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Abstract

IL-12Rβ1 deficiency is an autosomal recessive disorder characterized by predisposition to

recurrent and/or severe infections caused by otherwise poorly pathogenic mycobacteria and

salmonella. IL-12Rβ1 is a receptor chain of both the IL-12 and the IL-23 receptor and deficiency

of IL-12Rβ1 thus abolishes both IL-12 and IL-23 signaling. IL-12Rβ1 deficiency is caused by bi-

allelic mutations in the IL12RB1 gene. Mutations resulting in premature stop codons, such as

nonsense, frame shift, and splice site mutations, represent the majority of IL-12Rβ1 deficiency

causing mutations (66%; 46/70). Also every other morbid mutation completely inactivates the

IL-12Rβ1 protein. In addition to disease-causing mutations, rare and common variations with
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unknown functional effect have been reported in IL12RB1. All these variants have been deposited

in the online IL12RB1 variation database (www.LOVD.nl/IL12RB1). In this article, we review the

function of IL-12Rβ1 and molecular genetics of human IL12RB1.
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Background

Interleukin-12 receptor β1 (IL-12Rβ1) deficiency is a rare autosomal recessive disorder

characterized by predisposition to recurrent and/or severe disease caused by poorly

pathogenic mycobacteria and salmonellae in otherwise healthy individuals [Fieschi et al.,

2003; van de Vosse et al., 2004; de Beaucoudrey et al., 2010]. The infections with

mycobacteria, such as poorly pathogenic non-tuberculous (environmental) mycobacteria or

the live attenuated Mycobacterium bovis Bacille Calmette-Guérin strain (BCG) of the

tuberculosis vaccine, usually occur only once in these patients [Fieschi et al., 2003].

Inversely, infections with various salmonella can occur repeatedly. Infections with other

pathogens such as candida [Cardenes et al., 2010; de Beaucoudrey et al., 2010] and,

occasionally, M. tuberculosis have also been observed [Caragol et al., 2003; Özbek et al.,

2005; de Beaucoudrey et al., 2010; Tabarsi et al., 2011; Boisson-Dupuis et al., 2011].

IL-12Rβ1 is a common receptor chain of the IL-12 and the IL-23 receptors and deficiency of

IL-12Rβ1 causes a profound defect in both IL-12 and IL-23 signaling. Upon infection with

intracellular bacteria, phagocytes are activated and produce various cytokines including

IL-12 and IL-23. The lack of IL-12 responses impairs the production of IFN-γ [de Jong et

al., 1998; Altare et al., 1998; Feinberg et al., 2004]. Patients with defects in IFN-γ

production or IFN-γ signaling are prone to Mendelian susceptibility to mycobacterial

disease (MSMD) [van de Vosse et al., 2004]. In IL-12Rβ1 deficient patients also the

development of IL-17 producing T cells (Th17 cells) was found to be impaired [de

Beaucoudrey et al., 2008]. Although the exact involvement of IL-23 and Th17 cells is not

clear, IL-23 and IL-17 are clearly implicated in various autoimmune and inflammatory

disorders and are important for adaptive host defense against extracellular bacteria and

Candida albicans [van de Vosse et al., 2009].

IL-12Rβ1 deficiency is caused by mutations in the IL12RB1 gene (MIM# 601604).

Mutations in other genes, namely IL12B (MIM# 161561), IFNGR1 (MIM# 107470),

IFNGR2 (MIM# 147569), STAT1 (MIM# 600555), IKBKG (MIM# 300248, better known as

NEMO), IRF8 (MIM# 601565) and ISG15 (MIM# 147571) as well as certain CYBB (MIM#

300481) mutations also lead to severe disease mainly due to infections with poorly

pathogenic mycobacteria [Filipe-Santos et al., 2006; van de Vosse et al., 2009; Hambleton et

al., 2011; Bogunovic et al., 2012; Bustamante et al., 2011; Kong et al., 2013]. These

disorders are often collectively referred to as Mendelian susceptibility to mycobacterial

disease, or MSMD (MIM# 209950) although this term has over the years turned out not to

fully cover the disorder because susceptibility to pathogens other than mycobacteria can also

be observed [de Moraes Vasconcelos et al., 2005; Filipe-Santos et al., 2006; Sanal et al.,
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2007; Luangwedchakarn et al., 2009; Pedraza et al., 2010; Jirapongsananuruk et al., 2012].

IL12RB1 is the gene most often affected in MSMD patients. IL-12Rβ1 deficiency is an

autosomal recessive disorder, which means that both alleles are mutated in patients. Family

members carrying only one deleterious mutation do not have any overt clinical symptoms or

a detectable immunological defect. Although complete IL-12Rβ1 deficiency leads in general

to a milder form of MSMD than complete deficiency of for instance IFN-γR1 or IFN-γR2

[van de Vosse et al., 2004], the mortality rate is 30% with a mean age at death of 7.5 years

[de Beaucoudrey et al., 2010]. The clinical phenotypes of IL-12Rβ1 deficiency and

IL-12p40 deficiency [Prando et al., 2013] are so similar that they are considered clinical

phenocopies.

The IL12RB1 gene (also known as CD212) is located on chromosome 19p13.1 and spans an

area of about 28 kb. Two mature ∼2.1 kb mRNAs are transcribed in about equal amounts

from its 17 exons, with a small difference in length through alternative splicing of the last 13

bp of exon 16. These transcripts encode two protein isoforms of 662 and 660 amino acids.

The 662 aa isoform is known as isoform 1. For the sake of clarity, we refer to the 660 aa

isoform as isoform 1b. These two isoforms, both encoding full-length IL-12Rβ1 protein,

only differ in the last amino acids which are KAKM and DR respectively [Chua et al., 1994;

van de Vosse et al., 2003]. It is unknown whether this subtle difference in protein

composition results in a functional difference. The 24 N-terminal amino acids encode a

signal peptide that is cleaved off to generate mature proteins of 638 and 636 aa.

