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Established Facts

•	 Constitutive activation of STAT3 (signal transducer and activator of transcription 3) due to a germline 
gain-of-function STAT3 mutation has recently been identified as a cause of multiple early-onset auto-
immune conditions and growth impairment.

Novel Insights

•	 We revealed a previously unreported, heterozygous, de novo c.2144C>T (p.Pro715Leu) variant within the 
transactivation domain of STAT3, whose pathogenicity was functionally tested, in a boy born small for 
gestational age with progressive postnatal growth failure. He developed type 1 diabetes in late infancy and 
autoimmune thyroid disease, bicytopenia, and lymphoproliferative disease in the subsequent years. 

•	 We thoroughly assessed the growth hormone-IGF-I axis and revealed partial growth hormone insensitiv-
ity. We proposed a potential role for STAT3 in intracellular post-receptor growth hormone signalling.

DOI: 10.1159/000456544
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Abstract
Background: Germline STAT3 gain-of-function (GOF) muta-
tions cause multiple endocrine and haematologic autoim-
mune disorders, lymphoproliferation, and growth impair-
ment. As the JAK-STAT pathway is known to transduce the 
growth hormone (GH) signalling, and STAT3 interacts with 
STAT5 in growth regulation, we hypothesised that short stat-
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ure in STAT3 GOF mutations results mostly from GH insensi-
tivity via involving activation of STAT5. Case Report: A boy 
with a novel STAT3 c.2144C>T (p.Pro715Leu) mutation pre-
sented with short stature (–2.60 SD at 5.5 years). He devel-
oped diabetes mellitus at 11 months, generalised lympho-
proliferation, autoimmune thyroid disease, and immune bi-
cytopenia in the subsequent years. At 5.5 years, his insulin-like 
growth factor-1 (IGF-I) was 37 µg/L (–2.22 SD) but stimulated 
GH was 27.7 µg/L. Both a standard IGF-I generation test (GH 
0.033 mg/kg/day sc; 4 days) and a high-dose prolonged 
IGF-I generation test (GH 0.067 mg/kg/day sc; 14 days) failed 
to significantly increase IGF-I levels (37–46 and 72–87 µg/L, 
respectively). The boy underwent haematopoietic stem cell 
transplantation at 6 years due to severe neutropenia and 
massive lymphoproliferation, but unfortunately deceased 
42 days after transplantation from reactivated generalised 
adenoviral infection. Conclusions: Our findings confirm the 
effect of STAT3 GOF mutation on the downstream activation 
of STAT5 resulting in partial GH insensitivity. 

© 2017 S. Karger AG, Basel 

Introduction

Recently, several groups reported on a new monogen-
ic syndrome of multiple endocrine and haematologic au-
toimmune disorders, lymphoproliferation, susceptibility 
to infections and growth impairment [1–3] due to consti-
tutive activation of signal transducer and activator of 
transcription 3 (STAT3), 1 of 7 members of the mamma-
lian STAT family of transcription factors. Nineteen af-
fected individuals with activating germline STAT3 gene 
mutations have been identified within the first 3 studies 
published in 2014–2015 [1–3].

STAT proteins mediate cellular responses to cyto-
kines, mostly as a part of the JAK-STAT signalling path-
way. The receptor-associated JAK kinases activate STAT 
monomer proteins by phosphorylation. Phosphorylated 
STAT induces target gene expression that influences cell 
proliferation, differentiation, and apoptosis [4, 5]. Spe-
cifically, individual STAT family members respond to 
particular cytokine signals, which are expected to have 
effects on T-cell differentiation fates. Therefore, differen-
tiation towards T helper 1 (Th1) cells is induced by the 
interferon gamma (IFNγ)-STAT1-interleukin 12 (IL-
12)-STAT4 axis; Th2 cell differentiation is induced by the 
IL-4-STAT6 axis; and regulatory T-cell (Treg) fate is in-
duced by the IL-2-STAT5 axis [3, 4]. STAT5b is a major 
signalling molecule in the growth hormone (GH) signal-
ling pathway, and its activation is essential for the expres-

sion of genes encoding insulin-like growth factor-1 (IGF-
I) and insulin-like growth factor binding protein (IGF-
BP3) [6]. The activation of STATs is strictly regulated 
under normal conditions. Dysregulation of STAT signal-
ling leads to a spectrum of clinical presentations, ranging 
from susceptibility to infection [7], autoimmunity [2], 
enhanced survival of tumour cells [8], and growth im-
pairment. 

STAT3 has been assigned an important role in pro-
moting the expansion and activation of Th17 through the 
IL-6-STAT3 axis [4]. Additionally, STAT3 is suggested to 
inhibit the proliferation of Treg through interactions with 
STAT5 signalling [9]. Th17 and Tregs play a crucial role 
in the development of autoimmunity. Another suggested 
outcome of STAT3 and STAT5 interactions is growth 
regulation [1, 6].

STAT3 variants have been associated with 4 different 
clinical presentations: (a) common STAT3 single nucleo-
tide polymorphisms were shown to alter the susceptibil-
ity to Crohn disease [10], psoriasis [11], and multiple 
sclerosis [12]; (b) germline autosomal dominant loss-of-
function STAT3 mutations lead to hyperimmunoglobu-
lin E syndrome, which is a primary immunodeficiency 
characterised by elevated serum IgE, Th17 deficiency 
and impaired bone and tooth development [7]; (c) so-
matic gain-of-function (GOF) mutations have been de-
tected in multiple carcinomas, T-cell large granular lym-
phocytic leukaemia, myelodysplastic syndrome, and 
aplastic anaemia and are typically associated with poor 
prognosis [13], which has encouraged intensive research 
into specific STAT3 inhibitors [14, 15]; and (d) germline 
GOF STAT3 mutations have recently been identified in 
patients with multiple early-onset organ-specific and 
haematologic autoimmune conditions, lymphoprolifer-
ation, predisposition to mycobacterial and other infec-
tions, and short stature [1–3]. We present an additional 
case that allowed us to investigate the immune system 
and the GH-IGF-I axis. 

Case Presentation

The male proband was born from a twin pregnancy conceived 
by in vitro fertilisation. He was delivered prematurely in the 36th 
gestational week due to preeclampsia in the mother. The proband’s 
birth weight was 2,190 g (–1.51 SD) and his birth length was 44 cm 
(–1.96 SD), indicating mild prenatal growth impairment [16]. The 
proband was shorter and weighed slightly less at birth than his twin 
sister (length 46 cm, –0.92 SD; weight 2,200 g, –1.26 SD). Except 
for transient neonatal hypoglycaemia and mild unconjugated hy-
perbilirubinaemia requiring 3 days of phototherapy, the proband’s 
postnatal adaptation was normal. 
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Within the first year of life, the proband was apparently failing 
to thrive; at the age of 11 months, his weight was 6,585 g (–3.1 SD) 
[17]. At this age, he presented with diabetic ketoacidosis. His initial 
blood glucose, pH and HbA1c were 24.2 mmol/L, 7.178, and 6% (42 
mmol/mol), respectively. A diagnosis of type 1 diabetes (T1D) was 
confirmed by the detection of a high titre of antiglutamic acid de-
carboxylase autoantibody IgG (1,617 IU/mL; normal range 0–10) 
[18]. Anti-islet-cell antibodies were not present, although signifi-
cant positivity of the tyrosine phosphatase protein related to the 
IA2 molecule (1,150 IU/L; normal range 0–600 [19]) was revealed 
at a subsequent investigation at 2.5 years of age. The proband’s 
HLA haplotype was DQB1*0302, 05, i.e., a risk haplotype for T1D.

Since 1.5 years of age, the proband had gradually developed 
generalised lymphadenomegaly. A lymph node biopsy revealed ae-
tiologically uncharacteristic chronic inflammation with florid ac-
tivation of the germinal centres, not suggestive of an iconological 
condition. No infectious agent was found. Shortly thereafter, hep-
atosplenomegaly without focal lesions was detected, an additional 
sign of lymphoproliferation. 

During screening for T1D-associated autoimmune disorders, 
the proband was diagnosed with autoimmune thyroid disease and 
hypothyroidism at 2.5 years and was initiated on thyroxin replace-
ment. At 3.5 years, he developed immune thrombocytopenia 
(minimal platelet count 17 × 109/L) that resolved spontaneously 
over 2 weeks; however, the thrombocytopenia recurred at 5.5 
years and was accompanied by neutropenia and a positive direct 
antiglobulin test (minimum platelet count 19 × 109/L, absolute 
neutrophil count 250). The proband underwent a 1-week course 
of oral corticosteroids at a dose of 2 mg/kg, with gradual reduction 
until discontinuation over 5 weeks. The corticosteroids attenuat-
ed the lymphoproliferation, normalised the platelet count and im-
proved the neutropenia. However, in the subsequent weeks, the 
bicytopenia recurred, and the spleen and lymph nodes became 
further enlarged. Six weeks of mercaptopurine administration 
was not effective. Due to ongoing severe neutropenia and massive 
lymphoproliferation, a haematopoietic stem cell transplantation 
was provided at 6 years. The boy unfortunately deceased 42 days 
after transplantation due to reactivation of generalised adenoviral 
infection. 

Immunological investigation showed an undetectable level of 
IgE with fluctuating levels of other immunoglobulins. The propor-
tion of FOXP3+CD25+Tregs (out of CD4+ cells) was lowered to 
2.8%, low relative and absolute number of CD16+CD56+ NK cells 
was also noticed (2%, 0.03 × 10/9/L), with otherwise normal values 
in number and function of T and B lymphocytes. A panel of auto-
antibodies was negative (ANA, ANCA, ASCA, anti-gliadin Ab), 
with the exception of T1D-associated antibodies. 

Postnatal Growth and the GH-IGF-I Axis 
The heights of the patient’s parents are 180 cm (father) and 162 

cm (mother). Following partial intrauterine growth restriction, he 
had no postnatal catch-up growth and continued growing close to 
–2.5 SD (Fig. 1). At 2.5 years of age, the patient’s bone age corre-
sponded with his calendar age, but his bone age became slightly 
retarded at 5.5 years, when he underwent endocrine assessment for 
short stature. His height was 103 cm (–2.60 SD); his peak GH con-
centration following insulin-induced hypoglycaemia was 27.7 
µg/L, although his IGF-I level was low (37 µg/L; –2.22 SD) and his 
IGF-BP3 level was low normal (2.27 mg/L; –0.85 SD) [20, 21]. Be-
cause these results were suggestive of decreased sensitivity to GH, 

we performed a standard IGF-I generation test (GH 0.033 mg/kg/
day sc for 4 consecutive days) that led to an insufficient increase in 
IGF-I from 37 to 46 µg/L [20, 21]. We proceeded with a high-dose 
prolonged IGF-I generation test (GH 0.067 mg/kg/day sc for 14 
consecutive days), which also led to an insufficient increase in 
IGF-I from 72 µg/L (–1.67 SD) to 87 µg/L (–1.43 SD) and only a 
partial rise in IGF-BP3 from 2.70 mg/L (–0.69 SD) to 3.29 mg/L 
(–0.15 SD) [20, 21].

An anthropometric evaluation at 5.5 years revealed a slightly 
disproportionate stature with limb shortening (sitting height 59.4 
cm [–1.9 SD], subischial leg length 45.4 cm [–2.6 SD], and arm 
span 103.5 cm [98.8% of height, over the 25th percentile]) [17]. 
The patient had subtle craniofacial dysmorphism and brachyceph-
aly (cephalic index 92), although his head circumference was nor-
mal (50.2 cm [–1.2 SD]). His shoulder width and thoracic circum-
ference (55 cm, –0.8 SD) were consistent with his height, although 
the thorax was transversally narrow, with a relatively larger sagittal 
diameter (thoracic index 83.3 [2.3 SD]). These abnormalities were 
previously noted at 2.5 years and showed no tendency to progress 
over time. The boy apparently had delayed teeth eruption; his first 
tooth appeared at the age of 14 months, which was 7 months later 
than in his twin sister. His neuropsychological developmental 
milestones were normal.

Methods

Genetic Testing
Genomic DNAs were extracted from peripheral blood using 

QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). Ge-
netic analysis was performed using direct sequencing as described 
previously [22]. Primers for coding exons and the exon/intron 
boundaries of the STAT3 gene are available from the authors.
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Fig. 1. Growth chart of our male proband with a STAT3 GOF mu-
tation. 
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Functional Studies
A detailed description of the methods used to evaluate the func-

tional impact of the detected mutation can be found in the supple-
mentary material (see www.karger.com/doi/10.1159/000456544 
for all online suppl. material). Briefly, we performed (1) the phos-
phoflow analysis by stimulating the patient’s thawed peripheral 
blood mononuclear cells (PBMC) by IL-6, IL-2, INFγ, and IL-27, 
and then stained by anti-phospho-STAT3 (Tyr705) Alexa 488, an-
ti-phospho-STAT1 (Tyr701) Alexa 647, anti-phospho-STAT5 
(Tyr694) PE (all from BD Biosciences, San Jose, CA, USA), and 
anti-phospho-STAT1 (Tyr701) PE (Cell Signalling Technologies, 
Danvers, MA, USA); the LSR II flow cytometer (BD Biosciences) 
was used for data collection; (2) the patient’s mRNA from PBMCs 
stimulated by IL-6 was extracted using RNeasy Plus Micro Kit 
(QIAGEN) and reverse transcribed with the iScript cDNA synthe-
sis kit (Bio-Rad); suppressor of cytokine signalling 3 (SOCS3) tran-
script was measured by real-time quantitative reverse transcrip-
tion-polymerase chain reaction using TaqMan® Gene Expression 
Assay (Life Technologies); results represent the fold-change com-
pared with unstimulated healthy control after normalisation to en-
dogenous GAPDH gene expression levels; and (3), the cDNA from 
patients and 1 healthy control (before stimulation) was used for 
the analysis of exons 22 and 23 splicing on a chip-based Agilent 
Bioanalyser (Agilent Technologies).

The study was approved by the institutional Ethics Committee, 
and the involved subjects or their parents consented in writing. 

Results

Genetic Testing
The genetic analysis of the STAT3 gene revealed a pre-

viously unreported, heterozygous, de novo c.2144C>T 
mutation. Substitution of thymine for cytosine in cod- 
ing nucleotide 2144 is predicted to cause change of leu-
cine for proline in position 715 of the STAT3 protein 
(p.Pro715Leu). The mutation is located within the trans-
activation domain of the protein that is responsible for 
transcriptional activation and recruitment of cotrans-
criptional factors, such as histone acetyltransferase [23]. 
Moreover, the mutated nucleotide corresponds to the last 
base on exon 22, which can affect the splicing process: the 
MaxEntScan score (predicting the splicing rate) of 
c.2144C>T decreased by 17% when compared with the 
wild-type sequence, and the mutation caused a disruption 
of exonic splicing enhancer according to the exonic splic-
ing enhancer finder [24]. In addition, no polymorphism 
has been described in this position of the gene and the 
mutated amino acid is situated in an evolutionarily con-
served area of the genome. A previously published patho-
genic mutation, proven by functional analyses of cell lines 
[2], in a patient with a similar phenotype is situated to the 
same transactivation domain immediately next to this 
mutation (p.Thr716Met). Furthermore, predictions from 

in silico models (Sift, Polyphen2, Provean, Mutation 
Taster) assessed this variant as pathogenic. Both parents 
and the patient’s sister tested negative for the entire mu-
tation, suggesting de novo occurrence of the mutation.

Additional Case Report
Moreover, we subsequently identified another patient 

(patient 2) carrying the same mutation c.2144C>T. She is a 
22-year-old woman born small for gestational age at the 
36th week of gestation (birth weight 2,040 g, –1.85 SD; birth 
length 42 cm, –3.5 SD) with an extremely low final height 
of 125 cm (–6.7 SD) and body weight of 22.2 kg (–9.3 SD). 
She always had normal function of the anterior pituitary 
but her IGF-I level was low (83 µg/L; –2.69 SD at the age of 
13 years). Sensitivity to GH had never been tested. She de-
veloped chronic lung impairment after several pulmonal 
infections leading to bronchiectasis, pulmonary hyperten-
sion, and restrictive lung disease requiring long-term oxy-
genotherapy. Since 1 year of age, she had hepatospleno-
megaly and generalised lymphadenomegaly. She had sev-
eral attacks of autoimmune cytopenia (thrombocytopenia, 
anaemia) and had been treated with corticosteroids and 
immunosuppressives for several years. Her IgE level was 
undetectable and the level of FOXP3+CD25+ Tregs was 
0.7% (out of CD4+ T-cells). The genetic investigation using 
whole exome sequencing did not reveal another cause for 
her growth retardation and immune dysregulation.

