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Haploinsufficiency at the human IFNGR2 locus
contributes to mycobacterial disease
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Mendelian susceptibility to mycobacterial diseases (MSMD) is a rare syndrome, the known genetic etiologies
of which impair the production of, or the response to interferon-gamma (IFN-y). We report here a patient (P1)
with MSMD whose cells display mildly impaired responses to IFN-vy, at levels, however, similar to those from
MSMD patients with autosomal recessive (AR) partial IFN-yR2 or STAT1 deficiency. Whole-exome sequen-
cing (WES) and Sanger sequencing revealed only one candidate variation for both MSMD-causing and IFN-
v-related genes. P1 carried a heterozygous frame-shift IFNGR2 mutation inherited from her father. We
show that the mutant allele is intrinsically loss-of-function and not dominant-negative, suggesting haploin-
sufficiency at the IFNGR2 locus. We also show that Epstein-Barr virus transformed B lymphocyte cells
from 10 heterozygous relatives of patients with AR complete IFN-yR2 deficiency respond poorly to IFN-vy,
in some cases as poorly as the cells of P1. Naive CD4"* T cells and memory IL-4-producing T cells from
these individuals also responded poorly to IFN-y, whereas monocytes and monocyte-derived macrophages
(MDMs) did not. This is consistent with the lower levels of expression of IFN-yR2 in lymphoid than in myeloid
cells. Overall, MSMD in this patient is probably due to autosomal dominant (AD) IFN-yR2 deficiency, resulting
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from haploinsufficiency, at least in lymphoid cells. The clinical penetrance of AD IFN-yR2 deficiency is incom-
plete, possibly due, at least partly, to the variability of cellular responses to IFN-y in these individuals.

INTRODUCTION

Mendelian susceptibility to mycobacterial diseases (MSMD,
MIM209950) is a rare condition characterized by the occur-
rence of clinical disease caused by poorly virulent mycobac-
teria, such as BCG vaccines or environmental mycobacteria,
in otherwise healthy children (1—4). The patients are also vul-
nerable to the more virulent Mycobacterium tuberculosis (5,6).
Non-typhoidal Salmonella infections are also seen in MSMD
patients, but infections due to other intra-macrophagic patho-
gens are less common (3,7). Mendelian mutations in six auto-
somal (IFNGRI1, IFNGR2, STATI, IRFS, IL12B and IL12RB1)
and two X-linked (CYBB and NEMO) genes have been discov-
ered which account for about half of the patients with MSMD
(7-9). They collectively define up to 15 different genetic eti-
ologies, based on the mode of inheritance (dominant or reces-
sive), functional impairment (complete or partial defect) and
biochemical features (depending on both the mutation and
the protein domain affected). We also recently identified, by
genome-wide linkage analysis combined with whole-exome
sequencing (WES), patients with MSMD and AR ISG15 defi-
ciency, thereby revealing an unexpected key role of ISG15 as
an interferon-gamma (IFN-y)-inducing cytokine (10). All
these defects impair the production of or the response
to IFN-vy directly or indirectly, indicating that [FN-v is essen-
tial for the confinement of most mycobacterial species in
natura (11).

The inherited defects of ILI2RB1 (12,13), ILI2B (14) and
ISG15 (10) in patients with MSMD are autosomal recessive
(AR) traits characterized by an impairment of IFN-y produc-
tion by T or natural killer (NK) cells. The encoded proteins
of all three genes are indispensable for an adequate IL-12-
(IL12B, IL12RBI) or ISG15-dependent (ISG15) induction of
IFN-vy. An X-linked NEMO defect can lead to weak IL-12 in-
duction, with indirect effects on IFN-y production (15). There
are 11 types of disorders in which responses to IFN-y are
impaired, including four different IFN-yR1 defects (16—20),
leading to clinical MSMD of different severities. Dominant
partial STAT1 defects result in the impairment of the IFN-y
response through various mechanisms, including phosphoryl-
ation and DNA binding (21,22). Autosomal dominant (AD)
IRF-8 defects probably confer susceptibility to MSMD
through low CD11c+CDIlc+ dendritic cell count and an
IFN-vy-induced pathway (9). MSMD-CYBB defects are also
linked to the IFN-y pathway as CYBB is an IFN-y-inducible
component of the oxidative burst (8). IFN-yR2 plays an im-
portant role in mediating the IFN-y response and both reces-
sive complete and partial IFN-yR2 defects have been
reported to cause MSMD (23-27).