Mature, full-length IL-12Rβ1 has a large extracellular domain (aa 25-541) that consists of

five Fibronectin type III repeats. The first two of these repeats (about 200 aa) form the

cytokine binding region harboring two Cys-Cys pairs and the [STGL]xWSxWS motif,

which are specific cytokine receptor family signatures. The other three Fibronectin type III

repeats, each about 100 aa in length, make up the remainder of the extracellular domain. The

extracellular domain is followed by a single 31 aa transmembrane domain and a short

cytoplasmic portion (91 or 89 aa), containing box 1 (aa 577-584) and box 2 (aa 618-629)

cytokine receptor motifs (Figure 1A). The molecular weight of the mature protein is 73 kD.

Another isoform (isoform 2) is transcribed from exon 1 to 9 plus a cryptic exon in intron 9.

This isoform potentially encodes a 381 aa protein of which the last 41 aa are novel. This last

stretch of amino acids has no similarity to any known functional domain. Isoform 2 lacks the

transmembrane domain that is required for anchoring on the cell surface, as well as the

intracellular domain required for signaling (Figure 1A). Also in mice, an isoform is known

that lacks the transmembrane domain. This isoform (il12rb1Δtm) however is generated by

the skipping of exon 14, an 97 bp internal exon, which results in a frameshift that replaces

the last 178 aa by 108 other amino acids [Chua et al., 1995; Robinson et al., 2010].

The ratio between the expression of isoform 1 and isoform 2 was recently found to be

lineage dependent: isoform expression ratio in PBMCs differs between donors, but also

between the CD4+, CD8+ and CD56+ cell subsets of a single individual. These ratios could

be shifted by activating the cells with PHA. Analysis of lung tissue from two sarcoidosis

patients suggested that the ratio of isoform 1 over isoform 2 is increased in such patients

compared to healthy controls [Ford et al., 2012]. Furthermore, ten additional minor splice
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variants of the IL12RB1 transcript were reported in human leukocytes. The expression of

these transcripts could also be enhanced by in vitro stimulation of the cells with PHA [Ford

et al., 2012].

The clinical phenotype of a large number of patients with IL-12Rβ1 deficiency has recently

been reviewed extensively [de Beaucoudrey et al., 2010]. Here we discuss the molecular

genetics of all known IL12RB1 mutations and variants and introduce the IL12RB1 variation

database.

IL-12Rβ1 structure and function

IL-12Rβ1 is a receptor chain that in combination with the receptor chain IL-12Rβ2 can form

the IL-12 receptor. Alternatively, in combination with IL-23R, it can form the IL-23

receptor. All three chains are transmembrane proteins that are expressed at the cell surface

of certain cell types. While IL-12 and IL-23, as well as their receptors, are very similar in

structure, signaling through both cytokines culminates into distinct effects: a difference in

distribution of the receptor chains and a difference in the specific STAT (signal transducer

and activator of transcription) units that are activated together result in distinct effects.

Upon binding of IL-12 to the extracellular part of the IL-12 receptor, the cytoplasmic

proteins TYK2, directly interacting with IL-12Rβ1, and JAK2, interacting with IL-12Rβ2,

are tyrosine phosphorylated. The phosphorylated TYK2 and JAK2 are necessary for the

subsequent tyrosine phosphorylation and activation of STAT4 that is bound to IL-12Rβ2.

STAT4, a transcription factor, subsequently homodimerizes, translocates to the nucleus, and

binds to its target DNA to activate transcription of IFN-γ and other target genes (Figure 1B).

Signaling of IL-23 through the IL-23 receptor complex is very similar to IL-12 signaling; it

also involves TYK2 and JAK2 tyrosine phosphorylation, but results mainly in STAT3

activation (Figure 1B). Originally STAT1, STAT3, STAT4 and STAT5 phosphorylation

were reported in the Kit225 T cell line [Parham et al., 2002]. In primary CD4+ T cells and in

T cell blasts containing an IL-23R expression construct only STAT1, STAT3 and STAT4

activation was observed [Che Mat et al., 2011; de Paus et al., 2008]. In primary NK-like T

cells STAT3 and STAT4 were activated, while in primary NK cells none of these STATs

were activated [van de Wetering et al., 2009]. Via activation of STATs, their nuclear

translocation and subsequent binding to target DNA, IL-23 signaling results in transcription

of IFN-γ and other target genes (Figure 1B).

Another important factor in the distinct responses to IL-12 and IL-23 is that IL-23 and IL-12

are produced in response to different stimuli and at different time-points. Both are produced

by antigen-presenting cells, but IL-23 comes up directly in response to activation of pattern

recognition receptors (PRRs) by pathogen-associated molecular patterns (PAMPs), while

IL-12 is not produced unless an IFN-γ stimulus or CD40-costimulus is present as well

[Verreck et al., 2004; van de Wetering et al., 2009].

Full length IL-12Rβ1 is constitutively expressed at low intensity on the surface of

lymphocytes and can be highly upregulated by T cell activation or by stimulation with
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various interleukins, such as IL-2, IL-7 and IL-15 [Wu et al., 1997]. Full length IL-12Rβ1 is

also expressed on dendritic cells [Robinson et al., 2010].

The expression of IL-12Rβ2 and IL-23R are the limiting factors in IL-12 and IL-23

signaling. IL12RB2 mRNA (encoding IL-12Rβ2) is not detectable in naïve T cells but can be

induced by T cell activation and upregulated by IL-12 (Th1 cells) or downregulated by IL-4

(Th2 cells) [Rogge et al., 1999]. In PHA-stimulated PBMCs, IL-12Rβ2 protein could be

upregulated by IL-12 and downregulated by IL-4, while after T cell activation not only

IL-12 but also IFN-α and IFN-γ upregulated IL-12Rβ2 expression [Wu et al., 2008].