Functional Studies
In accordance with previous observations in patients 

with STAT3 GOF mutations [1] we detected normal to 
reduced phosphorylation of STAT3 in CD3+T-cells from 
both patients when compared to healthy controls. More-
over, STAT1 phosphorylation was reduced upon IFNγ 
stimulation, and STAT5 phosphorylation was slightly re-
duced upon IL-2 stimulation in both patients (online sup-
pl. Fig. 1). 

The suppression of STAT1 and STAT5 phosphoryla-
tion was attributed to enhanced activity of STAT3 in the 
study by Milner et al. [1]. In our experiments, where only 
frozen PBMCs instead of Epstein-Barr virus-transformed 
cell lines were available, we prestimulated the PBMCs 
with IL-6 for 30 min and for 24 h to activate more STAT3 
signalling. After the prestimulation period, STAT5 phos-
phorylation upon IL-27 stimulation was substantially re-
duced (Fig. 2). The prestimulation tests were performed 
only in patient 2, as no more frozen cells were available 
from the deceased patient 1. 

We also examined the gene expression levels of SOCS3, 
a major downstream target in patient 2. Both basal and 
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stimulated levels of gene expression did not differ from 
healthy controls (online suppl. Fig.  2). This difference 
could be caused by the variability of cellular composition 
and by the effects of immunosuppressive treatment in 
primary patient samples.

To elucidate the role of the mutation in splicing, we 
examined the splicing of exons 22 and 23 using primers 
located in those exons. We observed 2 peaks on the capil-
lary electrophoresis in a healthy control, the shorter one 
apparently corresponding to the STAT3b variant, which 
used an alternative acceptor site within the STAT3 exon 
23 [25]. In both patients, there were 2 additional small 
peaks several base pairs longer than the physiological 
products, which could possibly show the retention of a 
small part of the intron in the vicinity of the mutation 
(online suppl. Fig. 3). However, none of the tools we used 
predicted any alternative splice site in this region. 

Taken together, our results show that the loss-of-func-
tion effect of the mutation was highly unlikely and most-
ly supported the observed clinical phenotype of GOF mu-
tation. In addition, the undetectable IgE levels and low 
levels of FOXP3+CD25+ Tregs are also completely con-
sistent with published laboratory characteristics in pa-
tients carrying a STAT3 GOF mutation [26].

Discussion

The functional consequences of STAT3 GOF muta-
tions at the molecular level likely differ according to the 
localisation of the mutation. Mutations within the DNA 
binding domain are proposed to enhance DNA binding, 
which results in prolonged nuclear retention [1]; muta-
tions within the SH domain are proposed to delay de-
phosphorylation; and mutations within the transactiva-
tion domain are proposed to enhance transactivation, 
which also occurred in our patients. Some mutations 
were shown to cause constitutive activation of STAT3, 
whereas other mutations caused only hypersensitivity to 
interleukin stimulation. This difference does not appear 
to affect the phenotype, possibly because hypersensitivity 
to low levels of interleukins is sufficient for persistent ac-
tivation of the STAT3 pathway [3]. The slightly different 
splicing of STAT3 in the patients suggests the possibility 
of a combined effect of missense GOF mutation and of an 
altered STAT3 isoform with unknown function. Howev-
er, deciphering the interplay would require a further ex-
tensive study.

At the cellular level, STAT3 activation leads to en-
hanced transcription of several genes with direct effects 
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Fig. 2. STAT5 phosphorylation in primary 
T-cells in response to IL-27 without/with 
IL-6 prestimulation. Expression of pSTAT5 
(Tyr694) in response to IL-27 (100 ng/mL, 
30 min) in primary CD3+ T-cells from pa-
tient No. 2 (left bottom) was reduced com-
pared to a healthy control (left top). Upon 
prestimulation with IL-6 (10 ng/mL, 30 
min, right) a reduction of the expression of 
pSTAT5 (Tyr694) in response to IL-27 
(100 ng/mL, 30 min) was more pro-
nounced. 
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on immune cell differentiation and genes that may affect 
GH signalling through interactions with other signalling 
pathways. 

Clinically, the patients with STAT3 GOF mutation de-
scribed in preceding reports had some similarities to 
STAT5b-deficient patients. These patients share endo-
crine abnormalities, such as short stature and recurrent 
infections and immune disorders [27]. STAT5b is a 
STAT5 subtype and a crucial mediator of GH-stimulated 
IGF1 gene transcription. The mutations of STAT5b are 
well described as causing changes in the GH signalling 
pathway [27]. Therefore, interactions between STAT3 
transcriptional activity and other similar signalling path-
ways may be expected. Multiple pathophysiological 
mechanisms of this phenomenon have been suggested. 
(a) Negative regulation by a STAT3 target: (a1) SOCS3 
could influence the activation of several STATs, includ-
ing STAT5. However, the negative regulation by an in-
creased level of SOCS3 was not detected in all studied 
samples including ours [28]. Nevertheless, our tested 
sample could be influenced by ongoing treatment. (a2) 
Milner et al. [1] demonstrated that cytokine-induced 
phosphorylation of STAT5 in patients with a STAT3 
GOF mutation was lower than in healthy controls. We 
also detected slightly impaired cytokine signalling ex-
pressed as reduced STAT1 and STAT5 activation upon 
IFNγ, IL-2, and IL-27 stimulation in patient T-cells. 
Moreover, when we prestimulated patient cells with IL-6 
to overactivate the STAT3 axis, the phosphorylation of 
STAT5 was almost undetectable. (b) STAT3 and STAT5 
are also thought to have direct opposite effects on certain 
genes. (c) Some authors state that the balance between 
activated STAT5 and STAT3 and the resulting com-
petition for binding to target gene loci rather than the 
absolute intensity of their signal has an effect on gene 
transcription [29]. This process has been shown in the 
development of autoimmunity and cancer [29]. The 
above-described interactions between STAT5 and 
STAT3 signalling would explain the growth impairment 
in our patient and other patients with STAT3 GOF muta-
tions.

Previous articles on STAT3 GOF mutations did not 
analyse the proband’s growth in detail. From the avail-
able fragmentary data, probands generally appear to be 
short at birth, and some of them have overt intrauterine 
growth restriction. Some authors speculated about the 
causative impact of foetal insulinopaenia in those who 
developed diabetes soon after birth; however, that would 
presume foetal onset of the β-cell autoimmune destruc-
tion that had not been proven yet [1–3]. The majority of 

patients did not experience postnatal catch-up growth, 
and their growth impairment progressed gradually over 
time. Other common features include delayed tooth 
eruption and retarded bone age. Therefore, we consid-
ered that dysregulation of the GH-IGF-I axis may be in-
volved. 

We aimed to investigate the GH-IGF-I axis using a GH 
stimulation test and 2 versions of the IGF-I stimulation 
test. Previously published cases, when tested, had stimu-
lated GH and baseline IGF-I concentrations ranging from 
normal to low [1]. In our proband and in patient 2, the 
baseline IGF-I level was repeatedly low, whereas the stim-
ulated GH level in the proband was high. The GH stimu-
lation test had previously been performed in only 2 re-
ported patients [1] and showed low or normal GH levels 
after stimulation and partial growth response to GH ther-
apy. In our case, we initially documented both the stan-
dard IGF-I generation test and a long-term high-dose 
IGF-I generation test, which demonstrated insufficient 
responses of IGF-I to GH administration, thus revealing 
partial GH insensitivity. 

To date, 3 patients with STAT3 GOF mutations have 
been empirically treated with GH [1]. Two of these pa-
tients demonstrated a good response, and 1 patient dem-
onstrated a minimal response to GH therapy. Similar to 
the immunological findings, the results of GH-IGF-I axis 
testing and the empiric response to GH therapy differ 
from case to case. Neither of the 2 patients with STAT3 
GOF mutation, including the 2 patients bearing the exact 
same mutation, had the same clinical features [1]. Testing 
for GH treatment responses in patients with STAT3 GOF 
mutation may be useful in individual cases.

Conclusion

We presented a case of a patient with a wide range of 
symptoms, including growth impairment, lymphoprolif-
eration, frequent respiratory tract infections, and multi-
ple early-onset autoimmune disorders, due to a heterozy-
gous germline STAT3 GOF mutation. Our findings are in 
agreement with previous reports on the critical role of 
STAT3 in the development of autoimmune diseases, al-
though we emphasise the effect of STAT3 on the GH axis, 
leading to partial GH insensitivity. Monogenic causes of 
autoimmunity provide insight into the pathophysiology 
of dysregulation of the immune system and may help to 
develop novel treatments.
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Supplementary Material 

Short stature in a boy with multiple early-onset autoimmune conditions due to a STAT3 

activating mutation: Could intracellular growth hormone signalling be compromised?  

 

Methods: 

Phosphoflow  

Thawed peripheral blood mononuclear cells (PBMCs) were re-suspended in RPMI 1640 with 

L-glutamine, 25 mM HEPES, 100 U/mL penicillin, and 100 mg/mL streptomycin (Lonza, 

Basel, Switzerland) supplemented with 10% heat-inactivated foetal bovine serum (Thermo 

Fisher Scientific, Rockford, IL, USA). They rested in a 37°C, 5% CO2, fully humidified 

incubator for 1 hour; afterwards, they were washed with serum-free RMPI 1640 with L-

glutamine, 25 mM HEPES, 100 U/mL penicillin, and 100 mg/mL streptomycin (Lonza) and 

stimulated with IL-6 (10 ng/mL), IL-2 (100 ng/mL), INFγ (500 ng/mL), and IL-27 (100 

ng/mL) (all from Sigma Aldrich, St. Louis, MO, USA) for the indicated time points at 37°C. 

After stimulation, the cells were fixed with 4% methanol-free formaldehyde (Sigma-Aldrich) 

for 10 minutes at room temperature, washed in PBS, re-suspended in 90% ice-cold methanol 

and incubated overnight in -20°C. Cells were then stained with fluorochrome-conjugated 

antibodies: anti-phospho-STAT3 (Tyr705) Alexa 488, anti-phospho-STAT1 (Tyr701) Alexa 

647, and anti-phospho-STAT5 (Tyr694) PE (all from BD Biosciences, San Jose, CA, USA), 

anti-phospho-STAT1 (Tyr701) PE (Cell Signalling Technologies, Danvers, MA, USA), 

together with anti-CD45 Pacific Blue and anti-CD3 APC (Exbio Praha, Vestec, Czech 

Republic) or anti-CD3 PE-Cy7 (Beckman Coulter, Miami, FL, USA). The data were collected 

with an LSR II flow cytometer (BD Biosciences) and analysed with FlowJo software 

(Treestar, Ashland, OR, USA).  

Real-time quantitative RT-PCR 
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Thawed PBMCs were re-suspended in RPMI 1640 with L-glutamine, 25 mM HEPES, 100 

U/mL penicillin, and 100 mg/mL streptomycin (Lonza) supplemented with 10% heat-

inactivated foetal bovine serum (Thermo Fisher Scientific). They rested in a 37°C, 5% CO2, 

fully humidified incubator for 1 hour; afterwards, they were stimulated with IL-6 (50 ng/mL) 

(Sigma Aldrich) for 40 hours at 37°C and 5% CO2. After stimulation, the cells were washed 

in PBS and mRNA was extracted using RNeasy Plus Micro Kit (QIAGEN) and reverse 

transcribed with iScript cDNA synthesis kit (Bio-Rad). Suppressor of cytokine signalling 3 

(SOCS3) transcript was measured by real-time quantitative reverse transcription-polymerase 

chain reaction using TaqMan® Gene Expression Assay (Life Technologies). Results represent 

the fold-change compared with unstimulated healthy control after normalisation to 

endogenous GAPDH gene expression levels. 

 

STAT3 mRNA splicing 

The cDNA from patients and one healthy control (before stimulation) was used for the 

analysis of exons 22 and 23 splicing with the primers located in the 5’ region of exon 22 (5’: 

GCGCTGCCCCATACCTGAA) and in the 3’ region of exon 23: 

(5’:TCAGCAGGAGGGCAGTTTG). PCR products were analysed with a chip-based Agilent 

Bioanalyser (Agilent Technologies). 
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Supplementary Figure 1: STAT3, STAT1 and STAT5 phosphorylation in primary T-

cells in response to IL-6, IFNγ, and IL-2. Expression of pSTAT3 (Tyr705), pSTAT1 

(Tyr701), and pSTAT5 (Tyr694) measured by flow cytometry in primary CD3+ T-cells from 

Patient #1 (red) and Patient #2 (orange) was slightly reduced compared to healthy controls 

(blue). Numbers represent the change in mean intensity fluorescence (MFI) between non-
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stimulated (light) and stimulated (dark) cells after 15 min stimulation with IL-6 (10 ng/mL), 

IFNγg (500 ng/mL), and IL-2 (100 ng/mL). In patient #2, data are representative of two 

independent experiments.  

 

Supplementary Figure 2: SOCS3 gene expression in PBMCs. Expression of SOCS3 was 

measured by quantitative RT-PCR in thawed primary PBMCs of one patient and two healthy 

controls without stimulation and after IL-6 stimulation (50 ng/ml, 40 hours). Results represent 

mean relative expression of SOCS3 compared to one healthy control after normalisation to the 

expression of GAPDH.  Error bars represent 1 SD.  
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Supplementary Figure 3: The effect of STAT3 c.2144C>T mutation on the splicing of 

exons 22 and 23. The 15 and 1500 bp peaks are size markers, the shorter PCR product likely 

corresponds to STAT3β variant, which uses an alternative acceptor site within STAT3 exon 

23. In both patients, there were two additional small peaks several bp longer than 

physiological products, which can possibly show the retention of a small part of the intron in 

the vicinity of the mutation.  
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A homozygous deletion in the SLC19A1 gene as a cause of
folate-dependent recurrent megaloblastic anemia
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Megaloblastic anemia resulting from ineffective hematopoiesis
in the bone marrow (BM) is one of the main hematologic signs
of folate or vitamin B12 deficiency. Functional deficiencies of
these 2 vitamins originate from nutritional, gastrointestinal, or genetic

factors, and their clinical symptoms result from the impaired synthesis
of nucleotides in hematopoietic cells and S-adenosylmethionine
in the nervous system.1 Folates are pteroyl(poly)glutamate deriva-
tives with various 1-carbon moieties at the pterine ring, with
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the major circulating form being 5-methyltetrahydrofolate.
Folates are delivered to tissues by at least 5 transporters with
different kinetic properties and variable expression.2,3 Two
inherited disorders in folate transport, hereditary folate mal-
absorption and cerebral folate deficiency resulting from mutations
in the SLC46A14 and FOLR15 genes, have been reported in
humans.

Reduced folate carrier (RFC; FOLT1) is encoded by the SLC19A1
gene and facilitates the cellular uptake of anionic folates,6 of
folate analogs such as methotrexate (MTX), and 2939-cyclic-
GMP-AMP, a second messenger that activates the antiviral
stimulator of interferon genes pathways.7 Loss of its function
leads toMTX resistance in cancer cells.8,9 Amurinemodel of RFC
deficiency showed embryonic lethality before E9.5. These mice
could be partially rescued by supplementing the pregnant dams
with folic acid; however, all liveborn mice died within 12 days
because of the absence of hematopoiesis in BM, spleen, and
liver.10 To our knowledge, no inherited disease caused by loss-
of-function mutations in the SLC19A1 gene has been described
in humans.