Inherited IFN-yR2 deficiency was first identified in 1998 in a
child with MSMD (24). Eleven patients from nine kindreds and
eight /JFNGR2 mutations have now been reported (Fig. 1A),
with two forms of IFN-yR2 deficiency, defined as partial and
complete (23—28). Nine patients from seven kindreds display

complete IFN-yR2 deficiency with abolished cellular
responses to IFN-y, in terms of STATI phosphorylation,
gamma-activated factor (GAF) activation and the induction
of GAF-dependent target genes (24—28). Two forms of com-
plete IFN-yR2 deficiency have been reported on the basis of
protein expression at the cell surface. In some patients, a pre-
mature stop codon in the region encoding the extracellular
domain results in a lack of receptor expression at the cell
surface (24). In other patients, the defect is characterized by
the detectable protein expression of non-functional receptors
at the cell surface (26,27). Finally, two patients have been
shown to display partial IFN-yR2 deficiency, with impaired
but not abolished responses to IFN-y (23, Moncada-Vélez,
M. et al., submitted). All these patients display AR IFN-yR2
deficiency. However, an I/FNGR2 null allele has been shown
to exert negative dominance at the cellular level in a healthy
individual (25), raising the possibility that there may be symp-
tomatic patients with AD IFN-yR2 deficiency. We report here
the first MSMD patient with AD IFN-yR2 deficiency. The
underlying mechanism involves haploinsufficiency at the
IFNGR?2 locus, as all heterozygous relatives of patients with
complete IFN-yR2 deficiency respond poorly to IFN-y.z

RESULTS

Impaired response to IFN-y in EBV-B cells from a patient
with MSMD

We investigated a 15-year-old Polish girl (P1) with MSMD by
first studying the response of her Epstein-Barr virus trans-
formed B lymphocyte (EBV-B) cells to IFN-y. Upon stimula-
tion with IFN-y, the patient’s EBV-B cells displayed weaker
STAT!1 phosphorylation than a healthy control as measured
by western blotting with a specific phosphotyrosine-701
STATI antibody (Fig. 2A). GAF DNA-binding activity was
also impaired, as shown by electrophoretic mobility shift
assay (EMSA) (Fig. 2B and Supplementary Material,
Fig. S1), but this activity was not entirely abolished. In con-
trast, the patient’s cells responded normally to IFN-a (as
shown by western blotting and EMSA). Dose—response
experiments further showed that the defect was more pro-
nounced at higher than at lower concentrations of IFN-vy
(Fig. 2C). We then compared IFN-y-induced GAF DNA-
binding activities in P1 with those in other reported human
partial and complete defects in the IFN-y pathway, due to
mono- or bi-allelic mutations in /JFNGRI1 (16—20), IFNGR2
(24-27, Moncada-Vélez, M. et al., submitted) and STATI
(21,22,29,30). P1’s IFN-y response was similar to that for
cells from patients with partial recessive IFN-yR2 deficiency
(23) and partial recessive STAT1 deficiency (particularly,
the K201N/K201N mutant) (30) (Fig. 2D and Supplementary
Material, Fig. S2). Collectively, these results suggest that the
impaired GAF-DNA-binding activity observed in EBV-B
cells stimulated by IFN-vy is responsible for MSMD in P1.
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Figure 1. Pedigree and mutations of /JFNGR2. (A) Schematic presentation of the mutations identified in the /FNGR2 gene. The leader sequence (L, 1-22),
extracellular domain (EC, 23—248), transmembrane domain (TM, 249-272) and intracellular domain (IC, 273—337) are indicated. Mutations marked in red
cause complete AR IFN-yR2 deficiency with no detectable expression of IFN-yR2 at the cell surface. The mutations marked in blue cause complete AR
IFN-yR2 deficiency with detectable surface expression of a non-functional IFN-yR2. With the antibody now available, the cells of patients carrying the
382-387dup and 663del27 mutations (26) were shown to have impaired, but detectable IFN-yR2 expression at the surface of Epstein-Barr virus transformed
B lymphocyte (EBV-B) cells. The mutation marked in purple cause partial AR IFN-yR2 deficiency. The mutation marked in green is the heterozygous mutation
reported here. (B) Family pedigree of P1. (C) Electropherogram showing the heterozygous /FNGR2 186delC mutation found in P1. (D) Pedigree of the families
with IFN-yR2 deficiency recruited for this study. The /FNGR2 genotype of the heterozygous individuals included is shown in red.

A heterozygous IFNGR2 mutation in P1

We, therefore, sequenced the exons and flanking intron
regions of IFNGRI, IFNGR2 and STATI by Sanger sequen-
cing. We identified a heterozygous 186delC mutation in
IFNGR?2 exon 2 (Fig. 1C). No other mutation was found in
the three genes. We nevertheless subjected the genomic
DNA of P1 and P1’s father to WES (Supplementary Material,
Table S1), but did not identify any other new variation particu-
larly in the 15 genes known to be involved in the IFN-y