IL12RB2 transcripts as well as an IL-12 response were found in naïve B cells [Airoldi et al.,

2002]. IL12RB2 mRNA was further detected in Th0, Th1, Th2, Th17 clones, with the Th17

clones indeed responding to IL-12 [Annunziato et al., 2007]. IL-17 itself was found to

downregulate IL-12-induced IL12RB2 transcription in PBMCs [Toh et al., 2010].

The distribution of IL-23R is largely unknown due to the lack of an antibody that can

directly detect its expression on the cell membrane. Based on IL-23 responsive cells it can

however be concluded that IL-23R is present on activated T cells, memory T cells

[Oppmann et al., 2000], NK-like T cells [van de Wetering et al., 2009] and Th17 cells

[Cosmi et al., 2008].

The truncated IL-12Rβ1 isoform 2 protein will have a function very different from the full-

length IL-12Rβ1 as it lacks the transmembrane and intracellular domains [van de Vosse et

al., 2003]. In mice expression of the il12rb1Δtm transcript and the Il-12rβ1Δtm protein was

induced in bone marrow-derived dendritic cells stimulated with mycobacteria or

mycobacterial products but not with another pathogen or various cytokines [Robinson et al.,

2010]. Il-12rβ1Δtm protein expression was also induced in mouse lungs upon M.

tuberculosis infection and could in the first 2 weeks of infection be attributed to cd11c+ cells

(mainly dendritic cells). This protein was found to enhance Il-12rβ1-dependent dendritic cell

migration and promote M. tuberculosis specific T-cell activation. Analysis of human

dendritic cells revealed that the IL-12Rβ1 isoform 2, similarly lacking the transmembrane

domain, is also expressed in dendritic cells upon stimulation with mycobacteria and some

other stimuli [Robinson et al., 2010]. The human isoform 2 was recently found to be

localized in an intracellular compartment distinct from the ER [Ford et al., 2012]. Whether

the human IL-12Rβ1 isoform 2 has a similar function as the mouse Il-12rβ1Δtm protein is

still unknown.

Database

To provide an overview of all reported mutations and polymorphisms that affect the

IL12RB1 transcript, an IL12RB1 variation database (www.LOVD.nl/IL12RB1) was created.

This is a web-based database format for the collection, display and curation of DNA

variations in specific genes. With the aim of creating the most complete and up-to-date

information publicly available, clinicians and researchers may submit new sequence variants

and introduce their patients carrying novel or known sequence variants into the database.

New variation data is checked by the Mutalyzer program [Wildeman et al., 2008] to ensure a

nomenclature following Human Genome Variation Society (HGVS) recommendations [den

Dunnen and Antonarakis, 2000; den Dunnen and Antonarakis, 2001], and will be curated.
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All currently known IL12RB1 variant data from on-line available publications and abstracts

have been entered in the mutation database, as well as many patients and mutations that

have not yet been published.

The IL12RB1 gene has its own homepage with a summary of general information on the

gene and the database, the chromosomal location of the gene, and the number of reported

and unique variants in the database. Information on individual sequence variants (“view

unique variants”) includes exon-intron location, DNA change, RNA change, protein change,

predicted effect, and the first description of the variant. Patient information extrapolated

from publications includes clinical diagnosis, pathogenicity of the sequence variant, mode of

inheritance, ethnic origin, and the number of patients reported per family. The sequence

variant tables can be displayed as a listing of unique variants or of nonpathogenic sequence

variants only. Patient information can be displayed by looking at all sequence variants

(“view all contents”) contained in the database. Hyperlinks to relevant gene and disease

information as well as publications from the PubMed (http://www.ncbi.nlm.nih.gov/

Pubmed) and OMIM (http://www.ncbi.nlm.nih.gov/Omim) databases are included.

IL12RB1 Mutations

Mutation distribution

Pathogenic IL12RB1 mutations were first reported in 1998 [de Jong et al., 1998; Altare et

al., 1998] and have since been found in 198 individuals. These mutations are distributed

across all exons except exon 16 and 17 wherein no mutations have been identified so far

(Figure 2A). Seventy unique pathogenic mutations were identified (Table 1, Figure 2B).

Although at first glance the mutations appear to be distributed randomly across the exons

(Figure 2B), when analyzing the number of unique mutations in relation to exon length,

exon 6 contains a relatively high number of mutations (0.19 mutations/bp) compared to the

average of 0.03 mutations/bp for all exons (Figure 2C).

Founder effects and global distribution

The seventy unique IL12RB1 mutations have a very uneven distribution: 41 mutations have

thus far been reported only in one family while some other mutations occur very frequently.

Of the mutations that are reported in at least four families, three were found in families from

a single country only. This strongly suggests that these mutations have each arisen only once

(Table 2). The two most common mutations, however, have both been found on three

different continents.

The most common IL12RB1 mutation, c.1791+2T>G, has been found in 27 patients from 17

families and was first described in an Iranian patient [Cleary et al., 2003] and has since been

detected in patients from Spain, Sri Lanka, Iran, China, Turkey, Brazil, Ukraine, Saudi

Arabia, Mexico and France [Caragol et al., 2003; Fieschi et al., 2003; Lee et al., 2008; de

Beaucoudrey et al., 2010; Pedraza-Sanchez et al., 2010; Pedraza et al., 2010]. The wide

distribution of this particular mutation at the 3′ splice site of exon 15 may suggest that it

arose at multiple occasions in different individuals, perhaps due to a small mutation hotspot.

