G>T/p.E67*, which affects a highly
conserved IL-12Rf31 sequence. These molecular and func-
tional events associated with the nonsense mutation
199G>T/p.E67*, which affects highly conserved IL-12R{31
sequence thereby expanding the genetic spectrum of IL-
12Rf31 deficiency. Although we have not performed a site-
directed mutagenesis study to prove that the mutation is of
clinical significance, our data suggests that the absence of
IL-12R31 surface expression is due to the new stop codon
created in the /L-12RBI gene of our patient. Considering the
well-known role of IFNy immunity in the control of myco-
bacterial infections [31, 32], our data indicated that the occur-
rence of recurrent mycobacterial infections developed by our
Pakistani patient is, at least, partially attributed to the novel
molecular alteration reported here. Since we did not perform
whole-exome sequencing in our patient, we cannot exclude

the existence of another PID simultaneously to the IL-12R(31
deficiency which could contribute to the susceptibility to my-
cobacterial infections.

Since the first patients with IL-12R31 deficiency reported
in 1998 [33, 34], approximately two hundred patients from
different world regions have been characterized [3, 35]. IL-
12R31 deficiency is characterized by the susceptibility to
poorly pathogenic non-tuberculous (environmental)
mycobacteria or BCG as well as salmonellae [3].
Furthermore, other infections such as Candida and MTC are
occasionally reported [35]. While both non-tuberculosis
(BCG) and M. tuberculosis infections were presented by our
patient, no events of candidiasis or salmonellosis were report-
ed. Despite the high incidence of consanguineous marriages in
Pakistan [36], this is the second Pakistani individual identified
with IL-12R[31 deficiency to the best of our knowledge [35,
37]. This identifies a need to locally expand the availability of
genetic analysis for Pakistani patients who developed myco-
bacterial infections. A recent study reported that two of fifty
children with severe TB from Iran, Morocco, and Turkey [18]
have IL-12R[31 deficiency. In light of this, we aim that our
efforts to establish the genetic analysis of the IL-12/IFNy axis
can characterize more children with PID affected by TB in-
fections in developing countries [10, 11, 13—15, 38—40].
Reaching this goal will considerably improve the mortality
and morbidity associated with mycobacterial infections due
to inborn errors of immunity at these geographic regions.
For instance, this can be addressed by including recombinant
human IFNYy in the treatment schedule of IL-12R 3 1-deficient
patients [18, 41].

As we report here, most of the previously reported IL-
12R31-deficient patients belong to consanguineous families
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[42], and family members who have only one affected allele
usually do not develop clinical symptoms or any detectable
immunological defect [3]. So far, approximately seventy path-
ogenic mutations have been identified across all exons of the
IL-12Rp1 gene, except exons 16 and 17 [3]. A small mutation
hotspot is suggested in exon 15 where three different muta-
tions had been identified in more than sixty IL-12R31-
deficient patients [3]. While the 199G>T/p.E67* is located
in exon 3 of the IL-12Rf31 gene, 5 different mutations in ap-
proximately 10 individuals have been identified so far. In this
context, our Pakistani patient expands the genetic spectrum of
IL-12R31 deficiency, which has a high heterogeneity.

Moreover, most of the mutations in the /L-/12R(3] gene,
including those affecting the CBR, which also contains the
cytokine receptor signature (two Cys-Cys pairs and the
[STGL]xWSxWS motif), are nonsense, frameshift, and splice
site mutations. Consequently, they result in the complete lack
of IL-12R 31 expression on the cell surface [3, 29], as the case
of the novel mutation (c.199G>T/p.E67%) identified in our
patient. In this context, the functional high-affinity IL-12R
requires both 3-type subunits (31 and (32) for complete func-
tion. However, each subunit still exhibits a low affinity for IL-
12 [43]. This fact might justify the residual production of
IFNy and STAT4 phosphorylation observed in our patient’s
PBMCs supernatant and T lymphocytes, respectively.

In conclusion, our data broadens the genetic spectrum of
IL-12R {31 deficiency and reinforces that mutations in the /L-
12R31 gene must be investigated in patients with BCG com-
plications and/or severe TB. In addition, the consanguinity
rate, as well as TB incidence, is high in Pakistan [2, 44], a
country in which BCG vaccination is mandatory [45].
Therefore, it is urgent and of clinical importance to establish
newborn screening programs in this region to improve the
quality of life of families affected by PIDs associated with
mycobacterial infections.

Compliance with ethical standards

The patient and healthy controls (all from Pakistan; mean age, 20 years
old) provided written consent to participate in the study, and their blood
sample was collected according to the institutional guidelines for func-
tional and molecular characterization. The study was approved by the
ethics committee of Kohat University of Science and Technology,
Kohat, Pakistan.