signaling pathway or the nine genes known to cause MSMD
(Supplementary Material, Tables S2 and 3). The patient was
heterozygous for IJFNGR2, having a mutant allele and a WT
allele. The mutant allele was not found, by sequencing, in
200 controls from Poland and was also absent from public
databases (dbSNP, 1000genome) and our own in-house data-
base of 700 exomes. The mutation is predicted to generate a
premature stop codon at position 82, upstream from the
segment encoding the transmembrane domain. The patient’s
father carried the same mutation in /FNGR2, whereas her
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Figure 2. P1’s IFN-vy response and exploration of a possible dominant-negative effect. EBV-B cells from a healthy control, P1, P1’s father and mother were stimulated with IFN-y or IFN-a and subjected to
western blot analysis for STAT1, Tyr701 phosphorylated STAT1 (A) or to EMSA for the assessment of GAF DNA-binding activities (B). (C) The GAF DNA-binding activities of EBV-B cells stimulated
with various concentrations of IFN-y were compared between a healthy control, P1 and P1’s father. (D) GAF DNA-binding activities in the EBV-B cells were compared between a healthy control, indi-
viduals heterozygous for IFNGRI or STAT1, P1 and patients with various /FNGRI, IFNGR2 and STATI mutations resulting in partial or complete deficiency, after stimulation with IFN-y. The genotype of
each cell line is written for the corresponding gene. (E) SV40-transformed fibroblasts from a healthy control were transfected with various plasmids encoding the WT or a mutant form of IFN-yR2. The
various mutations included 186delC, 663del27 and 791delG, 382—87dup. Cells were also transfected with an /JFNGR1 818del4 or STATI L706S expression plasmid as a positive control, for the detection of
dominant-negative effects on IFN-y signaling.
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mother had two wild-type (WT) alleles (Fig. 1B). Since causal
genetic lesions have been identified as far as 500 kb upstream
or downstream from other morbid genes (31), we assessed the
expression of the two /FNGR?2 alleles by RT-PCR. Both the
alleles appeared to be spliced and expressed with a similar ef-
ficiency in P1 and her father (data not shown), arguing against
compound heterozygosity for two morbid alleles at the
IFNGR?2 locus in P1. However, these data from EBV-B cells
do not rule out the remote but finite possibility of a second,
subtle regulatory mutation affecting /FNGR2 expression
in vivo in relevant primary cells, such as T cells and macro-
phages, which express IFN-yR, and are critical for immunity
against mycobacteria.

The patient displays AD IFN-yR2 deficiency but
the IFNGR? allele is not dominant-negative

We tested the hypothesis of AD IFN-yR2 deficiency in this
patient further, by assessing the response to IFN-y of EBV-B
cells from P1 in more depth and comparing this response with
that of her parents. EBV-B cells from P1 and her father dis-
played similar low levels of GAF DNA-binding activity and
STAT1 Tyr701 phosphorylation upon IFN-y stimulation,
whereas such activity was normal in EBV-B cells from the
patient’s mother (Fig. 2A and B). In contrast, the IFN-« re-
sponse was similar in all three cell lines, strongly suggesting
that the heterozygous /FFNGR2 mutation is exclusively respon-
sible for the inherited cellular phenotype of impaired response
to IFN-y in P1 and her father. We then investigated whether
this heterozygous IFNGR?2 allele caused AD IFN-yR2 defi-
ciency by negative dominance or haploinsufficiency. We first
tested the hypothesis of a dominant-negative effect accounting
for the cellular phenotype in cells heterozygous for the 186delC
IFNGR? allele, consistent with a previous report showing that
the 791delG mutation was dominant-negative at the cellular
level in vitro (the two heterozygous individuals were clinically
healthy) (25). SV40-transformed fibroblasts from a healthy
control were transfected with either a WT or a mutant
IFNGR?2 allele (the mutants tested were 186delC, 663del27
(27), 791delG (25) and 382—387dup (26)), and two previously
reported dominant-negative alleles of /FNGRI 818del4 (19)
and STATI L706S (22). They were then stimulated with
IFN-v. Consistent with previous reports, a dominant-negative
effect was observed in fibroblasts transfected with /FNGRI
818del4, IFNGR2 791delG and STATI L706S alleles;
however, we observed no dominant-negative effect on fibro-
blasts transfected with the other /FNGR2 mutant alleles, includ-
ing 186delC (this report), 663del27 (27) and 382—387dup (26)
(Fig. 2E). Thus, the heterozygous IFNGR2 186delC allele in P1
and her father is responsible for the impaired response to IFN-vy,
as suggested by the strict familial cosegregation of the IFNGR2
genotype and IFN-y responsiveness. However, this impairment
is not caused by a dominant-negative effect of the mutant allele.
Instead, it probably results from haploinsufficiency.