This has however not been investigated yet.
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The c.1623_1624delinsTT mutation has been reported in 17 patients from 15 families and

was first identified in patients from Cyprus, France and Germany [Fieschi et al., 2003]. It

has since been reported in patients from Argentina, Belgium, United States, Poland and the

United Kingdom [Rosenzweig et al., 2006; Haerynck et al., 2008; Yancoski et al., 2009;

Gruenberg et al., 2009; de Beaucoudrey et al., 2010]. A founder effect has been proposed for

this mutation because its distribution is restricted to Europeans and to individuals from

European ancestry living in former European colonies. Indeed, IL12RB1 haplotype analysis

of five unrelated Argentinian patients and one Belgian patient carrying this mutation,

revealed a common origin of the mutation about 19 generations or 475-years ago [Yancoski

et al., 2009].

It has been noted before that global distribution of IL-12Rβ1 deficiency appears to be

uneven, with the majority of patients originating from Europe, North Africa and the Middle

East region while hardly any patients were identified in North America [van de Vosse and

Ottenhoff, 2006]. This may be largely due to a difference in populations: the common

practice of consanguineous marriages in North Africa and the Middle East region and the

large numbers of immigrants from these regions in Europe. The majority of parents of

IL-12Rβ1 deficient patients are known to be consanguineous (83 of 151 families), of the 83

known consanguineous families 65 originate from North Africa or the Middle East region.

Genotype-Phenotype Correlation

The various morbid IL12RB1 mutations have been shown to almost invariably (with

exception of c.700+362_1619-944del) result in complete absence of expression of the full-

length IL-12Rβ1 on the cell surface, while all morbid IL12RB1 mutations have the same

cellular phenotype: complete absence of IL-12 and IL-23 responses. Because the cellular

phenotype is the same for all mutations, no genotype-phenotype differences can be

observed. Clinical phenotypes do however vary, due to differences in exposure to

intracellular pathogens and the wide range of pathogenicity of these pathogens.

The majority of IL12RB1 mutations (66%; 46/70) has an obvious inactivating effect because

they are mostly nonsense, frame shift, and splice site mutations resulting in premature stop

codons in the extracellular (n=42) or transmembrane domain (n=1). Consequently, these

mutations directly preclude expression of IL-12Rβ1 on the cell surface (Table 3). Three

other mutations (c.1749_1750dup, c.1765delG and c.1791+2T>G) result in premature stop

codons very early in the intracellular domain, leaving only 1, 11 and 16 aa respectively of

the intracellular domain intact while replacing the remainder by a short stretch of random

other amino acids.

Only four in-frame deletions are known. One is a single amino acid deletion, p.T355del, that

results in a complete inability to respond to IL-12 [Tabarsi et al., 2011] because the

corresponding protein is absent from the cell surface [de Beaucoudrey et al., 2010]. Another

results in a two amino acid deletion, p.Ser463_Val464del, that was only very recently

discovered, and that is also not expressed on the cell surface (S. Boisson-Dupuis and J.

Bustamante, unpublished data). Of the two large in-frame deletions, c.

1483+182_1618+526del results in the absence of exon 13, thereby removing a large part of

the fifth extracellular Fibronectin repeat which results in the absence of the protein from the
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cell surface [de Beaucoudrey et al., 2010]. A large genomic deletion of exon 8 to 13 is one

of the three exceptions to the rule that mutations in IL12RB1 preclude IL-12Rβ1 expression.

This c.700+362_1619-944del mutation leaves the open reading frame intact [Staretz-Haham

et al., 2003], resulting in a protein that lacks the three extracellular Fibronectin repeats

between the cytokine binding region and the transmembrane domain. Although the

shortened protein is detectable on the cell surface in significant amounts, it is not functional

and leads to complete IL-12Rβ1 deficiency [Fieschi et al., 2004]. Another exception to the

rule that mutations in IL12RB1 preclude IL-12Rβ1 expression, may be the mutation r.

700_701ins21 which leads to the insertion of seven amino acids directly after the cytokine

binding region. Preliminary data suggest it leads to diminishedIL-12Rβ1 expression as well

as a diminished response to IL-12 (L. Santos Argumedo, unpublished data), the effect of this

mutation has however not been proven yet.

All other mutations (27%; 19/70) are missense mutations, that is: nucleotide changes

resulting in single amino acid substitutions (Table 3). We have previously shown, using a

retroviral expression model system, that also these mutations invariably preclude, or very

severely hamper, IL-12Rβ1 membrane expression and thus abrogate function [van de Vosse

et al., 2005]. It is most likely that the quality control system in the endoplasmic reticulum,

that precludes the transport of mutant, misfolded or incorrectly complexed proteins, also

prevents the aberrant IL-12Rβ1 molecules from expression on the membrane.

Although no partial cellular phenotype has been found so far, two of the missense mutations,

p.C198R and p.R521G, are detectable in minute amounts at the cell surface when

overexpressed using a retroviral expression model [van de Vosse et al., 2005; Potjewijd et

al., 2012]. Two patients with these mutations showed a relative mild clinical phenotype

(p.C198R, 1 patient) [Lichtenauer-Kaligis et al., 2003] and late onset of disease (p.R521G, 1

patient) [Potjewijd et al., 2012]. Three other patients that were reported with the p.C198R

mutation, also appear to have a relatively mild clinical phenotype [de Beaucoudrey et al.,

2010]. Preliminary data on one recently identified missense mutation, p.S220C, suggests it

may lead to diminished expression of the IL-12Rβ1 protein on patient' cells and a

diminished but not absent IL-12 response (L. Santos Argumedo, unpublished data), the

effect of this mutation has however not been proven yet.