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Lawn SD, Zumla AI. Tuberculosis. Lancet. 2011;378(9785):57-72.
https://doi.org/10.1016/s0140-6736(10)62173-3.

2. Khan AH. Tuberculosis control in Sindh, Pakistan: critical analysis
of its implementation. J Infect Public Health. 2017;10(1):1-7.

@ Springer

10.

11.

12.

14.

15.

16.

17.

18.

van de Vosse E, Haverkamp MH, Ramirez-Alejo N, Martinez-Gallo
M, Blancas-Galicia L, Metin A, et al. IL-12 R 31 deficiency: mu-
tation update and description of the IL 12 RB 1 variation database.
Hum Mutat. 2013;34(10):1329-39.

Morinobu A, Gadina M, Strober W, Visconti R, Fornace A,
Montagna C, et al. STAT4 serine phosphorylation is critical for
IL-12-induced IFN-y production but not for cell proliferation.
Proc Natl Acad Sci. 2002;99(19):12281-6.

Bustamante J, Boisson-Dupuis S, Abel L, Casanova J-L, editors.
Mendelian susceptibility to mycobacterial disease: genetic, immu-
nological, and clinical features of inborn errors of IFN-y immunity.
Semin Immunol. 2014;26(6):454-70. https://doi.org/10.1016/j.
smim.2014.09.008.

Uciechowski P, Imhoff H, Lange C, Meyer CG, Browne EN,
Kirsten DK, et al. Susceptibility to tuberculosis is associated with
TLR1 polymorphisms resulting in a lack of TLR1 cell surface ex-
pression. J Leukoc Biol. 2011;90(2):377-88. https://doi.org/10.
1189/j1b.0409233.

Berrington WR, Hawn TR. Mycobacterium tuberculosis, macro-
phages, and the innate immune response: does common variation
matter? Immunol Rev. 2007;219:167-86. https://doi.org/10.1111/j.
1600-065X.2007.00545 x.

Lee W-I, Huang J-L, Yeh K-W, Jaing T-H, Lin T-Y, Huang Y-C,
et al. Immune defects in active mycobacterial diseases in patients
with primary immunodeficiency diseases (PIDs). J Formos Med
Assoc. 2011;110(12):750-8.

Bousfiha A, Jeddane L, Picard C, Ailal F, Gaspar HB, Al-Herz W,
et al. The 2017 TUIS phenotypic classification for primary immu-
nodeficiencies. J Clin Immunol. 2018;38(1):129-43.

Khan TA, Igbal A, Rahman H, Cabral-Marques O, Ishfaq M,
Muhammad N. Novel RAG1 mutation and the occurrence of my-
cobacterial and Chromobacterium violaceum infections in a case of
leaky SCID. Microb Pathog. 2017;109:114-9.

Khan TA, Mazhar H, Nawaz M, Kalsoom K, Ishfaq M, Asif H,
et al. Expanding the clinical and genetic spectrum of G6PD defi-
ciency: the occurrence of BCGitis and novel missense mutation.
Microb Pathog. 2017;102:160-5.

de la Morena MT, Leonard D, Torgerson TR, Cabral-Marques O,
Slatter M, Aghamohammadi A, et al. Long-term outcomes of 176
patients with X-linked hyper-IgM syndrome treated with or without
hematopoietic cell transplantation. J Allergy Clin Immunol.
2017;139(4):1282-92.

Cabral-Marques O, Klaver S, Schimke LF, Ascendino EH, Khan
TA, Pereira PVS, et al. First report of the hyper-IgM syndrome
Registry of the Latin American Society for Immunodeficiencies:
novel mutations, unique infections, and outcomes. J Clin
Immunol. 2014;34(2):146-56.

Cabral-Marques O, Schimke L-F, Pereira PVS, Falcai A, de
Oliveira JB, Hackett MJ, et al. Expanding the clinical and genetic
spectrum of human CD40L deficiency: the occurrence of
paracoccidioidomycosis and other unusual infections in Brazilian
patients. J Clin Immunol. 2012;32(2):212-20.

Khan TA, Schimke LF, Amaral EP, Ishfaq M, Barbosa Bonfim CC,
Rahman H, et al. Interferon-gamma reduces the proliferation of M.
tuberculosis within macrophages from a patient with a novel
hypomorphic NEMO mutation. Pediatr Blood Cancer.
2016;63(10):1863-6.

Al-Muhsen S, Casanova J-L. The genetic heterogeneity of mende-
lian susceptibility to mycobacterial diseases. J Allergy Clin
Immunol. 2008;122(6):1043-51.