Levels of IFN-yR2 expression at the cell surface are low
in EBV-B cells

We tested the hypothesis that the /FNGR2 mutation is acting
by haploinsufficiency, by expanding our studies to include

Human Molecular Genetics, 2013, Vol. 22, No. 4 773

the heterozygous relatives of six patients with complete
IFN-yR2 deficiency (24—27), with the heterozygous relatives
of patients with complete IFN-yR1 deficiency serving as con-
trols (16,33). We first investigated the cell-surface expression
of IFN-yR2 in the EBV-B cells heterozygous for a
loss-of-function IFNGR2 allele, referred to below as
IFNGR2 WT/—. We designated the heterozygous individuals
WT/E' or WT/E™, on the basis of the intrinsic expression
(E™) or lack of expression (E~) of the mutant IFN-yR2
protein at the cell surface. Different types of mutations have
different consequences for the expression of the encoded re-
ceptor at the cell surface. Some mutations prevent the cell-
surface expression of the mutated receptor (186delC,
218delAA, Y235X and 791delG, Fig. 3A) (25), whereas
others allow the expression of a non-functional receptor at
the cell surface (T168N, 663del27 and 382—87dup, Fig. 3A)
(26,27). We showed, by flow cytometry, that EBV-B cells
from WT/E~ individuals had significantly lower levels of
IFN-yR2 expression at the cell surface than EBV-B cells
from WT/WT controls (P = 0.007, Fig. 3C). In contrast, no
significant difference was observed between the WT/WT and
WT/E" groups. Moreover, the levels of IFN-yR1 expression
were similar between heterozygous /[FNGRI WT/— and het-
erozygous /[FNGR2 WT/— EBV-B cells, in which they were
normal (data not shown). We analyzed 12 cell lines carrying
seven different /JFNGR2 mutations and obtained results that
were both reproducible and consistent with no outliers
(Fig. 3C). The levels of IFN-yR2 expression were consistently
lower in the WT/E~ EBV-B cells, as shown by the mean,
median, delta mean or delta median fluorescence intensity of
allophycocyanin (APC)-labeled IFN-yR2 antibody. These
data indicate that heterozygosity for null /FNGR?2 alleles is
associated with lower than normal levels of expression of
the encoded receptor on the surface of EBV-B cells. These
data further suggest that there may be haploinsufficiency at
the IFNGR?2 locus, in terms of IFN-vy responsiveness, for het-
erozygous cells other than those of P1 and her father.

Dominance due to IFNGR?2 haploinsufficiency in EBV-B
cells

We tested the hypothesis of haploinsufficiency at the /FNGR2
locus, by evaluating Tyr701 STATI1 phosphorylation by flow
cytometry in EBV-B cells from 12 individuals heterozygous
for null /FNGR2 alleles (186delC, 218delAA, Y235X,
791delG, T168N, 663del27 and 382—87dup) (25-27). STATI
Tyr701 phosphorylation levels were significantly lower in all
heterozygous /FNGR?2 individuals (WT/—) than in WT indivi-
duals, after stimulation with IFN-vy, but not IFN-a (Fig. 4A). We
also found that GAF DNA-binding activity levels were signifi-
cantly lower in heterozygous cells than in cells from healthy
controls (Fig. 4B). The mean GAF activity in heterozygotes
was ~40% that of controls. In contrast, EBV-B cells with a het-
erozygous loss-of-function mutation in either STATI or
IFNGRI had normal responses, suggesting a gene-specific
gene dosage effect for /IFNGR2, but not for IFNGRI and
STATI (21,30) (Fig. 4A and B, data not shown). Consistent
with haploinsufficiency, we found that EBV-B cells from P1
displayed a more pronounced defect at high concentrations of
IFN-vy, requiring the presence of larger numbers of functional
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Figure 3. [FN-yR2 expression in heterozygous /FNGR2 cells. (A) Schematic diagram of IFN-yR2 structures. In WT/WT healthy controls, the protein is encoded
by two WT alleles. WT/E — individuals have a heterozygous loss-of-function mutation preventing the expression of the receptor on the cell surface. WT/E+
individuals have a loss-of-function mutation changing the structure of IFN-yR2, but with protein detectable on the cell surface. (B) Monocytes from a healthy
control, an individual carrying a heterozygous /FNGR2 218del AA mutation and an individual carrying a heterozygous /FNGRI 202—1G>T mutation were incu-
bated with an antibody recognizing the extracellular domain of IFN-yR1 or IFN-yR2. The red plot corresponds to the isotype control. The blue plot corresponds
to the specific antibody for IFN-yR1 and IFN-yR2. (C) Delta mean fluorescence intensity (AMFI) of IFN-yR2 in EBV-B cells was compared between healthy
controls, WTI/E~, WT/E" and 218delAA/218delAA patients. The solid red circles indicate the AMFI of the parent with a heterozygous 791delG mutation. Stu-
dent’s #-test was used to assess the significance of differences between two groups. Each experiment was carried out at least three times.

receptors (Fig. 2C). We also compared the responses of hetero-
zygous mutant cells. There were some inter-individual and
inter-experimental differences, but we consistently found that
all cell lines heterozygous for a null /FNGR?2 allele had an
impaired response to IFN-v (Fig. 4C and Supplementary Mater-
ial, Fig. S2), and that P1’s response was in the lower range for
this group. Finally, as expected, the GAF DNA-binding activity
in response to IFN-a was normal in /FNGR2 heterozygotes,
suggesting that the impairment of GAF DNA-binding activity
is specific to the IFN-y pathway. Overall, these results strongly

suggest that haploinsufficiency at the /FNGR2 locus in EBV-B
cells constitutes a general mechanism for impaired IFN-vy sig-
naling in the cells heterozygous for a null allele and is not spe-
cific to P1 and her father.