In our study, we presented the first case of recurrent severe
megaloblastic anemia in a patient with a homozygous SLC19A1
mutation. The patient’s history was unremarkable with normal
growth and development until age 15 years, when he presented

with the first episode of severe anemia (hemoglobin [Hb], 5 g/dL),
mild hemolysis, hyperhomocysteinemia of 34.7 mmol/L, low
total vitamin B12 levels of 138 ng/L, and normal serum folates of
10.7 nmol/L. He denied having any bleeding, limb numbness,
any other neurologic symptoms, or symptoms of glossitis. He
reported poor eating habits with decreased intake of food for
6 months preceding his presentation, avoidance of vegetables,
and avoidance of morning meals. He responded well to treat-
ment with cyanocobalamin and folate, but he returned at age
17 years with a second episode of severe anemia (Hb, 7.8 g/dL)
and signs of hemolysis with elevated bilirubin (46 mmol/L),
hyperhomocysteinemia, and low total vitamin B12 levels (for
laboratory and clinical details, see Table 1 and supplemental
Data, available on the Blood Web site). BM aspiration showed
48% megaloblastic erythroid precursors with dysplastic signs,
and the peripheral blood smear revealed sporadic macro-
ovalocytes, frequent schistocytes, and hypersegmented neu-
trophils (supplemental Figure 1). Flow cytometry of the BM
showed abundant erythropoietic precursors. Despite parenteral
cyanocobalamin therapy, anemia and hyperhomocysteinemia
persisted. The laboratory abnormalities and clinical signs
normalized within a month but only after adding folic acid
(10 mg/day) to the patient’s therapy. In contrast, carefully
monitored withdrawal of folic acid resulted in an immediate
increase in homocysteine to levels of 17 to 31 mmol/L, despite
persisting normal folate levels in serum (Figure 1A).

Table 1. Laboratory markers during the second episode of anemia

Markers Biological material Reference range
Before treatment
with folic acid*

With folic acid
treatment†

Blood count
Hemoglobin, g/L 135-175 61-99 131
Red blood cells 31012/L 4-5.8 2.02-3.21 4.34
Hematocrit, % 40-50 17.1-30.4 41
Mean cell volume, fL 82-98 82.1-97.3 94.5
Reticulocytes, % 0.5-2.5 0.62-3.71 0.52

Routine biochemistry
Bilirubin, mmol/L Serum 2-17 42.2-60.6 17.4
Lactate dehydrogenase, mkat/L Serum 1.67-3.17 13.38-115.66 2.6
Ferritin, mg/L Serum 17-304 413.2-954.8 1036.3
Iron, mmol/L Serum 7.2-29 49.4-50.5 6.7

B vitamins and related metabolites
Folate, nmol/L Serum 4.53-21.5 7.3-14.3 >45
Folate, nmol/L Erythrocytes 1185-2841 1155.2 2175.4
Vitamin B12, ng/L Serum 197-771 138-2000 866
Holotranscobalamin II, pmol/L Serum 19-119 44 151
Total homocysteine, mmol/L Plasma 5.2-11.3 31.5 to ‡50 9.49
Cystathionine, nmol/L Plasma, serum 80-1000 187-217 99
Methionine, mmol/L Plasma, serum 12-40 26-27 17
Sarcosine, mmol/L Plasma, serum 0.7-3 5.2 1.85
Methylmalonic acid, nmol/L Plasma ,270 136.8 204.5
Methylmalonic acid, mmol/mol creatinine Urine ,15 ,15 ,15
AICAr, mmol/mol creatinine Urine 0.04-1.01 1.87 0.18

Levels out of reference range are shown in bold; supraphysiological concentrations resulting from administration of respective vitamins are shown in italics.

*Ranges with the minimal and maximal observed levels during the period in which therapy with cyanocobalamin only was administered (days 1155-1414; single values are from day 1261).

†The levels at follow-up of 1 month of combined cyanocobalamin and folic acid therapy (day 1444, 3 days after the last cyanocobalamin injection).
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Whole exome sequencing revealed a homozygous 3bp de-
letion, c.634_636delTTC (rs757838708), in the SLC19A1 gene
inherited from heterozygous parents. This variant leads to a
deletion of phenylalanine residue 212 (p.Phe212del) located
in a highly conserved Lys204-Arg214 peptide sequence that is
crucial for the function of RFC11 (supplemental Figure 2).

To test the pathogenicity of the p.Phe212del mutation, we
generated a model system using genome-editing techniques to

produce a monoclonal homozygous SLC19A1mut K562 cell line
and 2 clones with full SLC19A1 gene knockouts (KOs) as a result
of frameshift mutations (supplemental Figure 4C-D). First, we
tested the capacity of the mutated RFC protein to transport
radioactively labeled MTX into cells. The ability of the SLC19A1mut

clone to transport MTX into K562 cells was significantly decreased
by;42% compared with the SLC19A1wt clone (P, .001), and it
was similar to that of the SLC19A1KO clone (Figure 1B). The
residual MTX transport into SLC19A1mut and SLC19A1KO cells
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Figure 1. Course of patient’s disease and functional evaluation of the SLC19A1 mutation. (A) The graphs show the results of laboratory tests obtained after the patient’s
first and second disease attacks and the course of treatment. The x-axis represents days from his first hospital admission (interrupted for a period between day 100 and 1150,
when he was monitored in the outpatient department, and laboratory results were normal). The hemoglobin levels (g/L; red) are plotted on the left y-axis, and total bilirubin
(mmol/L; blue) is plotted on the right y-axis. The serum folate levels (nmol/L; green) are plotted in the lower part of the graph, with homocysteine (mmol/L; orange) on the left
y-axis and vitamin B12 levels (ng/L; blue) on the right y-axis. Reference ranges are marked by bars in the corresponding colors on both axes. Treatment is indicated between both
graphs, with erythrocyte transfusions marked by red arrows and the number of units given. (B) MTX uptake assay into wild-type and monoclonal gene-edited K562 model cell
lines. The graph shows the amount of [3H]MTX per 1 million cells after 2-minute incubation with 0.5 mmol/L [3H]MTX. MTX uptake into the SLC19A1KO and SLC19A1mut cells was
significantly decreased in comparison with the SLC19A1wt. The data points were obtained from 3 independent experiments (each with 3 technical replicates) and tested by two-
way analysis of variance with Bonferroni corrections; horizontal lines in the boxplots indicate medians and the 25th and 75th percentiles. (C) Sensitivity of wild-type and
monoclonal gene-edited K562model cell lines toMTX. Cell proliferation assays of the K562 cell lines with CRISPR/Cas9 introduced homozygous (SLC19A1mut) mutation found in
the patient compared with a wild-type control and to a complete SLC19A1 KO (2 representative clones carrying different frameshift mutations). The assay was performed in
3 separate experiments, each of which was performed in 6 replicates. The results are shown as the mean and standard deviation of all values, which were normalized to the
appropriate controls in each experiment. ns, not significant. ***P , .001.
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represents the capacity of all other endogenously expressed folate
transporters12 with the exception of RFC. Confocal microscopy
using a monoclonal anti-RFC antibody showed the presence of
antigen in the SLC19A1mut clone, which indicated sufficient
(although slightly decreased) expression of the p.Phe212del
mutant (supplemental Figure 5). Next, we examined the re-
sistance of these cell lines to the cytotoxic effects of MTX. As
expected, the homozygous SLC19A1mut clone showed an in-
creased resistance to MTX compared with the SLC19A1wt cells
(50% inhibitory concentration [IC50], 0.287 vs 0.036 mM).
However, the IC50 of the SLC19A1mut clone was still about an
order of magnitude lower compared with that of the 2 clones
with a complete SLC19A1 KO (IC50, 3.078 and 1.681 mM;
Figure 1C). In summary, these experiments clearly and con-
gruently showed that homozygous deletion of the Phe212
residue impairs transport of MTX and increases the resistance
of genetically modified cells to this cytotoxic anti-folate drug,
which uses RFC to enter the cells.

This patient presented a diagnostic conundrum that was re-
solved owing to next-generation sequencing analysis. The
biochemical findings at the beginning of both episodes of
anemia were dominated by low concentrations of serum vitamin
B12, probably caused by poor nutrition and/or increased de-
mand for cobalamin in the remethylation pathway. The absence
of serum folate deficiency obscured the role of folates in the
patient’s anemia; however, folates were decreased in erythro-
cytes in the single analysis performed when the patient was not
treated with folic acid. The classical metabolic consequences of
folate deficiency such as decreased serum methionine and in-
creased cystathionine were not present, but there was markedly
increased total homocysteine and sarcosine in blood and the
purine de novo synthesis intermediate 5-amino-4-imidazole-
carboxamide riboside (AICAr) in urine,13-15 as well as their nor-
malization only after introducing folic acid treatment, which
strongly indicates a functional folate deficiency in tissues.13,16

The episodic clinical course in the patient was milder than that
observed in the KO mouse model.10 Because of the existence of
multiple folate transporters and their complex biology,2 it is
conceivable that under conditions of normal dietary folate in-
take, the other folate transporters may compensate for the
impaired RFC transport activity.17 Indeed, an increased expres-
sion of the SLC46A1 and FOLR2 genes (7- to 14-fold messenger
RNA increase in the patient compared with healthy controls)
was observed in the patient’s bone marrow as well as in the
gene-edited mutant and KO K562 cells (supplemental Fig-
ure 6). These data indicate a grossly increased total capacity
of alternative (albeit less kinetically favorable) folate trans-
porters that may compensate for the impaired function of the
p.Phe212del RFC under conditions of sufficient folate intake
and moderate cellular needs (see supplemental Results).
However, inadequate folate intake combined with increased
demand for folates reported in adolescent males18,19 may have
contributed to episodes of anemia in our patient.

Our study describes the first human patient with recurrent
megaloblastic folate–dependent anemia resulting from a ho-
mozygous p.Phe212del mutation in the SLC19A1 gene. Several
lines of evidence support the causal role of this mutation in the
pathogenesis of anemia in this patient. First, the role of RFC in
hematopoietic cells was clearly demonstrated in a KO mouse

model.10 Second, the low frequency of this mutation in available
population databases (see supplemental Results) and its location
in the conserved cytosolic loop of RFC supports the hypothesis
of its pathogenicity. Third, detailed functional testing in CRISPR/
Cas9-edited K562 cells clearly showed the decreased ability of
the mutant protein to transport 5-methyltetrahydrofolate analog
MTX; because of the intrinsic limitations of the cellular transport
studies, the degree of functional impairment could not be ex-
actly quantitated and some residual activity of p.Phe212del RFC
cannot be ruled out. Fourth, the clinical observation of severe
anemia with megaloblastic changes in the patient’s BM sug-
gestive of impaired maturation and ineffective hematopoiesis as
well as the signs of demyelination on electromyography are
indeed compatible with clinically significant tissue folate de-
ficiency. Finally, the reversal of anemia and rapid drop of total
homocysteine and AICAr concentration only after the addition of
folic acid to cyanocobalamin therapy during the second episode
is typical for folate deficiency.20

In summary the above data support the key role of defective
folate transport to hematopoietic cells in the development of
anemia in this patient. We propose that there may be additional
individuals with germline mutations in SLC19A1; however, their
phenotypes could be masked either by mandatory folate forti-
fication or by the commonly used combined treatment with
vitamin B12 and folic acid in those with unresolvedmegaloblastic
anemia without properly elucidated primary cause.
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SUPPLEMENTARY METHODS 

Patient and samples 

The patient was referred to the specialized childhood hematological department for severe 

anemia. Informed consents for the genetic study and further functional testing were obtained 

from the patient and his parents. Residual bone marrow (BM) samples with negative minimal 

residual disease of patients treated for acute lymphoblastic leukemia after hematopoietic stem 

cell transplant and peripheral blood (PB) of healthy donors were used as controls (informed 

consents for research purposes were obtained from patients/donors or their guardians). All 

studies including sample use and collection have been approved by the IRB of Second Faculty of 

Medicine of Charles University and University Hospital Motol. 

Whole exome and SLC19A1 gene sequencing 

DNA was isolated from a BM aspirate and from PB from the patient and his parents using a 

QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Germany). Sequencing libraries were prepared 

using a SureSelect XT Human All Exon V5+UTRs kit for whole exome sequencing using a NextSeq 

500 instrument (Illumina, San Diego, USA). Sequenced reads were aligned against the human 

reference genome hg19 using BWA software1, and genomic variants were called using samtools2 

and VarScan 23. Variant annotation was performed using SnpEff4. All exons and flanking intronic 

regions in the patient and the region containing the c.634_636TTC variant in both parents were 

analyzed by Sanger sequencing using conditions described elsewhere5. Reference sequence 

NM_194255.3 was used to describe the variant. 

Expression of folate transporters in bone marrow leukocytes and gene-edited K562 cell lines 

Leukocytes from BM samples of the patient at the time of diagnosis during his first presentation 

and at day 1421 (266 days after the beginning of his second presentation and start of vitamin B12 

treatment) and two healthy controls (patients 3 years after HSCT for acute lymphoblastic 

leukemia with no residual disease) were isolated using a Ficoll-Paque gradient (GE Healthcare). 

Two biological replicates of each model cell line were harvested, washed in PBS and further 
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processed as the BM samples. Total RNA from the BM as well as cell line samples was isolated 

using RNeasy Mini Kit (Qiagen) and transcribed to cDNA by iScript kit (Bio-Rad, Hercules, CA, USA). 

Gene expression levels of folate transporters were determined by the following TaqMan Gene 

Expression Assays (Thermo Fisher Scientific) SLC19A1 (Hs00953344_m1), SLC46A1 

(Hs00611081_m1), FOLR1 (Hs06631528_s1), FOLR2 (Hs01044732_g1), FOLR3 (Hs00357145_g1) 

and GAPDH (Hs99999905_m1) gene that was used for normalization. The qPCR reactions were 

performed on the Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, 

Foster City, USA) and the expression normalized to GAPDH control gene expression in two healthy 

donors using the delta-delta Ct method6. 

Determination of metabolites 

Serum folate and vitamin B12 levels were measured using the Elecsys Folate III and Vitamin B12 II 

assays on Cobas e411 and Cobas 6000 analyzers (all Roche Diagnostics, Basel, Switzerland) in two 

laboratories, respectively. Plasma total homocysteine (tHcy) was determined using a commercial 

Liquid Stable (LS) 2-Part Homocysteine Reagent enzymatic kit (Axis-Shield, Scotland) and a Hitachi 

902 automatic analyzer from Roche Diagnostics, respectively. Serum methionine was determined 

by ion exchange chromatography with ninhydrine detection on an automatic amino acids 

analyzer AAA 400 (Ingos, Czech Republic) according to a modification of a previously published 

method7. Urinary organic acids including methylmalonic acid (MMA) were assayed by gas 

chromatography-mass spectrometry (Trace 1310 -TSQ Quantum XLS, Thermo Fisher Scientific, 

Waltham, USA) according to a previously published method8. Plasma MMA was determined using 

a commercial ClinMass® LC-MS/MS Complete Kit (Recipe, München, Germany). Cystathionine and 

sarcosine (N-methylglycine) in serum or plasma, and 5-amino-4-imidazolecarboxamide riboside 

(AICAr) in urine were determined by modified LC-MS/MS methods9,10 as described below. 

LC-MS/MS methods 

All LC-MS/MS methods were performed on a system consisting of the Agilent 1290 Infinity LC 

System (Agilent Technologies, Palo Alto, USA) coupled with an API 4000 triple quadrupole mass 

spectrometer with an electrospray ion source. The system was operated using Analyst software, 
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version 1.4 (Applied Biosystems, Foster City, USA). Detection of analytes was carried out using 

positive electrospray ionization technique and selected multiple reaction monitoring. 

Determination of AICAr  

Urinary concentration of AICAr was determined using a modified method reported previously10. 

Urine was diluted to a creatine concentration of 1 mmol/L and injected onto a reversed-phase 

column (Prontosil, C18-AQ column; 200x4 mm; 3-µm particle size; Bischoff, Leonberg, Germany), 

and the analytes were separated using a gradient elution of a 0.1% formic acid solution in water 

(A) and a 0.1% formic acid solution in acetonitrile (B). The gradient profile began with 100% A, 

followed by a linear increase to 20% B over 12 min and an increase to 60% B at 13 min. The column 

was then regenerated with 100% A for another 9 min. The flow rate was 0.4 ml/min. The 

precursor→product mass transition for AICAr was 259.2→110. The retention time of AICAr was 

8.4 min. 

Determination of cystathionine and sarcosine 

Cystathionine and sarcosine were determined using commercially available kit for amino acid 

analysis (EZ:faast, Phenomenex, Torrance, USA). Fifty μL of a sample (plasma or serum) was 

processed according to the manufacturer's instructions. The internal standard solution, which is 

a component of the kit, was supplemented by 1 μM cystathionine-d4 (CDN Isotopes, Quebec, 

Canada) and 5 μM sarcosine-d3 (CDN Isotopes). The precursor→product mass transitions for the 

derivatization products of cystathionine and sarcosine, and of the internal standards 

cystathionine-d4 and sarcosine-d3 were 479.3→230.3 and 218.3→116.0, and 483.3→234.3 and 

221.3→119.0, respectively. The retention times of cystathionine and sarcosine were 11.5 and 5.8 

min, respectively. 