Ramirez-Alejo N, Santos-Argumedo L. Innate defects of the IL-12/
IFN-gamma axis in susceptibility to infections by mycobacteria and
salmonella. J Interf Cytokine Res. 2014;34(5):307—-17. https:/doi.
org/10.1089/ir.2013.0050.

Boisson-Dupuis S, El Baghdadi J, Parvaneh N, Bousfiha A,
Bustamante J, Feinberg J, et al. IL-12R31 deficiency in two of fifty


https://doi.org/10.1016/s0140-6736(10)62173-3
https://doi.org/10.1016/j.smim.2014.09.008
https://doi.org/10.1016/j.smim.2014.09.008
https://doi.org/10.1189/jlb.0409233
https://doi.org/10.1189/jlb.0409233
https://doi.org/10.1111/j.1600-065X.2007.00545.x
https://doi.org/10.1111/j.1600-065X.2007.00545.x
https://doi.org/10.1089/jir.2013.0050
https://doi.org/10.1089/jir.2013.0050

Immunol Res (2019) 67:408-415

415

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

children with severe tuberculosis from Iran, Morocco, and Turkey.
PLoS One. 2011;6(4):e18524.

Gilpin C, Korobitsyn A, Migliori GB, Raviglione MC, Weyer K.
The World Health Organization standards for tuberculosis care and
management. Eur Respir J 2018;51:1800098. https://doi.org/10.
1183/13993003.00098-2018.

Schimke LF, Hibbard J, Martinez-Barricarte R, Khan TA, de Souza
CR. Borges de Oliveira Junior E et al. Paracoccidioidomycosis
associated with a heterozygous STAT4 mutation and impaired
IFN-y immunity. J Infect Dis. 2017;216(12):1623-34.
Jirapongsananuruk O, Luangwedchakarn V, Niemela JE, Pacharn P,
Visitsunthorn N, Thepthai C, et al. Cryptococcal osteomyelitis in a
child with a novel compound mutation of the IL12RB1 gene. Asian
Pac J Allergy Immunol. 2012;30(1):79-82.

Xu'Y, Kershaw NJ, Luo CS, Soo P, Pocock MJ, Czabotar PE, et al.
Crystal structure of the entire ectodomain of gp130: insights into the
molecular assembly of the tall cytokine receptor complexes. J Biol
Chem. 2010. https://doi.org/10.1074/jbc.C110.129502.

Igbal A, Goldfeder MB, Marques-Porto R, Asif H, de Souza JG,
Faria F, et al. Revisiting antithrombotic therapeutics; sculptin, a
novel specific, competitive, reversible, scissile and tight binding
inhibitor of thrombin. Sci Rep. 2017;7(1):1431.

Igbal A, Azim MK. Structural bioinformatics of enol pyruvyl shi-
kimate phosphate synthase from Vibrio cholerae. ] Chem Soc Pak.
2012;34(1):120-6.

Wiederstein M, Sippl MJ. ProSA-web: interactive web service for
the recognition of errors in three-dimensional structures of proteins.
Nucleic Acids Res. 2007;35(suppl_2):W407-W10.

Laskowski RA, MacArthur MW, Moss DS, Thornton JM.
PROCHECK: a program to check the stereochemical quality of
protein structures. J Appl Crystallogr. 1993;26(2):283-91.

van de Vosse E, Hoeve MA, Ottenhoff TH. Human genetics of
intracellular infectious diseases: molecular and cellular immunity
against mycobacteria and salmonellae. Lancet Infect Dis.
2004;4(12):739-49.

Feinberg J, Fieschi C, Doffinger R, Feinberg M, Leclerc T,
Boisson-Dupuis S, et al. Bacillus Calmette Guérin triggers the IL-
12/IFN-y axis by an IRAK-4-and NEMO-dependent, non-cognate
interaction between monocytes, NK, and T lymphocytes. Eur J
Immunol. 2004;34(11):3276-84.

Fieschi C, Bosticardo M, De Beaucoudrey L, Boisson-Dupuis S,
Feinberg J, Santos OF, et al. A novel form of complete IL-12/1L-23
receptor 31 deficiency with cell surface-expressed nonfunctional
receptors. Blood. 2004;104(7):2095-101.

van de Vosse E, Haverkamp MH, Ramirez-Alejo N, Martinez-Gallo
M, Blancas-Galicia L, Metin A, et al. IL-12R{31 deficiency: muta-
tion update and description of the ILI2RBI variation database.
Hum Mutat. 2013;34(10):1329-39. https://doi.org/10.1002/humu.
22380.