Impaired ISGs induction due to IFNGR2
haploinsufficiency

We defined the molecular consequences of AD IFN-yR2 defi-
ciency, more precisely, by carrying out a whole-transcriptome
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Figure 4. Haploinsufficiency in EBV-B cells from heterozygous IFNGR?2 individuals. (A) Tyr701 STAT1 phosphorylation was quantified by FACS in EBV-B
cells after stimulation with 10 TU/ml IFN-y or IFN-a for 30 min. These experiments were carried out twice. (B) GAF DNA-binding activities in EBV-B cells
were compared between healthy controls, heterozygous /FNGR1 individuals and heterozygous IJFNGR?2 individuals following stimulation with various concen-
trations of IFN-y or IFN-a, as indicated. The dot indicates the relative value of GAF DNA-binding activity for a given cell with respect to the same healthy
control. The solid red circles and squares indicate the values for the parent with a heterozygous 791delG mutation. The solid green circles and squares indicate
the values for P1. (C) P1’s GAF DNA-binding activity was compared with that of the other individuals heterozygous for /FNGR2.
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Figure 5. Microarray analysis of ISGs in EBV-B cells. EBV-B cells from three healthy controls, P1 and patients with complete STAT1, IFN-yR1 and IFN-yR2
deficiencies were stimulated by incubation with 10* IU/ml IFN-y for 2 h. Red colors represent high stimulated/basal expression fold induction level. Whole-
transcriptome analysis was then carried out on mRNA extracted from EBV-B cells.

microarray analysis of EBV-B cells from three healthy con-
trols, three patients with AR complete IFN-yR2, IFN-yR1 or
STAT1 deficiency and one individual heterozygous for an
IFNGR?2 mutation (P1). These cells were either being left un-
stimulated or stimulated with IFN-y for 2 h. We detected no
difference between the EBV-B cells of any of these groups
of individuals in the absence of stimulation. However, we
defined a set of IFN-stimulated genes (ISGs), induced or inhib-
ited by IFN-vy, in the healthy controls. These genes were
defined as displaying an at least 2-fold change in expression
in response to stimulation. We identified 31 such genes,
which were highly induced in EBV-B cells from healthy con-
trols. The cells with complete IFN-yR1, IFN-yR2 or STAT1
deficiency showed no upregulation of these genes in response
to stimulation with IFN-y. Interestingly, the level of induction
of most of these genes was intermediate in cells heterozygous
for IFNGR?2 alleles. We observed only weak induction of
various target genes, including CXCL/0, GBPI and SOCSI
(Fig. 5). Collectively, these data clearly indicate that haploin-
sufficiency at the JFNGR?2 locus is of physiological relevance,
because of its broad impact on the transcription of
IFN-vy-inducible genes.

IFN-yR2 expression in fresh leukocyte subsets

We then investigated whether the haploinsufficiency observed
in EBV-B cells may also occur in more relevant cells: T cells
and macrophages, both of which normally express IFN-yR2

and are critical for immunity to mycobacteria. We assessed
the IFN-yR2 expression in fresh leukocyte subsets ex vivo, in-
cluding CD3* T cells, CD14" monocytes, CD19" B cells and
CD56" NK cells. IFN-yR2 surface expression was strongest
on control monocytes, intermediate in B cells and weakest
in T and NK cells. In contrast, IFN-yR1 was expressed to
similar levels on the surfaces of all four cell types tested (Sup-
plementary Material, Fig. S3). These results are consistent
with previous reports (33—35), suggesting a cell-specific
pattern of IFN-yR2 expression governing IFN-y responsive-
ness. Levels of IFN-yR2 expression at the cell surface were
lower in monocytes from heterozygous WT/E~ IFNGR?2 indi-
viduals, but IFN- yR1 expression was normal in these cells
(Fig. 3B). IFN-yR1 expression levels were also low in hetero-
zygous [FNGRI monocytes, which had normal levels of
IFN-yR2 expression (Fig. 3B). IFN-yR2 expression levels in
both controls and WT/E ™ individuals were lower if the collec-
tion of blood samples were delayed. However, our results
showed that IFN-yR2 surface expression was consistently
weaker on the monocytes from all WI/E™ individuals tested
than in WT/WT controls (Supplementary Material, Fig. S4).