Of the seventy mutations in Table 1, the first forty-seven affect not only the full-length

IL-12Rβ1 protein (isoform 1) but also the shorter isoform 2 protein. We do not know the

function and relevance of the human isoform 2 protein yet. If we suppose it has a function

similar to the shorter isoform in mice, or that it is relevant in any other way, there may well

be a clinical difference between patients in which only the full-length IL-12Rβ1 is affected

versus patients in which both isoforms are affected. Therefore, we analyzed various

parameters in a large group of patients (141) of which the clinical data were recently

reviewed [de Beaucoudrey et al., 2010]. In 75 patients both isoforms are affected and in 65

patients only the full-length protein is affected. Compound heterozygous individuals with

one mutation affecting both isoforms and the other affecting only isoform 1 were grouped

with the individuals in which only isoform 1 is affected. Of one of the 141 patients the

mutation is unknown. We compared mortality, current age, resistance to M. bovis BCG

vaccination, number of individuals without mycobacterial infections or with only a local
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reaction to BCG vaccination, , the occurrence of candida infections, the occurrence of

salmonella infections, and the number of asymptomatic individuals. The small differences

observed between the two groups are neither significant, nor do they point in one direction,

suggesting presence or absence of isoform 2 does not alter the clinical phenotype.

Penetrance of disease-causing mutations

Penetrance of IL-12Rβ1 deficiency is not always complete. Many symptomatic IL-12Rβ1

deficient patients (mean age at first infection: 2.4 years) have a sibling who has the same

IL12RB1 genotype but who has not (yet) developed severe infections [de Beaucoudrey et al.,

2010]. About 12% of the IL-12Rβ1 deficient individuals are asymptomatic, this may be

merely due to a difference in exposure to the relevant pathogens - some IL-12Rβ1 deficient

individuals do not develop disease until later in life [Tabarsi et al., 2011; Schejbel et al.,

2011; Potjewijd et al., 2012] – resulting in a large range of the age at first infection (from 1

week to 31.7 years) [de Beaucoudrey et al., 2010]. It has however also been suggested that

in order to develop mycobacterial infections, in IL-12Rβ1 deficient individuals also other

minor immunodeficiencies need to be present [Schejbel et al., 2011].

Polymorphisms and unclassified sequence variants

In addition to the known morbid mutations, 115 variations have been reported in the

IL12RB1 transcript. All have been included in the LOVD database. Note that of the 118

variants in the SNP database [NCBI SNP database, 2012] five are known deleterious

mutations while two polymorphisms (leading to p.H438Y and p.G594E, see Table 4) have

not yet been included. Most of the 115 variants in the LOVD database are unclassified: it is

unknown whether they are deleterious mutations or harmless polymorphisms. Sixty-nine

variations result in amino acid substitutions, nine of these (Table 4) were shown in a

retroviral expression model system not to have a deleterious effect on IL-12Rβ1 expression

or IL-12 responses ([van de Vosse et al., 2005] and unpublished data). Five of the other 46

variants, c.21G>A, c.152insC, c.288delG, c.633delA, and c.1136insG, are most likely

pathogenic as they result in premature stop codons. Of the sixty non-synonymous single

nucleotide variants (SNVs) of which the effect on IL-12Rβ1 protein function has not yet

been determined experimentally we have determined the predicted effect with various

computational tools (Supp. Table S1). Many are predicted to be deleterious and these are

almost all rare variants, suggesting a selective constraint against these variants. In contrast,

the high frequencies of the innocuous R156H, Q214R, M365T and G378R SNVs (Table 4)

suggest an evolutionary advantage.

The two most common haplotypes of the IL12RB1 gene that can be found at roughly equal

frequencies in many populations are: ‘QMG’ and ‘RTR’, where QMG refers to the tightly

linked alleles c.641A, c.1094T, c.1132G, and RTR refers to c.641G, c.1094C, c.1132C. The

designations QMG and RTR are derived from the amino acids substitutions p.Q214R,

p.M365T and p.G378R encoded by these alleles. In a retroviral expression system of the

full-length IL-12Rβ1 protein the QMG haplotype was a better responder to IL-12 than the

RTR allele [van de Vosse et al., 2005], while no major differences were observed between

the two haplotypes in response to IL-23 [de Paus et al., 2008]. In cells from healthy Japanese

individuals who were homozygous for either the QMG or RTR haplotype a similar
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difference in IL-12-induced IFN-γ production was found: cells homozygous for the RTR

haplotype responded less well to IL-12 [Akahoshi et al., 2003].

Associations of IL12RB1 polymorphisms with disease

Several IL12RB1 polymorphisms were reported to be associated with increased

susceptibility to tuberculosis disease (TB). In a small cohort of TB patients (98 patients, 197

controls) from southern Japan the frequency of the QMG and RTR haplotypes was analyzed.

In this study TB patients were more often homozygous for the RTR haplotype than controls

(p<0.013) [Akahoshi et al., 2003]. Another small association study in the same population

(86 patients, 265 controls) found similar associations of the RTR haplotype with pulmonary

TB [Kusuhara et al., 2007]. In a family-based study in Morocco (101 families) nine

polymorphisms were analyzed, including a representative polymorphism for the QMG/RTR

haplotypes. Of these nine polymorphisms only two in the 5′ untranslated region of the gene

showed a modest association with pulmonary TB: the variations c.-2C>T and c.-111A>T

(p=0.013 and p=0.019) [Remus et al., 2004] (Supp. Table S2).