Trinchieri G. Interleukin-12 and the regulation of innate resistance
and adaptive immunity. Nat Rev Immunol. 2003;3(2):133-46.
Caragol I, Raspall M, Fieschi C, Feinberg J, Larrosa MN,
Hernandez M, et al. Clinical tuberculosis in 2 of 3 siblings with
interleukin-12 receptor 31 deficiency. Clin Infect Dis. 2003;37(2):
302-6.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

de Jong R, Altare F, Haagen IA, Elferink DG, Boer T, van Breda
Vriesman PJ, et al. Severe mycobacterial and Salmonella infections
in interleukin-12 receptor-deficient patients. Science.
1998;280(5368):1435-8.

Altare F, Durandy A, Lammas D, Emile J-F, Lamhamedi S, Le
Deist F, et al. Impairment of mycobacterial immunity in human
interleukin-12 receptor deficiency. Science. 1998;280(5368):
1432-5.

de Beaucoudrey L, Samarina A, Bustamante J, Cobat A, Boisson-
Dupuis S, Feinberg J, et al. Revisiting human IL-12R31 deficiency:
a survey of 141 patients from 30 countries. Medicine. 2010;89(6):
381-402.

Hussain R, Bittles A. The prevalence and demographic character-
istics of consanguineous marriages in Pakistan. J Biosoc Sci.
1998;30(2):261-75.

Picard C, Fieschi C, Altare F, Al-Jumaah S, Al-Hajjar S, Feinberg J,
et al. Inherited interleukin-12 deficiency: IL12B genotype and clin-
ical phenotype of 13 patients from six kindreds. Am J Hum Genet.
2002;70(2):336-48.

Khan T, Cabral-Marques O, Schimke L, de Oliveira JE, Amaral E,
D’Império LM, et al. Tuberculosis in an autosomal recessive case of
chronic granulomatous disease due to mutation of the NCF1 gene.
Allergol Immunopathol. 2016;44(3):276.

Cabral-Marques O, Ramos RN, Schimke LF, Khan TA, Amaral EP,
Bomfim CCB, et al. Human CD40 ligand deficiency dysregulates
the macrophage transcriptome causing functional defects that are
improved by exogenous IFN-y. J Allergy Clin Immunol.
2017;139(3):900-12. €7.

de Oliveira-Junior EB, Zurro NB, Prando C, Cabral-Marques O,
Pereira PVS, Schimke LF, et al. Clinical and genotypic spectrum
of chronic granulomatous disease in 71 Latin American patients:
first report from the LASID registry. Pediatr Blood Cancer.
2015;62(12):2101-7.

Sudrez-Méndez R, Garcia-Garcia I, Fernandez-Olivera N, Valdés-
Quintana M, Milanés-Virelles MT, Carbonell D, et al. Adjuvant
interferon gamma in patients with drug—resistant pulmonary tuber-
culosis: a pilot study. BMC Infect Dis. 2004;4(1):44.
Boisson-Dupuis S, El Baghdadi J, Parvaneh N, Bousfiha A,
Bustamante J, Feinberg J, et al. IL-12Rbetal deficiency in two of
fifty children with severe tuberculosis from Iran, Morocco, and
Turkey. PLoS One. 2011;6(4):e18524. https://doi.org/10.1371/
journal.pone.0018524.

Presky DH, Yang H, Minetti LJ, Chua AO, Nabavi N, Wu C-Y,
et al. A functional interleukin 12 receptor complex is composed of
two f3-type cytokine receptor subunits. Proc Natl Acad Sci.
1996;93(24):14002-7.

Shami S. Risks in consanguineous marriages: an isonymic study. J
Pak Med Assoc. 1981;31(12):269-76.

Hasan Z, Irfan M, Khan JA, Jahangir SK, Haris M, Ashraf M, et al.
BCG vaccination is associated with decreased severity of tubercu-
losis in Pakistan. Int ] Mycobacteriol. 2012;1(4):201-6.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1183/13993003.00098-2018
https://doi.org/10.1183/13993003.00098-2018
https://doi.org/10.1074/jbc.C110.129502
https://doi.org/10.1002/humu.22380
https://doi.org/10.1002/humu.22380
https://doi.org/10.1371/journal.pone.0018524
https://doi.org/10.1371/journal.pone.0018524

	Novel nonsense IL-12Rβ1 mutation associated with recurrent tuberculosis
	Abstract
	Introduction
	Materials and methods
	Case report
	Ethics approval
	Quantification of IL-12 and IFNγ
	Flow cytometric analysis of IL-12Rβ1 expression on T lymphocytes
	STAT4 phosphorylation
	Genetic analysis
	In silico analyses
	Statistical analysis

	Results
	Decreased IFNγ production by the patient’s PBMCs
	Defective IL-12Rβ1 expression and impaired STAT4 phosphorylation
	Identification of the novel nonsense mutation c.199G>T/p.E67*
	In silico analysis predicts structural and functional impacts of the novel IL-12Rβ1 disease-causing mutation

	Discussion
	References