IFNGR?2 haploinsufficiency in fresh leukocyte subsets

Activated pSTATI levels in control cells were the highest in
monocytes, intermediate in B cells and lowest (barely detect-
able) in T and NK cells following IFN-vy stimulation (Supple-
mentary Material, Fig. S5), consistent with previous reports
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Figure 6. Haploinsufficiency in the primary immune cells from heterozygous /FNGR? individuals. (A) Naive CD4™ T cells, (B) IL-4-producing T helper cells,
(C) monocytes (D) MDMs generated in the presence of either M-CSF + IL-4 or GM-CSF + TNF-a were stimulated by incubation with IFN-y, IFN-« or IL-27
for 15 min. Western blots were carried out to evaluate STAT1 phosphorylation. These experiments were carried out at least twice.

(34,35). We then investigated the occurrence of haploinsuffi-
ciency in T cells and monocytes from /FNGR2 heterozygous
individuals. We studied naive CD4™ T cells and differentiated
IFN-y-producing (‘Th1’) and IL-4-producing (‘Th2’) CD4* T
cells. Naive T cells and IL-4-producing T cells responded to
IFN-y in terms of STATI1 phosphorylation, whereas
IFN-vy-producing T cells did not (data not shown), consistent
with previous reports that IFN-y-producing T cells lack
IFN-yR2 expression and are unresponsive to IFN-y (36—39).
The levels of pSTATI1 in IFNGR2 heterozygous naive and
IL-4-producing CD4" T cells were lower than those in
healthy controls (Fig. 6A and B). We then tested monocytes
and monocyte-derived macrophages (MDMs) by stimulation
with macrophage colony-stimulating factor + interleukins-4
(M-CSF + IL-4) or granulocyte colony-stimulating factor +
tumor necrosis factor-o (GM-CSF + TNF-a). Control mono-
cytes generated similar amounts of pSTAT1 in response to
stimulation with IFN-a and IFN-y. Control MDMs induced
to differentiate with M-CSF + IL-4 responded more strongly
to IFN-y and produced larger amounts of IFN-yR2 than
macrophages induced to differentiate with GM-CSF +
TNF-a (data not shown). Following stimulation with IFN-y,
pSTATI levels in monocytes and MDMs were no lower in
IFNGR?2 heterozygotes than in controls (Fig. 6C and D).
Thus, IFNGR2 haploinsufficiency seems to be restricted to

EBV-B cell lines and freshly analyzed T cells and does not
affect monocytes and MDMs, at least as assessed by STAT1
phosphorylation in response to stimulation with IFN-y. Unsur-
prisingly, /FNGR?2 haploinsufficiency seems to affect princi-
pally the cell types that normally express low levels of
IFN-yR2 at their surface.

DISCUSSION

This report identifies AD IFN-yR2 deficiency as a new genetic
etiology of MSMD. We observed haploinsufficiency at the
human /FNGR?2 locus, at least in some lymphoid cells (both
EBV-B cell lines and primary T cells), and in all heterozygous
individuals tested. Under the conditions tested, this finding is
specific to /FNGR2, as there was no detectable haploinsuffi-
ciency for the IFNGRI and STATI loci. Haploinsufficiency
and dominant negativity are the two independent, mutually ex-
clusive mechanisms that can account for dominant phenotypes
in diploid cells heterozygous for a mutant allele. Haploinsuffi-
ciency at the /JFNGR2 locus can be explained biochemically,
because the assembly and expression of the membrane-bound
IFN-v receptor requires IFN-yR2 expression which is a limit-
ing factor. Unlike IFN-yR1, which is ubiquitously and uni-
formly expressed, IFN-yR2 is expressed under tight control
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and serves as a key regulator of IFN-vy responsiveness and sig-
naling in the mouse model and in human subjects (36,39,40).
IFN-yR2 had been described as a tuning factor preventing the
antiproliferative effect of IFN-y in subsets of T helper cells
(36). Recent biochemical studies of IFN-a receptors have
also shown that different levels of cell-surface receptors are
required for different biological functions (41). For IFN-a,
small numbers of receptor binding sites are sufficient to
mediate antiviral responses, but not to mediate antiprolifera-
tive effects (41,42). Consistent with this, our results show
that the cellular penetrance of IFNGR2 haploinsufficiency
depends on the level of receptor expression at the cell
surface. Cellular penetrance is complete in lymphocytes, in-
cluding T cells, which normally express small numbers of
IFN-yR2. Conversely, heterozygosity for IFNGR2 null
alleles does not seem to affect the response of cells that nor-
mally express larger numbers of these receptors, such as pha-
gocytes. This finding suggests that T cells play a role in the
pathogenesis of MSMD in patients with various mutations
affecting the IFN-y response pathway, including patients
with AD IFN-yR2 deficiency, such as P1.

