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LETTER TO EDITOR

LINE-1-Mediated AluYa5 Insertion Underlying Complete
Autosomal Recessive IFN-yR1 Deficiency
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To the Editor,

Mendelian susceptibility to mycobacterial disease
(MSMD) is a group of primary immunodeficiencies (PIDs)
characterized by increased susceptibility to mycobacteria, in-
cluding weakly virulent species such as Bacille de Calmette et
Guérin (BCG) vaccines and environmental mycobacteria
(EM), in otherwise healthy patients with no obvious immune
abnormalities [1, 2]. Fifteen genes have been described as
responsible for isolated or syndromic MSMD, and all these
genes encode proteins involved in the production and/or ac-
tion of interferon-y (IFN-y) [1-3]. Complete autosomal reces-
sive (AR) IFN-yR1 deficiency is one of the most severe forms
of MSMD and is characterized by a complete lack of response
to IFN-y [1]. Patients with AR IFN-yR deficiency have high
plasma IFN-y concentrations [1, 4]. Complete AR IFN-yR1
deficiency is associated with early onset disseminated infec-
tions to mycobacteria [1, 4, 5]. Severe viral infections have
also been reported in rare cases [1]. Mortality is high, as 18 of
the 41 patients reported to date have died [1, 4-6]. Two dif-
ferent forms of complete AR IFN-yR1 deficiency exist,
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depending on whether or not the mutant protein is expressed
[1]. Complete AR IFN-yR1 deficiency has been reported in
41 patients from 33 kindreds [1, 4-6]. In total, 32 bi-allelic
mutations of /FNGRI causing complete AR IFN-yR1 defi-
ciency have been described [1, 4-6] including 16 single-
nucleotide variants (i.e., 6 missense mutations, 4 nonsense
mutations, or 6 splice-site mutations), 11 small deletions, 4
small insertions [1, 4—6], and one copy number variant
(CNV) corresponding to a deletion of the entire [FNGRI gene
[7].

The patient reported here (V.1) lives in Turkey and was
born to consanguineous Turkish parents in 2013 (Fig. la).
Both the patient’s parents and his brother are healthy. The
patient was vaccinated with BCG at the age of 2 months. He
was hospitalized at the age of 5 months, with an ulcer at the
site of BCG vaccination and a lymphadenopathy in the left
axilla. Staining revealed the presence of acid-fast bacilli
(AFB) in the suppurated liquid, which tested positive for
M. tuberculosis complex by PCR. He was treated with isoni-
azid and rifampicin until the age of 10 months, when the
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Fig. 1 Complete AR IFN-yR1 deficiency caused by homozygous trun-
cated AluYa5 insertion. a Pedigree of the affected family. Males and
females are represented by squares and circles, respectively. Each gener-
ation and each individual are designated by a Roman and an Arabic
numeral, respectively. Multiple siblings are designated by numbers within
the symbol. Patient with MSMD is shown as closed black symbol and
indicated with an arrow. Individuals whose genetic status could not be
tested are designated “E?” Mut, mutated; WT, wild-type. b Targeted PCR
of IFNGR1 exon 3 and of B-ACTIN exon 3. ¢ Forward and reverse Sanger
sequencing of the IFNGR1 exon 3 PCR product from the patient (V.1). d
Diagram of the /JFNGRI mutation in the patient (V.1). The mutation
within exon 3 consists of (i) an insertion of a thymidine repeat of ~
35 bp (in red) and a 248 bp sequence (in gray) corresponding to a trun-
cated reverse AluYa5 element, (ii) and a 15 bp duplication of the exon 3
sequence flanking the insertion. e Flow cytometry study of cell-surface
IFN-yR1 expression in EBV-B cells from a healthy control (HC), the
patient (V.1), and another patient with known complete AR IFN-yR1
deficiency (C-). f Flow cytometry study of STAT1 phosphorylation in
EBV-B cells from a healthy control (HC), the patient (V.1), and another
patient with known complete AR IFN-yR1 deficiency (C-)

treatment was stopped because of acute generalized exan-
thematous pustulosis [8]. At the age of 4 years, he presented
with abdominal pain, fever, weight loss, hepatomegaly, and
diarrhea on rectal enema. Positron emission tomography re-
vealed hypermetabolic activity in multiple abdominal lymph
nodes in the liver, spleen, vertebra, and femur, which was
interpreted as compatible with T cell lymphoma. He received
chemotherapy with prednisone and vincristine for 4 weeks,
together with antimycobacterial treatment (isoniazid, rifampi-
cin, ethambutol, and clofazimine) and regular intravenous im-
munoglobulin infusion. However, pathological review of the
lesions provided no evidence for T cell lymphoma
(Supplemental Figure 1). Chemotherapy was therefore
discontinued, but antimycobacterial treatment was main-
tained, and the clinical response was good. Immunological
assessments were performed before chemotherapy and
showed the patient to be serologically negative for HIV, with
normal T, B, and NK cell counts, normal T cell proliferation in
response to mitogens (phytohemagglutinin and OKT3), and
normal results for dihydrorhodamine tests on granulocytes.
Whole-exome sequencing (WES) of the patient revealed a
rate of homozygosity of 5.5%, consistent with the consanguin-
ity of the parents. Surprisingly, aberrant reads with non-
aligned sequences both 5" and 3’ to a 15-base pair (bp) aligned
sequence were identified in exon 3 of ZJFNGRI (Supplemental
Figure 2). The amplicon for exon 3 obtained from genomic
DNA was larger for the patient (~ 700 bp) than for a healthy
control (428 bp) (Fig. 1b). Sanger sequencing of this PCR
product identified a ~300 bp homozygous insertion within
exon 3 beginning with a stretch of ~35 bp T residues and
flanked by a homozygous duplicated 15 bp sequence from
the exon 3 (Fig. 1c, d). Alignment of the inserted sequence
with RepeatMasker and Censor identified this inserted se-
quence as a reverse truncated A/uYaS element (Supplemental