In a Korean cohort (115 patients, 151 controls) no associations were found of the p.Q214R,

p.M365T, p.G378R or p.A525T polymorphisms with TB [Lee et al., 2005]. Also in a larger

Indonesian cohort (382 patients, 437 controls) associations between TB and the p.Q214R

(representing the common QMG/RTR haplotypes), c.A525T or c.-2C>T polymorphisms

were not found [Sahiratmadja et al., 2007] (Supp. Table S2). Taken together, not one

association between IL12RB1 polymorphisms and TB has thus far been reproduced in an

ethnically different population. This may indicate that the reported associations are spurious

findings due to small sample sizes, or that the populations analyzed are genetically too

diverse. However, also in large genome-wide linkage studies and genome-wide association

studies for TB IL12RB1 is not among the genes for which associations were found,

suggesting that common IL12RB1 variations do not play a major role in adult TB

susceptibility [Miller et al., 2004; Mahasirimongkol et al., 2012; Thye et al., 2010; Thye et

al., 2012; Png et al., 2012].

Associations have also been reported between IL12RB1 polymorphisms and other infection-

or immune-related diseases, such as the association of c.-111A>T and c.-2C>T with atopic

dermatitis and the association of c.-111A>T with childhood asthma (382 atopic dermatitis

patients, 304 childhood asthma patient, 658 controls) [Takahashi et al., 2005]. A large study

(1946 patients, 1808 controls) even found an association of a tagging SNP, rs2305742, in

IL12RB1 with non-Hodgkin lymphoma. The association was attributed to a subcohort from

the United States but was not present in other subcohorts from the United States or from

Australia [Lan et al., 2011] (Supp. Table S2).

Fourteen IL12RB1 polymorphisms, including one that can differentiate between the

QMG/RTR haplotypes, were analyzed in a birth cohort of 913 Kenyan children for

association with malarial anaemia. An association (p<0.003) was found between

heterozygosity for an intronic IL12RB1 SNP, rs383483, and high density parasitaemia

[Zhang et al., 2010]. A Chinese study analyzed four IL12RB1 polymorphisms, including

three defining the two major haplotypes, in severe acute respiratory syndrome (SARS) (115

patients, 141 potentially exposed controls, 155 other controls). This study revealed that
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individuals with the c.1600C>T polymorphism (resulting in the amino acid substitution

p.P534S) were at increased risk of developing SARS. This polymorphism was present on the

RTR background, while the RTR haplotype itself (without the c.1600C>T variation)

protected from developing SARS [Tang et al., 2008] (Supp. Table S2).

It is important to realize that most of these studies were performed in relatively small

cohorts and were not yet, or could not be, replicated in larger cohorts and other ethnic

populations. We should therefore be cautious when interpreting these data.

Diagnostic strategies

When a genetic defect is suspected in a patient with enhanced susceptibility to intracellular

pathogens, the first analyses should be focused on determining whether the type 1 cytokine

pathway is indeed affected. The strategy for these analyses has been outlined previously

[van de Vosse et al., 2004; Feinberg et al., 2004]. Once a defect in the type 1 cytokine

pathway is established, analysis of IL-12Rβ1 expression on the surface of T cells will, based

on the currently known mutation spectrum, identify each individual with IL-12Rβ1

deficiency. However, to prevent missing a new type of mutation that does leave IL-12Rβ1

expression intact, measuring IL-12-induced IFN-γ production by activated T cells is

advisable. When a defect is found, subsequent sequencing of the complete IL12RB1

transcript should identify the causative mutation. Because there is no known genotype-

phenotype correlation in IL-12Rβ1 deficiency, the molecular diagnosis cannot be restricted

to specific mutations or specific exons.

Future Prospects

We believe that the IL12RB1 variation database will help investigators and clinicians to

quickly determine whether a variation is a known mutation, a known polymorphism or a

variation with unknown effect requiring further analysis. The database will provide a

complete and up-to-date overview of all reported variants in IL12RB1. Once many more

patients with IL-12Rβ1 deficiency are identified, a genotype-phenotype correlation may still

become apparent. Such a correlation could provide patients with a more accurate prognosis

and could influence treatment choices. In addition, identification of the function and

relevance of human isoform 2 may indicate whether or not absence of isoform 2 contributes

to the clinical phenotype of IL-12Rβ1 deficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Schematic representation of the mature IL-12Rβ1 isoforms 1 and 2. The full-length

IL-12Rβ1 receptor chain, isoform 1, contains a large extracellular segment comprised of five

Fibronectin type III repeat regions (FNIII). The first two FNIII repeat regions together form

the cytokine-binding region (CBR) that also contains the cytokine receptor signature

(WSxWS motif and two Cys-Cys pairs). The other three FNIII repeat regions are required

for proper dimerization. The extracellular domain is followed by a single transmembrane

domain (TM). The intracellular part contains the box 1 and box 2 cytokine receptor motifs

required for JAK-associated signal transduction. Isoform 2 contains the cytokine-binding

region (CBR) and one more FNIII domain followed by a stretch of 41 aa with no similarity

to known domains. (B) Schematic representation of signal transduction via the IL-12 and

IL-23 receptors.
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Figure 2.
Genomic structure, encoded protein domains and mutation distribution in the IL12RB1 gene.

Numbers and positions of total (A) and unique (B) variants are shown, as well as mutation

distribution ratio as determined by dividing the number of unique mutations per exon by the

exon length (C). FN III = Fibronectin type III repeat regions, TM = transmembrane domain.