Clinically, only one of the sixteen known /FNGR2 hetero-
zygous individuals tested displayed MSMD. The clinical pene-
trance of /FFNGR?2 haploinsufficiency is therefore low, at least
for the clinical phenotype of MSMD. This is consistent with
our previous demonstration of a correlation between the clin-
ical severity of MSMD and the level of responsiveness to
IFN-v, as the cellular phenotype seen in /FNGR2 heterozy-
gotes is milder than that of most other defects in the IFN-vy re-
sponse pathway (11,16—20,22,25-27). It is similar to that of
AR partial IFN-yR2 (R114C/R114C) or STATI1 deficiency
(K201N/K201N). Moreover, the cells of P1 consistently pre-
sented one of the weakest responses of any of the cells hetero-
zygous for /FNGR2 null alleles tested. The reasons for this
remain unclear, as WES identified no other potential variant
from the IFN-v signaling pathway in P1. Moreover, our bio-
chemical investigation of known factors in the IFN-v signaling
pathway revealed no abnormal expression (data not shown).
Incomplete clinical penetrance has already been observed in
the IFN-y signaling pathway, particularly for AD STATI de-
ficiency (for which the clinical penetrance of MSMD is low)
(21,22,43,44). In addition, independently of the IFN-vy signal-
ing pathway, other mutations may contribute to MSMD in P1.
For example, we found a heterozygous ISG15 rare variant in
P1 but not in her father. We recently showed that at least
four individuals heterozygous for ISG15 loss-of-function
alleles have no obvious clinical phenotype in terms of
MSMD (10). However, heterozygous ISG15 mutation may
play as a modifier in the context of another genetic lesion,
such as AD IFN-yR2 deficiency, by reducing the amount of
IFN-y production. In any case, as previously suggested,
MSMD is more likely to occur in individuals carrying
dominant-negative /FNGR?2 alleles, whose cellular response
to IFN-y is impaired (25). It is now tempting to speculate
that /JFNGR?2 haploinsufficiency may also, and perhaps more
commonly, underlie clinical tuberculosis in children living in
areas of endemic disease, including those who did not
develop clinical disease upon BCG vaccination (5,6,45,46).

MATERIALS AND METHODS
Ethics statement

All members of the families agreed to participate in this study,
which was approved by the ethics committees of the hospitals
concerned.

Case report

P1 is a Polish girl born to non-consanguineous parents in 1990.
She was vaccinated by BCG injection into the left deltoid at
birth and presented with enlarged and purulent homolateral ax-
illary lymph nodes at the age of 2 months. She had no fever,
no enlargement of the liver or spleen and no obvious abnor-
mality on chest X-ray. Complete blood count and detailed T,
B and NK immunophenotyping results were normal. P1 was
then treated with lymphadectomy and local streptomycin.
Histological examination of the excised lymph nodes
showed cellular infiltration and granulomatosa mimicking tu-
berculosis lymphadenitis (type II granuloma). Acid-fast stain-
ing revealed the presence of positively stained bacilli. Cultures
of pus from the axillary region yielded no pathogens. The in-
fection resolved over a period of 4 months, with no oral anti-
mycobacterial therapy. With the exception of this BCG
disease, P1 had developed no other severe infections by her
last follow-up visit at the age of 15 years (Fig. 1B). She had
had mild respiratory tract infections about twice yearly and
developed mumps at the age of 5 years and chicken pox at
the age of 7 years, both of which ran a mild clinical course.
Other vaccinations, including those with combined diphtheria,
tetanus and poliovirus, attenuated rubella and mumps vaccine,
hepatitis B virus (HBV) and flu, were uneventful. P1 was
found to have protective antibodies against HBV. No specific
family history for related MSMD was found. P1’s maternal
grandmother had hay fever. The parents of P1 remained
healthy, although her father had heart arrhythmia.

We also retrospectively recruited 10 heterozygous relatives
of previously reported and new MSMD patients homozygous
for null /FNGR2 mutations (Fig. 1D; a detailed clinical
report will be published elsewhere). One new patient (P2)
with complete IFN-yR2 deficiency is homozygous for the
218delAA mutation (Fig. 1D). She is 6 years old, lives in
France and was born to a consanguineous family from Paki-
stan. She suffered from BCG disease at 11 months of age
and had a high serum IFN-y (53 pg/ml) level. Two patients
(P3 and P4) were born to a consanguineous family from
Saudi Arabia. P3, a boy, suffered from severe BCG-osis
shortly after birth and died. His sister (P4) was diagnosed
with a recessive /FNGR2 Y235X mutation after birth. She
was not vaccinated with BCG and has remained healthy.
None of the 10 heterozygous relatives had ever displayed
any detectable mycobacterial phenotype remotely reminiscent
of MSMD, not even self-healing BCG-itis. Five of ten rela-
tives had never been vaccinated with BCG and never had
MSMD.