Figure 3). The mutation is referred to hereafter as
¢.250insA/uYaS. This Alu insertion was not referenced in the
dbRlIp repository or in the dbVar database, which includes the
2,504 structural variants from the 1000 Genomes Project.
Familial segregation was analyzed by (i) haplotype analysis
with microsatellites flanking the JFNGR/ locus and a single-
nucleotide polymorphism within the /JFNGRI locus and/or (ii)
targeted PCR (Fig. 1b). These analyses showed that the two
parents, the paternal grandfather, and the brother carried the
AluYa5 insertion in the heterozygous state (Fig. la and
Supplemental Figure 4). Parents of the patient are consanguin-
eous through their mother according to the known pedigree
tree; however, further consanguinity loops probably go back
several generations, as (i) the homozygosity rate inferred from
WES is higher (5.5%) than expected (1.6%), (ii) the allele
carrying the mutation is present in the paternal grandfather,
and (iii) a recombination in the haplotype of the mutated allele
(marker D6S262) is found across generations (Fig. la and
Supplemental Figure 4).

We then investigated the consequences of this AluYaS5 in-
sertion, at both the RNA and protein levels. Cloning and
Sanger sequencing of cDNA from the EBV-B cells of a
healthy control showed that 92% of the transcripts present
were wild-type whereas 8% displayed a 102 bp deletion
(r.201_302del) relative to the wild-type transcript. This shorter
transcript was predicted to be in frame (p.Asn70 Lys103del),
and is a known alternative /JFNGRI transcript
(NM_001363527.1). Conversely, cDNA from the EBV-B
cells of the patient contained 0% wild-type (WT) transcript
and 90% alternative transcript 1.201 302del, the remaining
10% being accounted for by three other aberrant new tran-
scripts (Supplemental Table 1). By flow cytometry, EBV-B
cells from patient did not express IFN-yR1 protein, as in a
patient previously described with a complete AR IFN-yR1
deficiency (Fig. 1e). EBV-B cells from the patient also
displayed no p-STAT1 induction in response to IFN-y, as in
EBV-B cells from a previously described patient with com-
plete AR IFN-yR1 deficiency (Fig. 1f). The induction of p-
STAT-1 in response to IFN-« stimulation was equivalent to
that following in the healthy control (Fig. 1f). High plasma
IFN-y concentrations were detected in two separate samples
(75 and 100 pg/mL, respectively). The patient had a homozy-
gous truncated A/uYa5 insertion within exon 3 of IFNGRI,
leading in EBV-B cells to use of an alternative transcript and
the complete loss of IFN-yR 1 expression and function, i.e., to
complete AR IFN-yR1 deficiency.

Alu elements are repetitive elements of ~300 bp in length
that constitute 10.5% of the genome [9]. The high levels of
sequence similarity between these elements can lead to geno-
mic recombination, resulting in large deletions or duplications
[10], but they can also be responsible for insertions [11]. Alu
elements are non-autonomous mobile elements that can un-
dergo retrotransposition mediated by a non-LTR
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retrotransposon long interspersed element-1 (LINE-1) [11]. In
the patient reported here, the AluYaS element was inserted in
the antisense configuration and presented a LINE-1 mediated
insertion signature [11] with (i) a target site duplication of
15 bp (5'-AGAAATATTACAATA-3'), and (ii) insertion with-
in a variant sequence (5-TTCT/GA-3') of the consensus (5'-
TTTT/AA-3") LINE-1 exonuclease site (Fig. 1c). AluYa5 ele-
ments are among the most active of the Alu subfamilies and
frequently present 5’ truncation, as described in this patient
[12]. Alu insertion can be difficult to detect at genomic level,
by either WES or Sanger sequencing. Unbiased WES screen-
ing for the insertion of repetitive elements requires dedicated
software [13]. Sanger sequencing may also have low sensitiv-
ity due to insufficient elongation time or because PCR and
sequencing favor the WT allele in cases of heterozygous in-
sertion. Insertion of repetitive elements can be deleterious by
different mechanisms depending if occurring in translated
(e.g., direct in frame or frameshift effects) or untranslated re-
gions (e.g., alteration of mRNA splicing including
exonization, or modification in the repartition of the tran-
scripts) [11, 14]. Interestingly, only 10 different LINE-1-
mediated insertions of repetitive elements have been reported
in six different genes (ATM, BTK, CD40LG, CYBB, FAS, and
IL2RG) implicated in PID [11]. The insertion of
retrotransposed elements may be underdiagnosed in other
PIDs, including MSMD. Screening for such structural variants
should be performed in patients with no genetic diagnosis,
with a view to the provision of treatment appropriate to the
pathophysiology of their disease and genetic counseling for

the affected families.
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