The coding region of the transcript is indicated in light grey. The last 13 bp of exon 16

(indicated in dark grey) are subject to alternative splicing (50:50 distribution). Note:

mutations in splice sites and genomic deletions grouped under (first) affected exon.
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Table 1
Deleterious mutations in the IL12RB1 gene

Region DNA sequence change a Protein change b Effect/remarks First description

Intron 1 c.64+1G>T premature stop codon? affects splicinge
[Aytekin et al.,
2011]

Intron 1 c.64+2T>G premature stop codon affects splicing e
[de Beaucoudrey et
al., 2010]

Intron 1 c.64+5G>A premature stop codons
2 cryptic splice
variants of intron 1

[Elloumi-Zghal et
al., 2002]

Exon 2 c.69_72del (reported as c.65_68delCTGC) p.Cys24GlufsX26
[Haerynck et al.,
2008]

Exon 2 c.94C>T p.Gln32X
[de Jong et al.,
1998]

Exon 3 c.169del p.Ser57ValfsX73
[de Beaucoudrey et
al., 2010]

Exon 3 c.182A>G p.Glu61Gly

L. Santos
Argumedo -
unpublished

Exon 3 c.184T>G p.Cys62Gly
[de Beaucoudrey et
al., 2010]

Exon 3 c.191G>A p.Trp64X

J. Bustamante, S.
Boisson-Dupuis -
unpublished

Exon 3 c.230T>C p.Leu77Pro
[Fieschi et al.,
2003]

Exon 4 c.264C>G p.Tyr88X
[de Beaucoudrey et
al., 2010]

Exon 4 c.402C>A p.Tyr134X reported as: p.Y133X
[Luangwedchakarn
et al., 2009]

Exon 5 c.467_483delGTATGGAGTGGGAGACC p.Val137GlyfsX8
exon 5 absent in
RNA

[Lichtenauer-
Kaligis et al.,
2003]

Exon 5 c.512A>C p.Gln171Pro
[Fieschi et al.,
2003]

Exon 5 c.517C>T p.Arg173Trp
[Boisson-Dupuis et
al., 2011]

Exon 5 c.518G>C p.Arg173Pro [Aksu et al., 2001]

Exon 5 c.523C>T (reported as: 670C>T) p.Arg175Trp [Ozen et al., 2006]

Intron 5 c.549+2T>C premature stop codon? affects splicing e
[Fieschi et al.,
2003]

Intron 5 c.550-2A>G p.Gly184SerfsX9
exon 6 absent in
RNA

[Elloumi-Zghal et
al., 2002]

Exon 6 c.556T>A p.Cys186Ser
[Fieschi et al.,
2003]

Exon 6 c.557G>A p.Cys186Tyr [Vinh et al., 2011]

Exon 6 c.558C>A p.Cys186X

J. Bustamante, S.
Boisson-Dupuis -
unpublished

Exon 6 c.557_563delGCGGACCinsAGATATCA p.Gly184SerfsX9 or p.Val137_Thr193del

exon 6 (55%) or 5 +
6 (45%) absent in
RNA

[Lichtenauer-
Kaligis et al.,
2003]
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Region DNA sequence change a Protein change b Effect/remarks First description

Intron 6 c.580+1G>A premature stop codon? affects splicing e
[de Beaucoudrey et
al., 2010]

Exon 7 c.592T>C p.Cys198Arg

[Lichtenauer-
Kaligis et al.,
2003]

Exon 7 c.625C>T p.Gln209X
[Jirapongsananuruk
et al., 2012]

Exon 7 c.628_644dup p.Gly216SerfsX32 [Tanir et al., 2006]

Exon 7 c.631C>T p.Arg211X

J. Bustamante, S.
Boisson-Dupuis -
unpublished

Exon 7 c.632G>C (reported as: 696G>C) p.Arg211Pro [Lee et al., 2009]

Exon 7 c.637C>T (reported as: 701C>T) p.Arg213Trp [Sakai et al., 2001]

Exon 7 c.658A>T p.Ser220Cys

L. Santos
Argumedo -
unpublished

Intron 7-13 c.700+362_1619-944del p.Asn235_Glu540del
genomic deletion of
exon 8-13

[Staretz-Haham et
al., 2003]

Intron 7 r.700_701ins21 p.Pro233_Glu234insV GLVLIA
[Ramirez-Alejo et
al., 2012]

Exon 8 c.710delC p.Pro237HisfsX5
[Jirapongsananuruk
et al., 2012]

Exon 8 c.710dup (reported as: 711insC) p.Gln238ThrfsX57 [Tanir et al., 2006]

Intron 8 c.783+1G>A p.Glu234AlafsX33 or p.Val137GlyfsX8

exon 8 (75%) or 5+8
(25%) absent in
RNA

[Lichtenauer-
Kaligis et al.,
2003]

Intron 8 c.783+1G>C p.Glu234AlafsX33
exon 8 absent in
RNA [Altare et al., 1998]

Exon 9 c.847C>T (reported as: 19602C>T) p.Arg283X
[Schejbel et al.,
2011]

Exon 9 c.853C>T p.Gln285X [Lee et al., 2008]

Exon 9 c.860A>T p.His287Leu

L. Santos
Argumedo -
unpublished

Exon 9 c.872G>A p.Cys291Tyr
[Franco et al.,
2012]

Exon 9 c.913A>T p.Lys305X [Altare et al., 1998]

Exon 9 c.962C>A p.Ser321X
[Fieschi et al.,
2003]

Exon 9 c.983_999del p.Leu328HisfsX37
[de Beaucoudrey et
al., 2010]

Exon 9 c.1007_1008delinsG p.Ala336GlyfsX10
[Fieschi et al.,
2003]

Exon 9 c.1019_1020delCA p.Thr340ArgfsX30
M. Martinez-Gallo
– unpublished

Intron 9 c.1021+1G>C p.Pro262AsnfsX5
exon 9 absent in
RNA

[Özbek et al.,
2005]

Exon 10
c.1064_1066del (reported as:
1063_1065delACC) p.Thr355del

[Tabarsi et al.,
2011]

Exon 10 c.1100A>G p.Tyr367Cys
[Fieschi et al.,
2003]
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Region DNA sequence change a Protein change b Effect/remarks First description