Cell culture and stimulation, DNA extraction, PCR,
microarray transcriptome analysis and sequencing

Genomic DNA was extracted from fresh blood cells, as previ-
ously described (20). Primers and PCR conditions are avail-
able upon request. Sequencing was carried out on an ABI
3130x (Applied Biosystems) sequencer. Peripheral blood
mononuclear cells (PBMCs) were isolated with Ficoll as pre-
viously described (8). EBV-transformed B lymphocytes
(EBV-B cells) were cultured as previously described (47).
EBV-B cells, monocytes, MDMs, naive T cells and Th2
cells were stimulated with the indicated doses of IFN-y
(Imukin, Boehringer Ingelheim), IFN-a 2b (IntronA, Schering
Plough) and IL-27 (R&D). Electroporation and Lipofectamin
methods were used to transfect EBV-B cells and fibroblasts,
respectively, with a WT construct, with or without mutant
IFNGR2 plasmids (pcDNA3.1-/FNGR2), as previously
reported (27). We incubated five million EBV-B cells with
or without 10*TU/ml TFN-y for 2 h and then subjected them
to microarray analysis as previously described (48). The pro-
cedure of WES and analysis were carried out as previously
described (49,50). Briefly, variant calls were made with
GATK UnifiedGenotyper. All calls with a read coverage
<10x and a Phred-scaled SNP quality of <30 were
removed from consideration.

Electrophoretic mobility shift assay (EMSA) and western
blotting

EMSA was carried out as previously described (17-19).
Briefly, cells were stimulated by incubation for 20 min with
IFN-v or IFN-a, at the indicated doses. We incubated 10 g
of nuclear extract with a >?P-labeled (a-dATP) GAS (from
the FCGR1 promoter) probe and subjected the mixture to elec-
trophoresis in a polyacrylamide gel. The GAF DNA-binding
activity was assessed with ImageQuant (Amersham Bio-
science). We used antibodies recognizing STAT1 and tyrosine
701-phosphorylated STAT1 for western blot analysis, as pre-
viously described (30).

Flow cytometry analysis

We used fluorescence-activated cell sorting (FACS) to assess
IFN-yR2 expression on the surface of EBV-B cells, PBMCs
and monocytes. Briefly, 0.5 to 1 million PBMCs or EBV-B
cells were first blocked by incubation with 10 pl of FcR block-
ing reagent in 1% SVF + 1x PBS for 10 min. We then added
125 ng of anti-IFN-yR2-APC (FAB773A, R&D systems) and
incubated the cells for 30 min on ice before washing them
twice with 1% SVF + 1x PBS. Goat IgG control APC
(IC108A, R&D systems) served as the isotype control.
Tyr-701-phosphorylated STAT]1 levels were assessed as previ-
ously described. Antibodies directed against CD3 (560366,
BD), CD14 (557742, BD), CD19 (555413, BD) and CD56
(557699, BD) conjugated with different fluorochromes were
used to distinguish between the various cell populations in
PBMCs, and dead cells were excluded by Aqua Live/Dead
staining (Invitrogen). Tyr-701-phosphorylated STAT1 levels
were assessed by activating cells by incubation with TFN-vy
or IFN-a for 30 min and incubating with an antibody specific

Human Molecular Genetics, 2013, Vol. 22, No. 4 779

for Tyr 701-phosphorylated STAT1. Flurokon signals were
measured with a BD LSR II and analyzed with Flowjo (Tree
Star, Inc.).

Differentiation of macrophage and CD4" T cells
and statistics

We isolated CD14™ monocytes from PBMCs using a positive
selection kit from Miltenyi Biotec (8). Briefly, 0.5 million
monocytes were incubated in 24-well plates with 0.5 ng/ml
GM-CSF (215-MC-050, R&D systems) and 0.5 ng/ml TNF-a
(210-TA-050), or with 50 ng/ml M-CSF (216-MC-025, R&D
systems) and 50 ng/ml IL-4 (204-IL-050, R&D systems), to
induce macrophage differentiation, as previously described
(8,51). CD4" naive T cells were obtained using Miltenyi
MACS naive CD4" T cell isolation kit II (No.130-094-131).
In total, 0.5 million naive T cells in 1 ml RPMI-1640 supple-
mented with 10% human plasma were allowed to differentiate
in each of the wells of 24-well plates, as previously described
(52), with 5 pg/ml anti-CD3 antibody, 750 ng/ml anti-CD28
antibody and 20 IU/ml rIL-2, with either 1 ng/ml IL-12 or
50 ng/ml IL-4, for Th1 and Th2 cell differentiation, respective-
ly. The cells were stimulated with IFN-y or IL-27 on the fourth
day after differentiation. ANOVA was used to assess the differ-
ence between multiple groups, and Student’s #-tests were then
carried out to assess the significance of differences in quantita-
tive variables between two groups.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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