Cell culture 

The hypotriploid K562 cell line purchased from the German Collection of Microorganisms and Cell 

Cultures (DSMZ, Braunschweig, Germany) was cultured in RPMI 1640 medium, containing 1mg/L 

of folic acid and supplemented with 10% FBS and antibiotics (all Thermo Fisher Scientific). No 
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difference in proliferation or survival among different engineered K562 populations was observed 

in this media probably due to the upregulated non-RFC dependent transport of folic acid into the 

cells. HEK293T cells (ATCC - American Type Culture Collection, Manassas, VA, USA) used for 

testing of CRISPR/Cas9 nuclease activity were cultured in Dulbecco’s Modified Eagle Medium 

supplemented with 10% FBS and antibiotics (all Thermo Fisher Scientific).  

SLC19A1mut gene-edited K562 model cell lines  

CRISPR/Cas9 and exogenous donor design 

A guide RNA (gRNA) for the CRISPR/Cas9 nuclease directed to the close proximity of c.634_636TTC 

in the SLC19A1 gene was designed using the MIT CRISPR Design Tool (Supplementary Figure 3A) 

and was synthesized in the form of a ssDNA oligonucleotide (Integrated DNA Technologies, 

Coralville, USA). The oligo was PCR amplified and cloned into pSpCas9(BB)-2A-GFP (PX458) (a gift 

from Feng Zhang; Addgene plasmid # 48138) using an In-Fusion HD cloning kit (Takara Bio, Kyoto, 

Japan). The CRISPR/Cas9 plasmid was transfected into HEK293T cells using Lipofectamine 3000 

(Thermo Fisher Scientific). Three days later, DNA from HEK293T cells was PCR amplified with 

primers covering the CRISPR/Cas9 cut site (F: 5`-CTTCTCTCTCGTGCGGCCC-3´ and R: 5`-

GGCCGAGTTGAAGACCCAC-3´; PCR was performed at 95°C for 5 min, followed by 40 cycles of 95°C 

for 30 s, 60°C for 30 s and 68°C for 45 s). Amplicons were analyzed by surveyor nuclease assays 

(Integrated DNA Technologies) according to the manufacturer´s instructions. The respective 

fragmentation products were observed, and CRISPR/Cas9 performance was confirmed 

(Supplementary Figure 3B). The MIT CRISPR Design Tool was also used to determine in silico off-

target cleavage sites of the CRISPR/Cas9 nuclease. DNA from HEK293T cells transfected with the 

CRISPR/Cas9 plasmid was PCR amplified using primers covering the predicted exonic off-target 

sites (OT-1, F: 5`-ATGCACGATTCACTCCTGGG-3´ and R: 5`-ATGACCTGCACGTTGACCTT-3´; OT-2, F: 

5`-TGTTCATGGCCGCTGTTTTG-3´ and R: 5`-AACAGCCATACTGCAGGTCC-3´; PCR was performed at 

95°C for 5 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s and 68°C for 45 s). The 

amplicons were then analyzed by Surveyor nuclease assays as described above, and no 
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promiscuous activity of the SLC19A1-targeted CRISPR/Cas9 nuclease was observed at the 

predicted sites (Supplementary Figure 3C).  

Exogenous donor DNA containing the c.634_636delTTC mutation of the SLC19A1 gene was 

designed and synthesized in the form of a ssDNA oligonucleotide (Integrated DNA Technologies) 

with homology arms spanning approx. 60 bp on each side of the trinucleotide c.634_636TTC. The 

donor also contained three silent single nucleotide polymorphisms (SNPs), allowing for the design 

of homology directed repair (HDR)-specific PCR (Supplementary Figure 3D). 

CRISPR/Cas9 gene editing 

A plasmid with a CRISPR/Cas9 nuclease directed to the close proximity of c.634_636TTC in the 

SLC19A1 gene and exogenous donor DNA containing the c.634_636delTTC mutation were 

transfected into the K562 cell line using the Amaxa Nucleofector System (Lonza, Basel, 

Switzerland). Using a FACS Aria (BD Biosciences, San Jose, USA), the single-cell sorting of GFP-

expressing cells into 96-well plates was performed, and monoclonal colonies were harvested 

three weeks later and analyzed by homology-directed repair (HDR) analysis, as described below. 

Through this analysis, we identified a monoclonal population that was homozygous for 

c.634_636delTTC (Supplementary Figures 4B and 4C).   

To further study the impact of the patient’s mutation on RFC function, K562 cell lines with full 

knockout of the SLC19A1 gene were generated. The CRISPR/Cas9 plasmid alone was 

electroporated into the K562 cell line, and the transfected cells were then cultured in media 

supplemented with 0.5 µM MTX (Medac GmbH, Wedel, Germany) for five days. Single-cell 

colonies from the bulk population that was enriched for SLC19A1 knockout cells (as verified by 

amplicon sequencing of the edited locus in bulk cells; data not shown) were prepared as described 

above. Their genotype was confirmed by Sanger sequencing, and two representative clones (each 

harboring deleterious variants at each of the three copies of the SLC19A1 gene) were chosen for 

further functional testing (Supplementary Figure 4D).  
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HDR analysis 

DNA isolated from bulk or monoclonal populations of cells edited with the CRISPR/Cas9 nuclease 

and the exogenous donor was PCR amplified using the HDR-specific forward primer and a general 

reverse primer (F:  5`-AAGCGCAGCCTCTTCAAC-3´ and R: 5`-CAGCACTGAGTCCCCACAG-3´, 

Supplementary Figure 4A). Candidate monoclonal populations showing HDR screening positivity 

were then PCR amplified using primers located outside of the edited area (F: 5`-

CTTCTCTCTCGTGCGGCCC-3´ and R: 5`-GGCCGAGTTGAAGACCCAC-3´) and Sanger sequenced 

(Supplementary Figure 4B). Sequencing traces of SLC19A1mut cell line homozygous for 

c.634_636delTTC are shown in Supplementary Figure 4C. 

Functional testing of the SLC19A1 mutation 

Methotrexate uptake assay in K562 cells 

Wild-type and gene-edited K562 cells were harvested from 75 cm2 flasks, transferred into 15 ml 

tubes and centrifuged at 150 x g for 5 min. The size of different cell lines did not differ upon 

microscopic examination or flow-cytometric evaluation. Medium was removed and cells were 

resuspended in 5 ml of ice-cold Krebs-Ringer-Phosphate Buffer (KPB), pH 7.4. After a subsequent 

centrifugation step with supernatant removal, the assay was initiated by the addition of 300 μl of 

0,5 μM [3H]MTX (disodium salt; Hartmann Analytic, Braunschweig, Germany) in KPB, and the tubes 

were shaken at 120 rpm at 37°C for 2 minutes. Cell suspension was divided into 3 aliquots (140 

μl) and transport flux was stopped by dilution with 5 ml ice cold KPB. The cell fraction was 

separated by centrifugation (150 x g, 5 min) and washed twice in ice cold KPB. Before the last 

centrifugation, cells were counted. After transferring the cell pellets with 80 μl KPB to scintillation 

vials, cells were lysed by incubation with 100 μl of 1 M NaOH overnight at room temperature and 

neutralized by 50 μl of 2 M HCl. Radioactivity was measured by liquid scintillation counting after 

4 ml of the Ultima Gold scintillation cocktail (Sigma-Aldrich) was added.  
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Cell proliferation assay in K562 model cell lines 

The activity of the folate transporter in wild-type cells and gene-edited K562 cells was assessed 

via CellTiter 96® AQueous One Solution Cell Proliferation Assays (Promega, Fitchburg, USA; 

performed according to the manufacturer’s instructions) after being cocultured with MTX for 

three days (concentration range: 0.0005 µM – 50 µM MTX).  

Statistical analysis 

Data from the MTX uptake assay in K562 cell lines were collected in three independent 

experiments performed on different days, and each experiment was done in triplicate. The 

differences in MTX accumulation in cell lines were tested by two-way ANOVA (the factors were 

the genetic variant and the experiment number), p-values<0.001 after Bonferroni correction were 

considered statistically significant. Data from the proliferation assays performed with the K562 

cell lines were collected from three independent experiments (each with six replicates). Analysis 

of the data was performed using Prism 7 (GraphPad Software, La Jolla, USA) and respective IC50 

values were calculated in the R-project11 using the drc package12.  

Analysis of RFC protein expression 

Confocal microscopy 

The K562 cells grown on 170 μm cover slides coated with gelatin were fixed with 4% 

formaldehyde in PBS for 10 min at 4°C, followed by permeabilization with 0.05% TWEEN, and 

blocking with 10% goat serum/PBS overnight at 4°C. The monoclonal primary anti-RFC antibody 

(mouse, sc-390948, Santa Cruz) was diluted 1:50 and incubated overnight at 4°C. The secondary 

antibody (goat anti mouse IgG conjugated to AlexaFluor 488 A-11001, Thermo Fischer Scientific) 

was diluted to 1mg/ml and incubated for 1 hour at 37°C. All antibodies were diluted with blocking 

buffer. The nuclei were counterstained by DAPI. 

The stained cells were scanned with Laser Scanning Confocal Microscope Leica SP8X (Leica 

Microsystems GmbH, Wetzlar, Germany). All confocal images were acquired with HC PL APO 

63x/1.40 OIL CS2 objective. DAPI and Alexa Fluor 488 were excited with 405nm and 499nm, 
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respectively. The detector emission wavelengths were set to 410–489nm and 505–582nm, 

respectively. Alexa Fluor 488 was detected with HybridDetector using counting mode in 12 bits 

per channel and gated detection (0.3–6 ns). The Nyquist resolution used for image acquisitions 

was 41nm/px. The individual channels were deconvolved by Maximum likelihood estimation 

algorithm using HuygensPro software (Scientific Volume Imaging b.v., Hilversum, The 

Netherlands). Cropping, final resolution adjustments and conversion to 8 bits per channel was 

done in LAS X (Leica Microsystems) and Adobe Photoshop CS6 (Adobe Systems, Inc., San Jose, 

CA). The signal levels were adjusted to correspond to original fluorescence intensity. 

For original data, please contact michael.svaton@lfmotol.cuni.cz. 
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SUPPLEMENTARY RESULTS 

Detailed clinical and biochemical findings during second episode, and response to therapy 

After his second hospital admission, the patient underwent extensive medical evaluation. His 

grossly elevated serum homocysteine (above the measurable range of 50 μmol/l) (Figure 1) was 

consistent with vitamin B12 or folate deficiency; however, his plasma methionine (27 µmol/l) and 

cystathionine levels (217 nmol/l) were normal. The patient’s vitamin B12 level was decreased (138 

ng/L), unfortunately serum holotranscobalamin II and MMA were not determined before vitamin 

B12 treatment. The serum folate concentrations were in the normal to low normal range (7.3 – 

14.3 nmol/l), erythrocyte folates were determined once showing decreased concentration of 

509.9 μg/l. To explore the putative folate deficiency, we analyzed the concentrations of sarcosine 

and the purine de novo synthesis intermediate 5-amino-4-imidazolecarboxamide riboside (AICAr) 

as markers of abnormal folate metabolism13–16. The patient’s plasma sarcosine concentration was 

moderately elevated (5.2 µmol/l) and the urinary concentration of AICAr was markedly increased 

(1.97 mmol/mol creat.) prior to folic acid administration. These data together with low folate 

concentration in erythrocyes are consistent with a functional folate deficiency in haematopoietic 

cells. All reference ranges are available in Table 1. 

The patient´s anemia was unresponsive to regular supplementation with cyanocobalamin (at a 

dose of 1000 μg intramuscularly twice a week for the first 5 administrations and then continuously 

once per month), he required repeated transfusions in approximately 6-week periods during 

which his total serum vitamin B12 concentrations were within the therapeutic range. Furthermore, 

he experienced a new onset of neurological symptoms: weakness of the lower limbs with 

decreased peripheral nerve conduction speed on the lower extremities of both motor and sensory 

nerves (n. tibialis sin. 41.5, n.peroneus dx. 43.7, and n.suralis sin. 41.4 m/s), indicating 

demyelination despite continuous vitamin B12 therapy for 10 months between days 1155 and 

1467. Levels of MMA in plasma were retrospectively measured in frozen stored samples taken at 

day 1261 (3 weeks after vitamin B12 application, without folic acid therapy) and at day 1926 (459 

days after the last cyanocobalamin injection, during this period patient was treated only with folic 

acid ) – both were within normal range, urinary levels were below the reference range at several 
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occasions. These data during the second episode indicate vitamin B12 sufficiency at all timepoints 

since day 1162 regardless of cyanocobalamin therapy. Despite no biochemical signs of vitamin 

B12 deficiency hyperhomocysteinemia persisted between days 1155 and 1434 (above 31.5 

μmol/) suggesting tissue folate deficiency as a culprit. Indeed, patient’s anemia resolved only 

after addition of 10 mg of folic acid per day to therapy with cyanocobalamin, and homocysteine, 

sarcosine and AICAr normalized rapidly when folic acid treatment was started. Moreover, 

hemoglobin and all other laboratory markers remained within reference range on only folic acid 

therapy without cyanocobalamin injections. In summary these clinical and biochemical findings 

are fully compatible with folate deficiency in tissues13–17.  

Detailed genetic analysis 

To exclude the presence of additional variants, the entire coding sequence and flanking intronic 

and 5´ and 3´-regions of the SLC19A1 gene were sequenced using patient’s genomic DNA. 

Homozygosity for the c.634_636delTTC deletion was confirmed in the patient and heterozygosity 

was demonstrated in both of his parents (Supplementary Figure 2B); in addition, homozygosity 

for a common variant c.80A>G (p.His27Arg) rs1051266 was observed. The pathogenicity of the 

c.634_636delTTC deletion could not be determined with the widely used in silico prediction tools 

such as PolyPhen-218 or SIFT19  as it does not lead to an amino acid change but to an in-frame 

deletion; moreover, with a CADD20 score of 15.8, the mutation is likely to be classified as benign 

with hard filtering. However, the mutation was classified as having high damaging impact with a 

99% CI using the MSC method21. The c.634_636delTTC variant was observed in the gnomAD 

database22 with an allele frequency of 0.014% with zero homozygous count, but the Exome 

Variant Server NHLBI GO Exome Sequencing Project (ESP) reported 6 homozygotes for this 

mutation among 6258 individuals without details on their phenotypes. 

Analysis of RFC protein expression and its cellular localization 

We examined the expression of the RFC protein in the patient’s PB and BM leukocytes as well as 

in both cell line models. Although Baslund et al.23 described RFC protein expression on the surface 

of PB lymphocytes, we tested two commercially available anti-RFC antibodies for flow cytometry 
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and were not able to specifically detect the wild-type or mutant RFC antigen (data not shown). 

Immunostaining and confocal microscopy of the wild-type and gene-edited K562 cells using 

conditions described in the Supplementary Methods showed that the RFC transporter localized 

partially to the plasma membrane with lower signal of the mutant protein detected at the plasma 

membrane (Supplementary Figure 5). 

Analysis of folate transporter gene expression 

The existence of 5 folate transporters with different kinetic properties, pH optima, substrate 

specificity, and tissue expression makes inferences on compensatory mechanisms for delivering 

folates from circulation to tissues challenging. RFC is an important transporter of 5-MTHF into the 

cells, however, the transport activity of both the PCFT (even at pH 7.4) and folate receptors 1-3 

has been clearly shown in a number of studies.24,25  

We observed an increase in the expression of SLC46A1 and FOLR2 genes in patient’s bone marrow 

cells isolated from samples obtained at diagnosis (7-fold higher and 9-fold higher, respectively) 

and at day 1421 during his second presentation while he was treated with vitamin B12 (13-fold 

and 14-fold higher, respectively) compared to samples from two healthy controls. We observed 

a similar hyperexpression pattern in the K562 model cell lines (Supplementary Figure 6). These 

results are consistent with previously published data on FOLR2 hyperexpression in an RFC-

deficient cell line26. 