Exon 10 c.1106T>C p.Ile369Thr
[de Beaucoudrey et
al., 2010]

Exon 10 c.1126C>T p.Gln376X
[de Jong et al.,
1998]

intron 10 c.1189+2T>A premature stop codon? affects splicing e
[de Beaucoudrey et
al., 2010]

Intron 10 c.1190-1G>A premature stop codon? affects splicing e
[Fieschi et al.,
2003]

Exon 12 unclear (reported as: 1336delC)c premature stop codon
[Alangari et al.,
2011]

Exon 12 c.1370dupA p.His457GlnfsX2

J. Bustamante, S.
Boisson-Dupuis -
unpublished

Exon 12 c.1386_1387del p.Ser463CysfsX25
[de Beaucoudrey et
al., 2010]

Exon 12 c.1387_1392del p.Ser463_Val464del

J. Bustamante, S.
Boisson-Dupuis -
unpublished

Exon 12 c.1425delC p.Gly476AlafsX3
[de Beaucoudrey et
al., 2010]

Exon 12 c.1438G>T p.Glu480X
[de Beaucoudrey et
al., 2010]

Exon 12 c.1440_1447delins16 premature stop codon e
[Fieschi et al.,
2003]

Exon 12 c.1456C>T (reported as: 1520C>T) p.Arg486X
[Asilsoy et al.,
2009]

Intron 12-13
c.1483+182_1618+526del (reported as: c.
1483+182_1619-1073del) p.His496_Glu540del

[Fieschi et al.,
2003]

Exon 13 c.1561C>G p.Arg521Gly
[Potjewijd et al.,
2012]

Exon 13 c.1561C>T p.Arg521X
[de Beaucoudrey et
al., 2010]

Exon 13 c.1593G>A d p.Trp531X
[de Beaucoudrey et
al., 2010]

Exon 14 c.1623_1624delinsTT p.Gln542X
[Fieschi et al.,
2003]

Exon 14 c.1706G>A p.Gly569Asp
[de Beaucoudrey et
al., 2010]

Exon 15
c.1749_1750dup (reported as: c.
1745_1746insCA) p.Pro584HisfsX37

[Fieschi et al.,
2003]

Exon 15 c.1765delG p.Ala589ProfsX31
[de Beaucoudrey et
al., 2010]

Intron 15 c.1791+2T>G p.Ala573LeufsX22
exon 15 absent in
RNA

[Cleary et al.,
2003]

a
Mutations are numbered in accordance with GenBank entry NM_005535.1, where +1 corresponds to the A of the ATG translation initiation

codon. For intronic sequences, genomic sequence NG_007366.1 was used.

b
Amino acid changes are numbered in accordance with SwissProt entry P42701.

c
Position 1336 is a G not a C therefore exact location of mutation is unclear.

d
Mutation deduced from protein change, can also be c.1592G>A instead of c.1593G>A.
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e
not specified.
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Table 2
Frequently reported IL12RB1 mutations

Mutation Effect on protein Reported in Location of patients or origin of their families

c.1791+2T>G aberrant splicing 27 patients from 17 families 3 different continents

c.1623_1624delinsTT p.Gln542X 17 patients from 15 families 3 different continents

c.783+1G>A aberrant splicing 17 patients from 12 families 11 families from Turkey, one from Russia

c.64+2T>G aberrant splicing 7 patients from 6 families 5 families from Turkey, one from Tunisia

c.264C>A p.Tyr88X 7 patients from 5 families all from Saudi Arabia

c.518G>C p.Arg173Pro 6 patients from 6 families all from Turkey

c.556T>A p.Cys186Ser 6 patients from 4 families all from Qatar
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Table 3
Overview of IL12RB1 mutation types

Mutation type Number

small deletion, insertion or duplication resulting in a frameshift and a premature stop 17

nonsense mutation (single nucleotide substitution resulting in premature stop) 17

missense mutation (single nucleotide substitution resulting in amino acid change) 19

splice-site mutation (single nucleotide substitution) 12

large genomic, in frame deletion (one or more exons) 2

small, in frame deletion 2

in frame insertion 1

translocation 0

Total unique mutations 70
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Table 4

IL12RB1 polymorphisms that result in amino acid changes*

SNPid Nucleotide change Amino acid change Population frequency a (number of chromosomes tested)

rs11575925 222C>G S74R 0.4 % North America (4550)

0.1 % European descent (1285)

rs147215816 271G>A A91T n.a.b

rs11575926 467G>A R156H 15 % European descent (1285)

11.3 % North Americans (4550)

0 % Asian, various (345)

0 % Sub-Sahara African (238)

rs11575934 641A>G Q214R 37.5 % Asian, various (354)

28.5 % European descent (1305)

10.8 % Sub-Sahara African (120)

rs375947 1094T>C M365T 38.3 % Asian, various (180)

28.7 % European descent (569)

25.7 % Sub-Sahara African (226)

14 % Mexican ancestry (100)

rs401502 1132G>C G378R 38.2 % Asian, various (296)

35 % Europeans (286)

18.6 % Sub-Sahara African (118)

ss539004547 1312C>T H438Y 0.9 % Japanese (112)c

rs11575935 1573G>A A525T 1.7 % Asian, various (120)

0.4 % European descent (2040)

ss539004548 1781G>A G594E 0.9 % Japanese (112)c

*
only polymorphisms included that have been analyzed in a retroviral expression model and were found not to have an effect on IL-12Rβ1 function

[van de Vosse et al., 2005].

a
data from the SNP database [NCBI SNP database, 2012],

b
identified in a Chinese MSMD patient,

c
data from [Sakai et al., 2001].

Note: Two SNPs are still without rs-number, these have been requested (24-9-2012).
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