Although the other transporters have in general less favorable kinetic properties or pH optimum, 

it is plausible to hypothesize that their overexpression and consequently increased total folate 

transport activity may compensate for the decreased activity of the mutant RFC.  
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SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1. Bone marrow (A-C) and peripheral blood (D) morphology evaluation 

in the patient. (A) Megaloblastic changes in the bone marrow. Erythroid hyperplasia: 

erythroblasts mostly show asynchrony of nuclear/cytoplasmic development, and the nuclei have 

open, loose chromatin structures. Multinucleation: irregular shape of nuclei, chromatin mass 

extrusion, irregular outline of the cytoplasm and nuclear fragments (Howell – Jolly body, 

basophilic stippling) in the cytoplasm of erythroblasts are present. Frequent cellular shadows. (B) 

Erythroid and myeloid abnormalities. Megaloblasts: upper left megaloblast shows irregular 

nucleus shape, lower left late megaloblast shows irregular nuclear mass with chromatin mass 

extrusion and irregular outline of the cytoplasm, and middle polychromatophilic erythroblast 

shows an eccentrically located nucleus and nuclear fragments (Howell - Jolly bodies). On the right, 

a giant metamyelocyte, a hypersegmented mature neutrophil and, lower, a large band form, are 

present. (C) Erythroid and myeloid abnormalities. Megaloblasts: the nuclei have open (lacy) 

chromatin patterns. Binuclear polychromatophilic megaloblasts with asynchronous maturation 
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and one nucleus in mitosis. Late erythroblasts with irregularly shaped nuclei and outline of 

cytoplasm. Frequent nuclear fragments (Howell-Jolly bodies and basophilic stippling) are visible 

in their cytoplasms. Two giant metamyelocytes are present, one of them with a bizarrely shaped 

nucleus (lower left). Cellular shadows. (D) Peripheral blood smear showing sporadic macro-

ovalocytes and frequent schistocytes. A hypersegmented neutrophil is also present. (Original 

magnification ×1000 for panels A-C and ×500 for panel D; May-Grünwald Giemsa stain, LEICA 

DM2500 optical microscope with LEICA DFC295 camera and N PLAN 50x/0.90 oil and HI PLAN 

100x/1.25 oil objectives were used for imaging and LAS V4.4 software for acquisition; Leica 

Microsystems) 

 

Supplementary Figure 2. Molecular genetic findings. (A) Localization of the phenylalanine 

deletion found in the patient (marked in red) within the conserved Lys204–Arg214 peptide 

sequence in the central loop of RFC connecting trans-membrane domains 6 and 7. The protein 

structure scheme was adapted from Hou & Matherly. 27 (B) Sequence trace of part of the SLC19A1 

gene. Compared to the wild-type sequence of a control subject (trace 1), the patient exhibits a 

homozygous deletion of one of the TTC trinucleotides (trace 2). The mother (trace 3) and father 

(trace 4) of the patient exhibit sequence doubling starting at nucleotide 634, indicating 

heterozygosity for the c.634_636TTC mutation. 
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Supplementary Figure 3. Design and performance of the SLC19A1-targeting gene-editing tools. 

(A) gRNA design of the CRISPR/Cas9 nuclease targeting the SLC19A1 gene in close proximity to 

c.634_636TTC. Exons are labeled by numbers; the green arrow indicates trinucleotide 

c.634_636TTC. The sequence of the gRNA is underlined in the detailed genomic dsDNA; the PAM 

sequence is labeled in blue, and the trinucleotide c.634_636TTC is shown in green. (B) Surveyor 

nuclease assay of the CRISPR/Cas9 nuclease. GFP ctrl: HEK293T cells transfected with the control 

GFP plasmid. Cas9: HEK293T cells transfected with the CRISPR/Cas9 plasmid. (+): Surveyor 

nuclease added. (-): Untreated control. The green arrow indicates uncut amplicon, and the red 

arrows show cleavage products. (C) Off-target analysis. Surveyor nuclease assay of the ON-target 

site and two in-silico predicted OFF-target sites. (D) Design of an exogenous ssDNA donor carrying 

the c.634_636delTTC mutation of the SLC19A1 gene. The red arrow indicates c.634_636delTTC, 

and the introduced silent single nucleotide polymorphisms are labeled in blue. Asterisks indicate 

phosphorothioate bonds added at the 5′ and 3′ termini.  
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Supplementary Figure 4. Introduction of the c.634_636delTTC mutation into the SLC19A1 gene 

in the hypotriploid K562 cell line. (A) PCR analysis of homology-directed repair in bulk gene-

edited cells. (B) Clonal selection of gene-edited cells. The number of positive clones via HDR-PCR 

screening with subsequent identification of gene-editing events on particular alleles by Sanger 

sequencing. HDR: homology directed repair, NHEJ: non-homologous end joining. (C) Genotype of 

the monoclonal K562 cell lines with homozygous SLC19A1 c.634_636delTTC and (D) two clones 

with full knock-out of the SLC19A1 gene. The black box shows the trinucleotide TTC. The blue 

boxes show the introduced silent single nucleotide polymorphisms. The red crosses indicate a 

frameshift that results in a subsequent stop codon.  
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Supplementary Figure 5. Detection of RFC antigen in wild-type and gene-edited K562 cells by 

immunostaining and confocal microscopy. (A) RFC in the wild-type K562 cells was preferentially 

localized in the plasma membrane, forming fine granules. However, the signal was also apparent 

inside the cells. (B) SLC19A1mut cells exhibited lower signal of RFC in the plasma membrane with 

higher proportion of intracellular signal. (C) In the cells with a complete SLC19A1 knockout, only 

a very weak signal was detectable and can be attributed to the detection background. (Scalebar 

10µm) 
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Supplementary Figure 6. Expression of folate transporters in bone marrow leukocytes and K562 

model cell lines. Visualization of relative expression of genes encoding main folate transporters 

in the patient at diagnosis and during vitamin B12 treatment during his second episode compared 

to two healthy controls (A) and the model cell lines with patient’s mutation or complete SLC19A1 

knockout compared to wild-type K562 cell line (B).  
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Hydrops fetalis and failure of hematopoietic stem cell transplantation – A long route to the 
diagnosis of SPTA1-associated hereditary spherocytosis 

To the editor 

We report the case of a female newborn with severe congenital 
anemia presenting as hydrops fetalis, followed by a clinical picture of 
transfusion-dependent hypoproliferative anemia. The most common 
causes of hydrops fetalis due to a severe non-immune hemolytic anemia 
are homozygous alpha-thalassemia, pyruvate kinase deficiency and 
other non-spherocytic anemias, autosomal recessive (AR) hereditary 
spherocytosis (HS), hereditary xerocytosis and congenital dysery-
thropoietic anemia (CDA) [1]. Congenital hemolytic anemia with 
reticulocytopenia and dysplasia of erythroid precursors is rare and CDA 
should be included in the differential diagnosis [2]. The diagnostic 
process in our patient was complicated by inconclusive laboratory 
testing due to her transfusion dependency and her final diagnosis was 
only established after the introduction of whole exome sequencing 
(WES). 

The second child of healthy, nonconsanguineous parents who was 
delivered by caesarean section at the 36th week of gestation with signs 
of intrauterine distress presented at birth with a clear picture of fetal 
erythroblastosis. The patient was hypotrophic (birth weight 1630 g), 
hydropic and pale, with circulatory failure, respiratory distress, skin 
bleeding, hepatosplenomegaly and blueberry muffin spots. The patient's 
complete blood count (CBC) analysis revealed severe anemia with Hb 
37 g/L, MCV 117 fL, reticulocytopenia 0.06% (0.023 × 109/L), eryth-
roblastosis 597/100 WBC and thrombocytopenia 78 × 109/L. The total 
bilirubin level was 95 μmol/L, the direct bilirubin level was 68 μmol/L, 
the Coombs test was negative and congenital infections were excluded. 

After successful management during the critical neonatal period, the 
patient became stable. She had symptoms of hemolytic anemia and 
remained dependent on transfusions at intervals of 2–3 weeks. The CBC 
at 4 months of age showed normocytic anemia with reticulocytopenia 
0.0011 × 109/L. Bone marrow aspiration performed at week 1 and 
month 4 showed 18.8%/42.4% erythroid precursors with significant 
dysplastic changes – megaloblasts (1.2%), binuclearity (4.4%), lobu-
lated nuclei (7.6%), plasmatic bridges (2%) and eccentric nuclei (6.4%) 
were present at the latter time point (Fig. 1). Hemoglobin electropho-
resis excluded hemoglobin variant and alpha- and beta-thalassemia 
were excluded by multiplex ligation-dependent probe amplification 
assay and Sanger sequencing, respectively. Repeated analysis of com-
plete panel of erythrocyte enzymes excluded erythrocyte enzyme defect. 
EMA test did not show any abnormalities specific for an erythrocyte 
membrane defect and SDS-PAGE of red cell membrane band 3 did not 
show any abnormalities compatible with diagnosis of HS or CDA type II. 

Chelation with deferoxamine (DFO) following erythrocyte trans-
fusions and continuous oral deferiprone (DFP) was initiated at the age of 
18 months due to signs of iron overload (serum ferritin above 1000 μg/ 
L). At the age of 2.5 years, hematopoietic stem cell transplantation 

(HSCT) from a matched 9/10 (HLA-A allelic mismatch) unrelated donor 
was performed after myeloablative conditioning regimen composed of 
busulfan 19 mg/kg (according to AUC) + cyclophosphamide 200 mg/kg 
with ATG-Fresenius 40 mg/kg, ciclosporin A and methotrexate for graft- 
versus-host disease (GVHD) prophylaxis. She achieved engraftment of 
all three lineages with mixed chimerism of 19% without any toxicity or 
GVHD at day +28. Unfortunately, late graft failure developed at day 
+90, followed by full reconstitution via autologous hematopoiesis 
(Fig. 2A). Progressive splenomegaly with hypersplenism was an indi-
cation for splenectomy performed at day +118. 

After the splenectomy, the transfusion intervals were prolonged to 
6–8 weeks, hepatomegaly progressed, and the patient's reticulocyte 
levels increased to 2% (60 × 109/L) on average and above 10% (240 ×
109/L) before transfusions (Hb <70 g/L; Fig. 2A) and her white blood 
count and thrombocyte levels normalized. Total bilirubin levels fluctu-
ated between 40 and 70 μmol/L, with adequate icteric symptoms. Severe 
cardiac and moderate liver iron overload (MRI T2* myocardium 9.8 ms, 
liver 2.4 ms) was revealed at the age of 12 years. Chelation therapy was 
intensified with DFP and DFO (5 days per week). At the age of 18 years, 
the patient remains transfusion-dependent with asymptomatic chol-
ecystolithiasis, mild cognitive dysfunction and craniofacial dysmorphia 
resembling thalassemia major. 

Targeted genetic testing was performed to exclude known causes of 
CDA and did not reveal any mutations in CDAN1 and SEC23B genes in 
the year 2004 or KLF1 later in 2010 [3]. WES was performed, when it 
became available after 14 years, and finally identified two novel syn-
onymous mutations in the SPTA1 gene: c.1677G>A (p.G559G) and 
c.2805G>A (p.G935G) affecting pre-mRNA splicing. None of her par-
ents had any clinical symptoms of anemia and the patient was com-
pound heterozygous. In order to confirm the pathogenicity of both 
variants and confirm their effect on pre-mRNA splicing, we have sorted 
the patient's reticulocytes from peripheral blood and performed ampli-
con sequencing of the cDNA (Supplementary data). 

The analysis of the splicing junctions has confirmed a complete loss 
of the splice donor site due to the paternal c.2805G>A mutation and 
insertion of 5 bases on the 3′ side of the exon-intron boundary, leading to 
a frameshift and premature stop codon p.Ala936Valfs*5. The maternal 
c.1677G>A mutation decreases splicing efficiency by over 90%, leading 
to two alternative splicing events, an insertion of 59 nucleotides due to 
the creation of a new splice donor 3′ from the exon-intron boundary 
leading to a frameshift and premature stop codon p.Leu560Valfs*6, 
together with an in-frame skipping of exon 13 (Fig. 2B). We have 
detected only 3% of correctly spliced transcripts with the maternal 
mutant variant. Severely affected alpha-spectrin production would 
explain the premature damage of erythroblasts already in the bone 
marrow and the decreased life-span of reticulocytes captured in the 
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Fig. 1. Bone marrow morphology at 4 months of age, showing erythroid hyperplasia with significant abnormalities of erythroid precursors: binucleated forms (a), 
irregular nuclear mass and outline of cytoplasm (b), megaloblasts (c), nuclei with open (lacy) chromatin patterns (d), late erythroblasts with irregular outline of 
cytoplasm and Howell-Jolly bodies (e); (May-Grünwald-Giemsa staining, original magnification ×500). 

Fig. 2. Laboratory markers of patient's anemia and splicing of mutant SPTA1. (A) Course of the anemia 6 months before HSCT (day 0, red cross) and 6 months after 
splenectomy (day +118, gray cross). Patient's hemoglobin measured before erythrocyte transfusions (red triangles, top) is shown in red (g/L, left axis) and the 
relative reticulocyte count in blue (%, right axis). Hemoglobin levels and erythrocyte transfusions in the period after HSCT are not shown, as they are influenced by 
the HSCT. Chimerism of autologous hematopoietic stem cells is shown in black (%, right axis). (B) Scheme of the alternative splicing events of SPTA1 pre-mRNA due 
to the mutations in SPTA1 on both alleles. The mutations are marked in red and the premature stop codons introduced by the splicing changes are marked in orange. 
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spleen, resulting in the phenotype of ineffective erythropoiesis rather 
than the hemolytic anemia that is typical of HS. 

Patient's reticulocytopenia with hyperplasia and dysplasia of 
erythroid precursors in the bone marrow, moderate hyperbilirubinemia 
and hepatosplenomegaly supported the diagnosis of unclassified CDA 
[3], which was the indication for HSCT. The morphological picture was 
not compatible with CDA types I and III and genetic testing excluded 
known causes for CDA types I, II and IV during the follow-up after HSCT. 
Despite a full myeloablative conditioning regimen, the patient devel-
oped secondary graft failure with autologous reconstitution, which is a 
possible complication in hemolytic anemia with hypercellular bone 
marrow [4,5]. Splenectomy resulted in only a slight and temporary 
prolongation of intervals between transfusions and an improvement of 
the patient's extensive reticulocytopenia. Since the early neonatal 
period, the patient's transfusion dependency complicated all diagnostic 
investigations, as the intervals between transfusions were never longer 
than 8 weeks. Membrane deformability measured by osmotic gradient 
ektacytometry performed 6 weeks after transfusion was aberrant but not 
typical for HS (Fig. 3). 

Unlike the majority of patients with HS successfully managed by 
splenectomy in early childhood [2,6], rare cases of complete alpha- 
spectrin deficiency due to biallelic null SPTA1 mutations have more 
severe phenotype and remain transfusion dependent if they are not 
cured by HSCT [7]. Molecular genetics play an essential role in the 
differential diagnosis of hereditary anemias. Only 18% of patients 
clinically suspected of having CDA showed matching phenotypes and 
genotypes in a recent gene panel study by Russo et al. and the majority 
received a final diagnosis of congenital hemolytic anemia. Almost all of 
the patients were transfusion-dependent with reduced reliability of 
enzyme assays or tests for erythrocyte membrane defects [8]. The cor-
rect diagnosis of AR-HS caused by alpha-spectrin deficiency in our pa-
tient was only resolved by implementing WES in the diagnostic process. 
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Hydrops fetalis and failure of hematopoietic stem cell transplantation – A long route to the 
diagnosis of SPTA1-associated hereditary spherocytosis 

Supplementary Methods 

WES was performed using the SureSelectXT Human All Exon V5+UTRs kit (Agilent 
Technologies, Santa Clara, CA, USA) and the NextSeq 500 instrument (Illumina, San Diego, CA, 
USA). Variant calling was performed using VarScan21 and samtools2 on reads aligned to the hg19 
human reference genome with BWA.3 The effect of the identified SPTA1 mutations on pre-mRNA 
splicing was evaluated with MaxEntScan.4 To elucidate the impact of both mutations, patient 
reticulocytes were sorted using FACS Aria III (BD Biosciences, Franklin Lakes, NJ, USA) as 
FSClowSYTO16+CD45- cells, and total RNA was isolated using the RNeasy Plus Micro Kit 
(QIAGEN, Hilden, Germany) and reverse-transcribed with the iScript cDNA Synthesis Kit (Bio-
Rad Berkeley, CA, USA). The cDNA spanning exon 13 was amplified using DNA oligos with 
Illumina TruSight adapter overhangs (Merc, Darmstadt, Germany) with specific 3' sequences 
complementary to the exon 11-12 junction: 5'-GAGTAGACAAGAGGCCTTCCTGG-3' and exon 
14-15 junction: 5'-CTTCAAGTTCTGTATGTCCTTGTAATCTTC-3' and similarly with exon 17-
18 junction-spanning primer: 5’-CCACCTACCTTGGAAAGGACC-3' and exon 20-21 junction 
primer: 5'-CTGTTGTTGCTGGCAGGC-3' for exon 19 amplification. Standard PCR conditions 
with 35 cycles of 1 min at 94°C, 1 min at 63°C and 30 s at 72°C were used. The amplicons were 
sequenced on the MiSeq instrument using the v2 500-cycle Reagent Kit (Illumina, San Diego, CA, 
USA). Single reads were aligned to the same reference with STAR5 and the splicing junctions were 
analyzed and plotted with ggsashimi6 and the frequency of specific sequences for the major splicing 
events was manually confirmed in the raw FASTQ files.  

Supplementary Results 

The MaxEntScan analysis of both SPTA1 mutations predicted a decrease of splicing efficiency and 
a potential loss of the splice donor sites with the strongest nearby alternative splice sites 59 and 5 
bases from the exon-intron boundary on the 3' side of the c.1677G>A and c.2805G>A mutation, 
respectively. Because analysis of patient’s red blood cells was complicated by frequent 
transfusions, SYTO16+ cells were sorted for the analysis of SPTA1 mRNA by amplicon sequencing 
to confirm the true biological effect of the mutations. In both cases, we have confirmed the 
predicted effect of the mutation on the mRNA level. However, we have also observed a second 
alternative splicing junction in the case of the c.1677G>A mutation. The predicted insertion of 59 
nucleotides on the 3' side of the exon-intron boundary was identified in 22 % of reads. We have 
also detected a complete skipping of exon 13 in 16 % of the analyzed reads and the correct splicing 
junction was identified in 50 % of the analyzed reads (Supplementary Figure 1A). The presence 
of the mutated sequence together with correct splicing was identified only in 3 % of the analyzed 
reads. In case of the c.2805G>A mutation, we have only detected the correctly spliced sequence 
carrying the mutant nucleotide in 0.03 % of reads, confirming the loss of the splice donor site due 
to this mutation. The mutation led to the predicted insertion of 5 nucleotides and introduction of a 
premature stop codon. The ratio between the wild-type and mutant nucleotide was 1:0.6 suggesting 
a nonsense-mediated decay of the mutant mRNA (Supplementary Figure 1B). 



Supplementary Figures 

 
Supplementary Figure 1. Analysis of splicing junctions. Sashimi plots of aligned amplicon 
single-end reads to the hg19 human reference genome and results of the splicing junction analysis 
by ggsashimi. Numbers of reads corresponding to the identified splicing junctions are shown in the 
plot and the coverage is plotted as a histogram with the genomic position on the x-axis and the 
coverage of positions on the y-axis. 
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Abstract

Our study presents a novel germline c.1715G>T (p.G572V) mutation in the gene

encoding Toll-like receptor 8 (TLR8) causing an autoimmune and autoinflammatory

disorder in a family with monozygotic male twins, who suffer from severe autoim-

mune hemolytic anemia worsening with infections, and autoinflammation presenting

as fevers, enteritis, arthritis, and CNS vasculitis. The pathogenicity of the mutation

was confirmed by in vitro assays on transfected cell lines and primary cells. The p.

G572V mutation causes impaired stability of the TLR8 protein, cross-reactivity to

TLR7 ligands and reduced ability of TLR8 to attenuate TLR7 signaling. This imbalance

toward TLR7-dependent signaling leads to increased pro-inflammatory responses,

such as nuclear factor-κB (NF-κB) activation and production of pro-inflammatory

cytokines IL-1β, IL-6, and TNFα. This unique TLR8 mutation with partial TLR8 protein

loss and hyperinflammatory phenotype mediated by TLR7 ligands represents a novel

Michael Svaton and Veronika Kanderova contributed equally to this work.

Received: 23 December 2021 Accepted: 24 December 2021

DOI: 10.1002/ajh.26452

338 © 2022 Wiley Periodicals LLC. Am J Hematol. 2022;97:338–351.wileyonlinelibrary.com/journal/ajh

https://orcid.org/0000-0002-6417-4486
https://orcid.org/0000-0003-4860-7453
https://orcid.org/0000-0002-2991-8873
https://orcid.org/0000-0002-5919-6306
https://orcid.org/0000-0001-5330-9341
https://orcid.org/0000-0002-1526-4557
https://orcid.org/0000-0002-2398-532X
https://orcid.org/0000-0001-7730-2304
https://orcid.org/0000-0003-2964-5956
https://orcid.org/0000-0003-4475-2872
https://orcid.org/0000-0003-2966-3687
https://orcid.org/0000-0001-8513-1066
mailto:veronika.kanderova@lfmotol.cuni.cz
mailto:michael.svaton@lfmotol.cuni.cz
http://wileyonlinelibrary.com/journal/ajh


24505 and CZ.02.1.01/0.0/0.0/16_019/

0000729, the Jeffrey Modell Foundation and

the St. Louis Children's Hospital Foundation.

Institutional support was provided from the

Ministry of Education, Youth and Sports of the

Czech Republic project for the conceptual

development of research organization -

University Hospital Motol 00064203

inborn error of immunity with childhood-onset and a good response to TLR7

inhibition.

1 | INTRODUCTION

The innate immune system serves as the first line of defense against

infection. It employs pattern recognition receptors (PRRs) that recog-

nize evolutionarily conserved molecular structures of microorganisms.

Toll-like receptors (TLRs), a family of PRRs, are a group of single-

spanning membrane proteins found on the surface or in endosomes

of immune cells. Defects in TLR signaling pathways described in

IRAK4 or MyD88 deficiencies are associated with bacterial suscepti-

bility and impaired inflammatory responses to infection.1 Conversely,

gain-of-function in TLR8 leads to hyperresponsiveness to TLR8

ligands, hyperproduction of inflammatory cytokines, neutropenia and

bone marrow failure.2 The phylogenetically related endosomal TLR8

and TLR7 both detect viral and bacterial single-stranded (ss)RNA.3,4

TLR8 is predominantly expressed in monocytes/macrophages, mye-

loid dendritic cells (mDCs), and granulocytes, whereas TLR7 in plas-

macytoid dendritic cells (pDCs), B-cells, and monocytes/

macrophages.5,6 The stimulation of TLRs generally activates NF-κB,

mitogen-activated protein-kinases (MAPK), and interferon (IFN)

response factors, which subsequently trigger the transcription of

inflammatory cytokines, chemokines and costimulatory molecules.3

The signaling pathways downstream of TLR8 and TLR7 vary in differ-

ent cell types. In monocytes, TLR8 activation promotes a strong NF-

κB activation, type I IFN response and the production of Th1 polariz-

ing cytokines, whereas TLR7 preferentially activates MAPK signaling

and the production of Th17 polarizing cytokines. Interestingly, TLR7

inhibits TLR8-mediated type I IFN response.7 Consistently, during the

maturation of DCs, TLR8 and TLR7 negatively regulate each other.8

A direct or indirect intraendosomal physical interaction of TLR8 and

TLR7 is suggested to play a role in balancing these inflammatory out-

comes.9 Interestingly, because of their high homology, mutations

near the ligand-binding site 1 of TLR8 can increase selectivity to

TLR7-specific ligands.10

In addition to external pathogens, TLRs respond to endoge-

nous ligands, such as the self-RNA within anti-ribonucleoprotein

autoantibodies that drive systemic lupus erythematosus (SLE)11 or

rheumatoid arthritis12 in mice. Interestingly, overexpression of

human TLR813 or murine TLR714,15 is sufficient to drive autoim-

mune inflammation in mice; and murine TLR8 deficiency also

leads to autoimmunity and autoinflammation by increasing TLR7-

dependent responses.16,17 Here, we present the first report of

human partial TLR8 protein deficiency combined with TLR8/TLR7

dysregulation underlying severe autoimmune and inflammatory

phenotypes.

2 | METHODS

2.1 | Whole exome sequencing

Sequencing libraries were prepared from DNA isolated from peripheral

blood mononuclear cells (PBMCs) of one of the patients using the Sur-

eSelect Human All Exon V6+UTRs kit (Agilent Technologies, Santa

Clara, CA) and sequenced on the NextSeq 500 Instrument (Illumina, San

Diego, CA) according to the manufacturer's instructions. Resulting reads

were aligned to the hg19 human reference genome with BWA.18 Vari-

ant calling was performed with VarScan219 and samtools,20 and variant

annotation and filtering was done in Ingenuity® Variant Analysis

(QIAGEN, Hilden, Germany) with a custom panel of potential candidate

genes. No other potentially pathogenic mutations were identified from

the Whole Exome Sequencing data in neither TLR8, TLR7 nor any other

known primary immunodeficiency (PID)-related genes.21 No pathogenic

variants in the TLR8 gene have been reported in the ClinVar database at

the time of this study. Other patients with TLR8 gene mutations were

identified via the GeneMatcher database,22 and a collaboration that led

to the publication of the gain-of-function cases by Aluri et al.2 was

established. The gnomAD database reports eight individuals who are

hemizygous for a putative loss-of-function variant without confirmation

of these variant calls or information on their phenotypes.

2.2 | Sanger sequencing

DNA was isolated from PBMCs of both siblings and their parents and

used for PCR amplification of the p.G572 surrounding area of the TLR8

gene using the forward 50-GCAATGCTCAAGTGTTAAGTGGA and the

reverse 50-TACCAGGGACTTGCTTTCCAG primers. The expression of

both alleles in mother's cells was confirmed using the cDNA obtained

from sorted monocytes as described below with the forward 50-GCTC

TTACTGAATTGTCCGACTTG and the reverse 50-GCAACTCGAGACGA

GGAAACT primers. The amplicons were sequenced using BigDye

Terminator 3.1 Cycle Sequencing Kit (Thermo Fischer Scientific, Wal-

tham, CA) on 3730 DNA Analyzer (Thermo Fischer Scientific) according

to manufacturer's instructions.

2.3 | Cell sorting

Monocytes were isolated on an FACS Aria III sorter (BD Biosciences

[BD], San Jose, CA) based on Forward Scatter (FSC), Side Scatter
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(SSC), CD45-Pacific Blue, and CD14-APC (Exbio, Vestec, Czech Republic)

from the peripheral blood of both patients, their mother and healthy con-

trols. T-cell subpopulations were sorted according to FSC, SSC and

TCRαβ+CD4+CD127+CD25-(non-Treg) (or CD8+) CCR7+CD45RO�
(naive T-cells), TCRαβ+CD4+CD127+CD25-(non-Treg) (or CD8+)

CCR7+CD45RO+ (central memory T-cells), TCRαβ+CD4+CD127+-

CD25-(non-Treg) (or CD8+) CCR7-CD45RO+ (effector memory T-cells),

TCRαβ+CD4+CD127+CD25-(non-Treg) (or CD8+) CCR7-CD45RO�
(terminally differentiated T-cells), TCRαβ+CD4+CD127dim/-CD25+

(Treg), TCRαβ+CD8+CD45RO-CCR7+CD127+CD95+ (stem cell

memory T-cells), and TCRαβ+CD4+CD127+CD25-(non-Treg)CD45RO

+CXCR5+ (follicular helper T-cells) using TCRαβ-APC, CCR7-PE-Cy7,

and CD8-APC-Alexa Fluor 750 (Beckman Coulter [BC], Miami, FL),

CD4-Alexa Fluor 700 and CD45RO-FITC (Exbio), CD127-PE-CF594,

CD25-PE, and CXCR5-Brilliant Violet (BV) 421 (BD), and PD-1-BV605,

CD95-BV510, and HLA-DR-PerCP-Cy5.5 (Biolegend, San Diego, CA).

2.4 | T-cell receptor β repertoire sequencing

DNA was isolated from the above listed T-cell subpopulations with

the QIAamp DNA Micro Kit (Qiagen) and used for the preparation

of sequencing libraries according to the EuroClonality-NGS working

group protocol for the complete TRB-VJ gene rearrangements.23

Final libraries were sequenced on the MiSeq instrument (Illumina)

according to the manufacturer's instructions, and the data were

analyzed using the ARResT/Interrogate application.24 Only

clonotypes with productive TRB-VJ rearrangements were selected

and filtered based on their frequency in all reads obtained from

each sample.

2.5 | TLR8 and TLR7 mRNA quantification

Total RNA was isolated from specific cell populations sorted from

PBMCs using the FACS Aria III (BD) using the RNeasy Mini Kit

(Qiagen) and transcribed to cDNA by an iScript kit (Bio-Rad, Hercules,

CA). Gene expression levels of TLR7 and TLR8 were determined using

TaqMan Gene Expression Assays for TLR7 (Hs00152971_m1), TLR8

(Hs00152972_m1), and the GAPDH (Hs99999905_m1) gene that was

used for normalization; the qPCR reactions were performed on the

Applied Biosystems 7500 Fast Real-Time PCR System (all Thermo

Fisher Scientific). The gene expression was normalized to GAPDH con-

trol gene expression in three healthy donors using the delta–delta Ct

method.

2.6 | Cell lines

HEK293 and HEK293T cell lines were purchased from American Type

Culture Collection (Manassas, VA) and cultured in Dulbecco's Modi-

fied Eagle Medium (DMEM) supplemented with 10% fetal bovine

serum (FBS) and antibiotics/antimycotics (all from Thermo Fisher

Scientific).

2.7 | Plasmids

Plasmids encoding the mutant TRL8 (TLR8G572V or TLR8D543A) were

prepared from the TLR8WT construct (pUNO1-hTLR08b, NM_138636,

InvivoGen, San Diego, CA) by site-directed mutagenesis (QuikChange™II

XL Site-Directed Mutagenesis kit, Agilent Technologies, Santa Clara, CA)

using the primer pairs 50-TAAATTCTAGATGATGTGTTACGACTG

CTATTCTGAAATAGTGTGAA-30 and 50-TTCACACTATTTCAGAATA

GCAGTCGTAACACATCATCTAGAATTTA-30 (for TLR8G572V) or 50-CAC

TAGCATTATCAAAGGCTAGTCTATTGTTTGTCAAATCC-30 and 50-GG

ATTTGACAAACAATAGACTAGCCTTTGATAATGCTAGTGCTCTTA-

30 (for TLR8D543A). Successful mutagenesis was confirmed by Sanger

sequencing. TLR8D543A served as a negative control.2

2.8 | Cycloheximide chase assay

HEK293 and HEK293T cells were seeded in 6-well plates and trans-

fected 24 h later with 4 μg of TLR8WT or TLR8G572V plasmid using

Lipofectamine 3000 (Thermo Fisher Scientific) according to the manu-

facturer's protocol. After 48 h, proteosynthesis was inhibited using

50 μg/mL cycloheximide (Sigma Aldrich, Merck). TLR8 protein level

F IGURE 1 TLR8 c.1715G>T mutation and partial TLR8 protein deficiency. A pedigree of the family and Sanger sequencing of the DNA (A).
Large frontoparietal hemorrhagic lesions (red arrows) with smaller postischemic lesions in the brain stem and corpus callosum (smaller arrows) (B).
TLR8 dimer from side view (PDB 3W3G16, G572 in red, top), structure of the liganded TLR8 dimer (middle) and detail of the interaction between
G572 (in red) and the ssRNA40 degradation products (bottom)—uridine in ligand binding site 1 and UG dinucleotide in ligand binding site 2, PDB
4R08317 (C).26 Linear diagram of TLR8 containing an N-terminal domain (LRRNT), a leucine-rich repeat (LRR) ligand recognition domain

connected with the Z-loop between LRR 14 and 15, a C-terminal domain (LRRCT), a transmembrane domain anchoring TLR8 to the endosomal
membrane and a Toll/interleukin-1 receptor (TIR) domain for signal transduction. Published mutations in LRR14, LRR15 and LRR18 are depicted
in blue,2 and the novel G572V mutation in LRR18 is in red (D). NF-κB transcriptional activity of TLR8WT- and TLR8G572V-containing HEK cells
upon TL8-506/CL075 stimulation (E). Basal TLR8 protein levels (F). Sanger sequencing of the monocyte cDNA (G). The relative expression of
TLR8 mRNA (H). Enhanced degradation of mutant TLR8G572V protein compared to TLR8WT (I). Data acquired in two (H) and three (E, F, I)
independent experiments, the results are expressed as the mean ± SEM. Histograms show representative data, MFI in numbers. *p < .05,
**p < .005, ****p < .0001 (unpaired t-test). Protein structures visualized using PyMOL 2.3.0 [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Genetics and clinical characteristics

Patient Patient A Patient B

Sex Male Male

Current age (years) 11 11

Genetic variant

Chromosome X X

Position (hg19) 12938874 12938874

Gene symbol TLR8 TLR8

Transcript change c.1715G>T c.1715G>T

Transcript NM_138636 NM_138636

Protein Change p.G572V p.G572V

Inheritance Inherited from mother Inherited from mother

CADD 25 25

PolyPhen2 0.999 0.999

SIFT 0 0

PhyloP 6.07 6.07

gnomAD AF Not present Not present

Clinical manifestation

Age of onset 1.5 years 7 months

Primary manifestation Noninfectious cervical lymphadenopathy

with xathogranuloma, acute AIHA

(6 years)

Transient red cell aplasia acute AIHA

(2.5 years)

Chronic AIHA Yes (positive for anti-red blood cell

antibodies, C3d fragments and cold

agglutinins)

Yes (positive for anti-red blood cell

antibodies, C3d fragments and cold

agglutinins)

Coombs testing Positive (high) Positive (high)

Thrombocytopenia Transient during a flare of AIHA No

Platelet antibody No No

Neutropenia No No

Episodes of pancytopenia No No

Lymphadenopathy Yes Yes

Hepatosplenomegaly Yes Yes

GI disease Recurrent noninfectious enteritis IBD-like disease, biliary obstruction during

hemolysis

Lung disease No No

Mouth sores Mild episodes Mild episodes

Tracheal/larynx sxs URTIs URTIs

Hypogammaglobulinemia Often lower IgG (correlating with

CRP—infections)

Often lower IgG (correlating with CRP,

SAA—infections)

Infections HHV6, varicella and recurrent shingles,

URTIs, Salmonella enteritis, Clostridium

enterocolitis

URTIs, Salmonella enteritis, shingles

Skin and joints Erythema nodosum Erythema nodosum, polyarthritis

CNS No symptoms or MRI findings Multifocal ischemia characterized as SV-

cPACNS with hemorrhagic

transformation of ischemic stroke

(11 years)

Therapy (duration)

Corticosteroids Since 6 years continuous PRD 0.2–
2.5 mg/kg/day + methylprednisolone

Since 6 years continuous PRD 0.3–
2.5 mg/kg/day + methylprednisolone

Other immunosuppression Azathioprine (3–5 years)

IVIG HD-IVIG 2� (7 years) + post rituximab substitution
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was detected upon 6, 12, 18, and 24 h inhibition w/wo cycloheximide

using flow cytometry.

2.9 | Activity of the TLR8G572V variant

Human HEK-Blue Null1 cells (InvivoGen) were cultured in DMEM

supplemented with 10% FBS, normocin (50 μg/mL), and zeocin

(100 μg/mL) (all from InvivoGen). NF-κB transcriptional activity was

tested by the QUANTI-BLUE assay (InvivoGen). The HEK-Blue Null1

cell line was transfected with either TLR8WT or TLR8G572V (or

TLR8D543A) plasmids by transient transfection (Lipofectamine; Life

Technologies, Thermo Fisher Scientific). Forty-eight hours post-trans-

fection, the cells were seeded in a 96-well plate at a density of 30 000

cells/well and stimulated with 500 ng/mL or 1 μg/mL CL307, 100 ng/

mL or 1 μg/mL CL075; 10, 25, 50, 100, or 500 ng/mL TL8-506; 5, 10,

or 25 μg/mL imiquimod, 0.1 or 0.5 μg/mL gardiquimod (all from

InvivoGen), and 100, 200, or 500 nM GS-9620 (Vesatolimod, Med-

ChemExpress, Suite Q, Monmouth Junction, NJ) for 24 h. Then, 50 μL

of the supernatant from each well was transferred to a 96-well plate

with 150 μL of QUANTI-Blue solution (InvivoGen). The plate was incu-

bated at 37°C for 1 h, and the secreted embryonic alkaline phospha-

tase (SEAP) levels were determined by reading the plate with a

spectrophotometer at 650 nm. Untransfected HEK-Blue Null1 cells

served as a negative control for TLR8 activation, as these cells are

nonresponsive to TLR8 ligands. Fold-change was calculated by nor-

malizing individual data to the unstimulated O.D. of the untransfected

well. Similarly, Human HEK-Blue TLR7 cells (InvivoGen) were cultured

in DMEM supplemented with 10% FBS, normocin (50 μg/mL),

blasticidin (10 μg/mL), and zeocin (100 μg/mL) (all from InvivoGen).

NF-κB transcriptional activity was tested using the QUANTI-BLUE

assay (InvivoGen). The HEK-Blue TLR7 cell line was transfected by

either TLR8WT or TLR8G572V plasmids, seeded in a 96-well plate 48 h

post-transfection and stimulated with the same ligands and doses as

HEK-Blue Null1. The plate was incubated at 37°C for 1 h, and SEAP

levels were determined by reading the plate with a spectrophotometer at

650 nm.

2.10 | Western blotting

Cells were lysed for 30 min on ice in lysis buffer (1% lauryl maltoside

(Calbiochem, Merck), 20 mM Tris (pH 7.5), 100 mM NaCl, 5 mM

iodoacetamide, 50 mM NaF, 1 mM Na3VO4, and 2 mM EDTA (all from

Sigma-Aldrich, Merck) containing 100� diluted Protease Inhibitor

Cocktail Set III (Calbiochem, Merck). The protein concentration was

adjusted to a final concentration of 1 mg/mL using a bicinchoninic acid

assay kit according to the manufacturer's instructions (Thermo Fisher

Scientific). Proteins were separated on SDS-PAGE gels and transferred

to nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were

blocked at 8°C overnight in phosphate buffered saline (PBS) containing

7.5% low fat bovine milk and 0.05% Tween 20. Primary antibodies

against TLR8 (clone D3Z6J, Cell Signaling Technologies) and β-actin

(clone AC-74, Sigma-Aldrich, Merck) were used with peroxidase-

conjugated secondary antibodies (Jackson Immunoresearch, West

Grove, PA) and SuperSignal West Pico/Femto Chemiluminescent Sub-

strates (Thermo Fisher Scientific). Signals were detected using a MINI

HD6 scanner (UVITEC, Cambridge, UK) and analyzed with ImageJ soft-

ware. TLR8 expression levels were normalized to those of β-actin.

2.11 | Immunophenotyping

Immunophenotyping of lymphocyte subpopulations was performed

using the following antibody-fluorochrome conjugates: CD4-BV510,

IgM-BV510, CD45RA-BV510, CD27-BV421, CD62L-BV421, CD8-FITC,

TABLE 1 (Continued)

Patient Patient A Patient B

Rituximab 5 � 375 mg/m2 (8 years)

mTOR inhibition Sirolimus—target levels of 10 μg/L (from 8 years)

NSAIDs – Ibuprofen 1–2� daily (from 10 years)

anti-IL-1 – Anakinra 100 mg daily (from 9 years)

Methotrexate – 15 mg s.c. weekly (from 10 years)

Hydroxychloroquine 200 mg daily (from 12 years) –

Supportive therapy PPI, vit. D, anti-hypertensive therapy,

antihistamines

PPI, TMP/SMX, zolendronate, vit. D,

calcium, anti-hypertensive therapy

HSCT – MUD-HSCT (11 years)

T-cell clonality (highly abundant clones)

Effector memory CD4+ CSVDTGTVYNEQFF (32.71%)

Effector memory CD8+ CASRDGKEVELFF (6.25%) CASSGLNTEAFF (31.85%);

CSARDRDTEAFF (6.07%)

Note: Characterization of the newly identified variant with selected annotation by VEP and an overview of the clinical course of the disease in both twins,

including the therapies, with their respective start and duration. Expanded T-cell clones exceeding 5% of all sequenced reads in the selected T-cell

subpopulations displayed with their AA CDR3 sequence and their relative abundance.
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TABLE 2 Immunological findings

Cell population Patient A Patient B Age-matched reference values

Leukocytes (cells/μL) 14 500 20 400 4500–14 500

Lymphocytes (cells/μL) 3720 6793 1300–7500

Neutrophils (cells/μL) 9490 11 444 1900–9700

Monocytes (cells/μL) 980 1958 0–1300

Eosinophils (cells/μL) 10 102 0–1000

Erythrocytes (cells/μL) 2 660 000 3 600 000 4 000 000–5 200 000

CD3+ T-cells (% lymphocytes; cells/μL) 84; 3125 86; 5842 60–76; 1200–2600

CD3+ CD4+ T-cells (% lymphocytes; cells/μL) 37; 1376 32; 2174 31–47; 650–1500

CD3+ CD8+ T-cells (% lymphocytes; cells/μL) 41; 1525 46; 3125 18–35; 370–1100

NK cells (% lymphocytes; cells/μL)
(CD3-CD16+56+)

0.8; 29 1.2; 82 4–17; 100–480

Regulatory T-cells (% CD3+ T-cells)

(CD4+CD25+CD127dim to �)

2.29 2.35 2.29–6.49

Naïve CD4+ (% CD4+ T-cells)

(CD3+CD4+CD45RA+CD27+)

67 66 46–99

Central memory CD4+ (% CD4+ T-cells)

(CD3+CD4+CD45RA�CD27+)

31 31 0.35–100

Effector memory CD4+ (% CD4+ T-cells)

(CD3+CD4+CD45RA�CD27�)

1.8 1.6 0.27–18

Terminally diff. CD4 (% CD4+ T-cells)

CD3+CD4+CD45RA+CD27�
0.2 0.1 0.0031–1.8

Th1 (% CD3+4+ T-cells) (CXCR3+CCR6-) 10.7 16.4 13.4–25.5

Th2 (% CD3+4+ T-cells)

(CXCR3-CCR6-CCR4+CRTH2+)

0.23 0.37 0.19–1.33

Th17 (% CD3+4+ T-cells) (CXCR3-CCR6+) 5.82 5.83 3.53–12

Naïve CD8+ (% CD8+ T-cells)

(CD3+CD8+CD45RA+CD27+)

80 83 16–100

Central memory CD8+ (% CD8+ T-cells)

(CD3+CD8+CD45RA�CD27+)

4.1 3.7 1–6

Effector memory CD8+ (% CD8+ T-cells)

(CD3+CD8+CD45RA�CD27�)

3.4 2 5–100

Terminally diff. CD8+ (% CD8+ T-cells)

(CD3+CD8+CD45RA+CD27�)

10 9.5 15–41

% HLA-DR/CD3+CD4+ T-cells 3.4 3 N/A

% HLA-DR/CD3+CD8+ T-cells 8 6 N/A

Double negative CD4-CD8-T-cells (% TCRα cells) 3.9 4.3 <3.5

CD19+ B-cells (% lymphocytes; cells/μL) 9.6; 357 8.1; 550 13–27; 270–860

Naïve (% B-cells) (CD19+CD27-IgD+) 75 61 47.3–77

Transitionals (% B-cells) (CD19+CD27-CD24+

+CD38++)

19 6.4 4.6–8.3

Switched memory (% B-cells) (CD19+CD27+IgD�) 8.8 15 10.9–30.4

Marginal zone-like (% B-cells) (CD19+CD27+IgD+) 11 19 5.2–20.4

Plasmablasts (% B-cells) (CD19+CD27++CD38++) 0.1 1.1 0.6–5.3

CD21low (% B-cells) (CD19+CD21lowCD38low) 3.6 3.6 2.3–10

pDC (% leukocytes) 0.019 0.012 0.028–0.61

pDC (% DC) 8.18 6.63 9.59–58.8

mDC (% leukocytes) 0.16 0.11 0.057–0.34

mDC (% DC) 69 61.6 8.26–60
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IgD-FITC, CD5-PE, CD28-PerCP-Cy5.5, IgM-PerCP-Cy5.5, IgD-PerCP-

Cy5.5, and HLA-DR-PerCP-Cy5.5 (Biolegend), CD38-FITC, CD16-PE,

CD56-PE, CD4-PerCP-Cy5.5, TCRγδ-PE-Cy7, CD3-APC, CD21-APC,

and CD45-APC-H7 (BD), CD19-PE-Cy7, CD24-APC Alexa750, and

CD8-APC-Alexa750 (BC), CD45RO-FITC and CD31-PE (Exbio), and

CCR7-PE (Miltenyi Biotech, Bergisch Gladbach, Germany). Th1, Th2 and

Th17 cells were determined using CD3-Alexa Fluor 700 (Exbio),

CD8-V500 and CD45RA-APC-H7 (BD), CD4-BV650, CCR7-APC,

CXCR3-PE, CCR6-BV605, CRTH2-FITC, and CCR4-BV421 (BioLegend),

and Tregs using CD3-APC-H7, CD25-PE, and CD127-PE-CF594 (BD),

CD4-Alexa Fluor 700 and CD19-APC (Exbio), and CD14-PE-Cy7 (BC).

The immunophenotype of the DCs was detected using CD45-Pacific

Blue (Dako, Glostrup, Denmark), CD3-FITC, CD16-FITC, CD19-FITC,

CD20-FITC, CD56-FITC, CD14-PE-Dy594, and CD11c-APC (Exbio),

HLA-DR-PE-Cy7 (BD), CD123-PE (Thermo Fisher Scientific), and sub-

populations of monocytes with CD66c-FITC, CD13-PE, and CD33-PE-

Cy7 (BC), HLA-DR-PerCP-Cy5.5 and CD11b-BV786 (Biolegend),

CD45-APC-H7, IREM-2 (CD300e)-APC, CD15-V500 (BD), and CD16-

Alexa Fluor 700 and CD14-Pacific Blue (Exbio). Data were collected

with Canto II, Lyric, Aria II, or Aria III flow cytometers and analyzed

with FlowJo software (BD).

2.12 | Intracellular staining

Whole blood samples or HEK293/T cells were fixed in 4% formalde-

hyde at room temperature for 10 min, permeabilized in 0.1% Triton X-

100 in a water bath (37°C) for 15 min and frozen to �20°C in 10%

glycerol in FBS (all from Thermo Fisher Scientific). After thawing, the

samples were washed in PBS. TLR8 expression was detected using

TLR8-PE (clone S16018A, Biolegend) and TLR7 expression was

detected using TLR7-PE antibody (clone 533 707, R&D Systems, Min-

neapolis, MN) in lymphocytes, monocytes, or granulocytes (identified

by FSC, SSC, CD14-APC-H7 (BD), and CD4-BV421 (Biolegend)) or in

HEK293/T cells. PBMC from patients and HCs were isolated using

a Ficoll-Paque gradient (GE Healthcare, Chicago, IL), resuspended in

RPMI 1640 (Lonza, Basel, Switzerland) complemented with 10%

FBS and antibiotics (Thermo Fisher Scientific) and stimulated using

gardiquimod (0.5 μg/mL), imiquimod (10 μg/mL), TL8-506 (25 ng/

mL), or ssRNA40/LyoVec™ (5 μg/mL, all from InvivoGen). After

5, 15, or 30 min in a water bath (37°C), the cells were fixed in 4%

formaldehyde and permeabilized in 0.1% Triton X-100, and intracel-

lular signaling was detected using anti-phospho-NF-κB p65

(Ser536)-Alexa Fluor 647 or PE (93H1, Cell Signaling Technology,

Danvers, MA, USA) in CD45+CD14+monocytes (CD45-APC-H7

from BD and CD14-PB or PE from Exbio). The data were collected

with an LSR II or Celesta flow cytometer and analyzed with FlowJo

software (BD).

2.13 | Extracellular cytokine production

The Human Inflammatory Cytokine Kit (BD) was used for the detec-

tion of IL-1β, IL-8, IL-6, IL-10, and IL-12p70 in supernatants and

patients' and healthy controls' plasma samples according to the

manufacturer's instructions. The samples were acquired using a

TABLE 2 (Continued)

Cell population Patient A Patient B Age-matched reference values

Immunoglobulins

IgG (g/l) 7.68 8.27 7.05–11.9

IgA (g/l) 2.6 2.84 0.79–1.37

IgM (g/l) 5.3 3.75 0.47–1.73

Autoantibodies

ANA (IgG, IgM, IgA) Mildly positive in IgG Negative

ENA Negative Negative

ANCA Negative Negative

ds-DNA Negative Negative

RF (IgG) (IU/mL) 31.1 33.6 0–22

RF (IgA) (IU/mL) 6.8 4 0–22

RF (IgM) (IU/mL) >100 >100 0–22

Anti-tropomyosin Positive in titer 1:320 Positive in titer 1:160

Anti-endomysium (IgG, IgA) Negative Negative

ASCA IgG (U/mL) 15.13 17.93 0–10

ASCA IgA (U/mL) 5.21 5.91 0–10

CIC (arb.units) 187 118 10–46

CRP (mg/L) 15.6 1.8 0–8

Note: Peripheral blood analyses from the time of first admission to the hemato-oncologic department (8 years of age). Bold numbers—values below the

reference limit; Italics numbers—values above the reference limit.
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Celesta flow cytometer and analyzed with FlowJo software (BD).

The Human Total IL-18/IL-1F4 Quantikine ELISA Kit (cat. DL180,

R&D Systems), Human IFNγ Quantikine ELISA Kit (cat. DIF50, R&D

Systems), and IFN Alpha ELISA Kit (cat. 41110-1, PBL Assay Sci-

ence, Piscataway, NJ) were used for the detection of IL-18, IFNγ

and IFNα respectively. The absorbance was measured at 450 nm

and analyzed with a VERSAmax Tunable Microplate Reader with

the appropriate SoftMaxPro software (Molecular Devices, Sunny-

vale, CA).

2.14 | Intracellular cytokine production

Whole blood was withdrawn into ammonium heparin collection tubes

and diluted 1:1 with RPMI 1640 (Lonza) complemented with 10% FBS

and antibiotics (Thermo Fisher Scientific). To test for cytokine expres-

sion in TLR8-positive and TLR8-low monocytes, 100 μL samples were

stimulated using gardiquimod (0.025–0.5 μg/mL), imiquimod (0.025–

10 μg/mL), GS-9620 (50–1000 nM), ssRNA40/LyoVec™ (0.025–

20 μg/mL), or TL8-506 (1–1000 ng/mL) for 6–8 h in 37°C along with

brefeldin A (50 μg/mL, Sigma Aldrich, Merck). The surface markers

were stained with HLA-DR-BV570 (Biolegend) and CD16-FITC (BC),

the samples were fixed in 4% formaldehyde, permeabilized in

0.1% Triton X-100 and intracellular markers were detected using

CD14-Pacific Blue or CD11c-Pacific Blue, and Lineage (CD3,19,20,56,

CCR3)-FITC (Exbio), CD14-BV711, HLA-DR-BV605, TLR8-PE, IL-

6-PE-Cy7, and IL-1β-Alexa Fluor 647 (Biolegend), and TNFα-Alexa

Fluor 700, CD123-PE-Cy5.5, and CD45-APC-H7 (BD). Data were

collected with an LSR II flow cytometer and Aurora spectral

cytometer (Cytek Biosciences, Fremont, CA) and analyzed with

FlowJo software (BD).

2.15 | Statistical analysis

Unpaired t-test for single comparison was used; p-value less than .05

was considered significant.

3 | RESULTS

We report a family with two male monozygotic twins who inherited a

novel missense mutation c.1715G>T in the TLR8 gene located on the X

chromosome from their mother (Figure 1A); both siblings developed

severe chronic AIHA with lymphoproliferative and progressive auto-

inflammatory disease. Their disease manifested as corticodependent

AIHA at the age of 6 and 2.5 years (in twin A and B, respectively), refrac-

tory to second (Intravenous Immunoglobulins, IVIG) and third (azathio-

prine) line of therapeutics. The bouts of AIHA were induced by frequent

respiratory and gastrointestinal infections (e.g., salmonellosis) and, even-

tually, also by fevers of unknown origin with elevated laboratory markers

of inflammation. Both twins were referred to hemato-oncologic depart-

ment at the age of 8 years, presenting with marked hepatosplenomegaly

and cervical lymphadenopathy. The AIHA activity was characterized by

high titers of anti-erythrocyte antibodies (IgG in twin A; IgM and IgG

in twin B), C3d complement fragments and cold agglutinins (genetic

characterization, extended clinical features and results of T-cell reper-

toire sequencing are summarized in Table 1, blood analyses in

Table 2). In attempts to control the AIHA, rituximab (4 � 375 mg/m2),

followed by sirolimus were used in both patients, which enabled par-

tial steroid detraction. Twin B, however, continued to suffer attacks

of fever and developed autoinflammatory organ symptoms (poly-

arthritis, IBD-like enteropathy, and erythema nodosum). Anti-IL-1

(Anakinra), and eventually, methotrexate were added to his therapy.

Despite the combined anti-inflammatory treatment, multifocal CNS

vasculitis suddenly manifested with acute hemiparesis and aphasia

due to the CNS hemorrhage at the age of 11 years (Figure 1B). This

life-threatening event prompted the indication of hematopoietic stem

cell transplantation (HSCT) from a matched unrelated donor after a

myeloablative conditioning regimen. The post-transplant course was

complicated by slow immunological reconstitution, reactivation of

cytomegalovirus, adenovirus and EBV requiring prolonged antiviral

therapy and thrombocytopenia corrected by eltrombopag. One year

after HSCT, complete donor chimerism was achieved and no signs of

graft-versus-host disease were present on tapering doses of steroids

and cyclosporine A. Twin A continued to experience attacks of fever

with panniculitis despite combined corticosteroid and sirolimus treat-

ment. Therefore, hydroxychloroquine was added to the therapeutic

regimen, resulting in marked clinical improvement after 1 month,

enabling gradual cessation of corticosteroid therapy. Interestingly, the

patients' mother has a history of polyarthritis and steroid-sensitive

antiphospholipid syndrome.

TLR8 forms a homodimer that undergoes a conformation change

upon ligand binding activating its downstream signaling. The

c.1715G>T mutation leads to a substitution of glycine with valine at

position 572 (p.G572V) in leucine-rich repeat (LRR) 18 in proximity to

the first ligand-binding site25–27 (Figure 1C,D) and could, therefore,

affect the TLR8 activity.

F IGURE 2 The response of patients' cells to diverse TLR8 ligands. Phosphorylation (p-) of NF-κB p65 (Ser536) in monocytes (A) and

production of pro-inflammatory cytokines from PBMCs upon stimulation with chemical TLR8 ligand TL8-506 (25 ng/mL) (B). Production of
proinflammatory cytokines from mother's TLR8-low and TLR8-norm (healthy) cells upon stimulation with chemical TLR8 ligand TL8-506 (C).
Phosphorylation of NF-κB p65 (Ser536) in monocytes (D) and production of pro-inflammatory cytokines from PBMC upon stimulation with TLR8
ligand ssRNA40/Lyovec (5 μg/mL) (E). Production of proinflammatory cytokines from mother's TLR8-low and TLR8-nom (healthy) cells upon
stimulation with TLR8 ligand ssRNA40/Lyovec (F). Data acquired in two (A, B, C, F) and three (D, E) independent experiments, mean ± SEM.
Histograms and dot plots show representative data, the gates indicate positivity for respective cytokine according to unstimulated state, MFI in
numbers. *p < .05, **p < .005 (unpaired t-test) [Color figure can be viewed at wileyonlinelibrary.com]
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Once the wild-type TLR8 (TLR8WT) and mutant TLR8 (TLR8G572V)

were transiently expressed in HEK-Blue TLR7/8-Null cells and stimu-

lated with base analogs TL8-506 and CL075, TLR8G572V showed

increased NF-κB transcriptional activity compared to TLR8WT

(Figure 1E). However, TLR8 protein levels were half that of the

healthy controls in the patients' cells (Figure 1F). An unexpected

observation was made in the mother, whose cells could be separated

into two populations based on TLR8 protein levels; a higher one

(as controls) and a lower one (as the patients), due to random inactiva-

tion of the X chromosome bearing the c.1715G>T mutation

(Figure 1F,G). We speculated that mRNA level or protein stability

could be affected by the mutation. The TLR8 mRNA levels were not

significantly different in sorted monocytes of both twins compared

to healthy controls (Figure 1H). However, upon transient transfection

of TLR8WT and TLR8G572V into HEK293/T cells and stopping the

proteosynthesis with cycloheximide, the mutant TLR8G572V protein was

degraded more rapidly compared to TLR8WT (Figure 1I). Intriguingly, var-

ious TLR8 ligands elicited different responses. Chemical compounds,

such as TL8-506 or CL075, bind only at site 1, enabling strong non-

physiological TLR8 activation.27 Stimulation with TL8-506 increased

phospho- (p-)NF-κB and proinflammatory cytokine production in the

patients' peripheral blood mononuclear cells (PBMCs, Figure 2A,B) and,

consistently, in the mother's TLR8-low monocytes compared to her

TLR8-norm monocytes (Figure 2C). However, ssRNA40 (which better

mimics viral/bacterial RNA and requires two binding sites to physiologi-

cally activate TLR826) did not trigger this hyperactivation (Figure 2D–F).

Moreover, both the patients' and the mother's TLR8-low cells

responded more to TLR7 ligands. We observed increased production of

the proinflammatory cytokines IL-1β, IL-6, and TNFα by the mother's

TLR8-low monocytes (Figure 3A) (similarly by her TLR8-low mDCs,

Figure 3B) as well as enhanced p-NF-κB in the patients' monocytes

(Figure 3C) and cytokine production in the patients' PBMCs

(Figure 3D). Of note, TLR7 gene, and basal TLR7 mRNA/protein levels

were not affected. This suggests that mutant TLR8G572V could impair

the interaction with TLR79,28 and skew the TLR8G572V/TLR7 balance

towards TLR7,9 manifesting as a TLR7-dependent autoinflammatory

phenotype. As expected, transient co-expression of TLR8G572V or

TLR8WT with TLR7 in HEK-Blue TLR8-TLR7+ cells led to attenuation

of TLR7 signaling in TLR8WT-transfected cells,7,9 but not in TLR8G572V-

transfected cells (Figure 3E). Moreover, TLR8G572V cross-reacted to

diverse TLR7 ligands in comparison to TLR8WT in HEK-Blue TLR8-

TLR7- cells (Figure 3F).

The dysregulation of TLR7 and TLR8 is well described in murine

models where TLR8 deficiency causes TLR7-driven autoantibody pro-

duction and glomerulonephritis16; structural studies also showed that

TLR8 mutations near ligand binding site 1 skewed the affinity to TLR7

ligands10; however, little is known about these phenomena in humans. In

this study, the patients presented with a partial TLR8 protein deficiency,

with mutant TLR8G572V that did not impair TLR7 signaling and cross-

responded to diverse TLR7 ligands. This imbalance between mutant

TLR8G572V and TLR7 introduced a bias towards TLR7-dependent pro-

inflammatory signaling. The successful use of hydroxychloroquine in

twin A indirectly supports our findings.

Since TLR8 and TLR7 act in a balance to recognize ssRNA of

external pathogens as well as endogenous ssRNA within immune

complexes,11,12 their imbalance may lead to pathological responses to

microbes and drive autoinflammation. Indeed, both twins suffered

from frequent enteritis and fevers and their AIHA worsened with

infections. We found increased levels of multiple pro-inflammatory

cytokines, type I interferons (Figure 3G), and increased counts of pro-

inflammatory nonclassical monocytes29 in their peripheral blood

(Figure 3H).

4 | DISCUSSION

The disparity in the disease severity between twin A and B is intrigu-

ing. It may be explained by different spectrum of pathogens encoun-

tered by the siblings, which may have revealed diverse autoantigens

driving the severity of autoinflammatory phenomena. Interestingly,

the disturbed recognition of autoantigens (self-nucleic acids) by

endosomal TLRs contributes to the pathogenesis of SLE,11 which may

present with corresponding clinical features to those of our patients

(AIHA, fevers, arthritis, and CNS vasculitis).30 Both twins also had high

plasma levels of autoantibodies, and increased double-negative

TCRαβ+CD4-CD8-T-cells (Table 2), which are associated with auto-

immunity. The development of autoimmunity can be intrinsic and/or

extrinsic. Regulatory T-cells could be affected directly by TLR8 muta-

tion31 or indirectly by an inflammatory environment.32 Moreover, dys-

regulated TLRs can affect the activity of antigen-presenting cells

similar to a murine model of SLE with TLR8 deficiency and thus drive

T-cell proliferation.33 Hypothetically, the activated T-cells might also

include autoreactive clones, which would subsequently activate

autoreactive B-cells. Interestingly, both patients presented with

F IGURE 3 Imbalance in activation induced by TLR7 agonists in patients' cells and cellular models, and inflammatory phenotypes in patients'
peripheral blood. Production of proinflammatory cytokines from mother's TLR8-low and TLR8-norm (healthy) monocytes (A) and mDCs (B) upon
stimulation with TLR7 ligands Imiquimod (10 μg/mL) and GS-9620 (Vesatolimod, 500 nM), or TLR7/8 ligand Gardiquimod (0.5 μg/mL).
Phosphorylation of NF-κB p65 (Ser536) in monocytes (C) and production of pro-inflammatory cytokines from PBMC upon stimulation with TLR7

ligand Imiquimod (10 μg/mL) (D). Impaired inhibitory effect of mutant TLR8G572V on TLR7 signaling compared to TLR8WT. Black asterisks indicate
significance between TLR8WT and mutant TLR8G572V; blue asterisks indicate significance between untransfected cells and TLR8WT-transfected
cells; comparison between untransfected cells and TLR8G572V-transfected cells is in red (E). TLR8G572V gain-of-function upon TLR8 stimulation
(TL8-506) and upon TLR7 stimulation (GS-9620, Imiquimod) (F). Cytokine levels in patients' and controls' peripheral blood plasmas (G). Enriched
nonclassical monocytes (CD45+CD66c-CD13+HLA-DR+IREM-2+CD14dimCD16+) in patients' monocytes pool (H). Data acquired in three
(A, C, D, E, F, G) and two (B, H) independent experiments, mean ± SEM. Histograms, dot plots and WB show representative data. *p < .05,
**p < .005, ***p < .0005, ****p < .0001 (unpaired t-test) [Color figure can be viewed at wileyonlinelibrary.com]
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oligoclonality and expanded clonotypes within their effector T-cells

subsets (Table 1). In summary, we show the first human partial TLR8

protein deficiency, which manifests as complex autoimmune and

autoinflammatory phenotypes. The mutation causes TLR8 cross-

reactivity to TLR7 ligands and leads to dysregulation of TLR8 and

TLR7 responses. Finally, we propose the inclusion of partial TLR8 pro-

tein deficiency with TLR8/TLR7 dysregulation in the classification of

Inborn Errors of Immunity.
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Mutations in the Sterile alpha motif domain containing 9 (SAMD9) gene have been

described in patients with severe multisystem disorder, MIRAGE syndrome, but also in

patients with bone marrow (BM) failure in the absence of other systemic symptoms.

The role of hematopoietic stem cell transplantation (HSCT) in the management of

the disease is still unclear. Here, we present a patient with a novel mutation in

SAMD9 (c.2471 G>A, p.R824Q), manifesting with prominent gastrointestinal tract

involvement and immunodeficiency, but without any sign of adrenal insufficiency typical

for MIRAGE syndrome. He suffered from severe CMV (cytomegalovirus) infection at

3 months of age, with a delayed development of T lymphocyte functional response

against CMV, profound T cell activation, significantly reduced B lymphocyte counts and

impaired lymphocyte proliferative response. Cultured T cells displayed slightly lower

calcium flux and decreased survival. At the age of 6 months, he developed severe

neutropenia requiring G-CSF administration, and despite only mild morphological and

immunophenotypical disturbances in the BM, 78% of the BM cells showed monosomy

7 at the age of 18 months. Surprisingly, T cell proliferation after CD3 stimulation

and apoptosis of the cells normalized during the follow-up, possibly reflecting the

gradual development of monosomy 7. Among other prominent symptoms, he had

difficulty swallowing, requiring percutaneous endoscopic gastrostomy (PEG), frequent

gastrointestinal infections, and perianal erosions. He suffered from repeated infections

and periodic recurring fevers with the elevation of inflammatory markers. At 26 months
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of age, he underwent HSCT that significantly improved hematological and immunological

laboratory parameters. Nevertheless, he continued to suffer from other conditions,

and subsequently, he died at day 440 post-transplant due to sepsis. Pathogenicity

of this novel SAMD9 mutation was confirmed experimentally. Expression of mutant

SAMD9 caused a significant decrease in proliferation and increase in cell death of the

transfected cells.

Conclusion: We describe a novel SAMD9 mutation in a patient with prominent

gastrointestinal and immunological symptoms but without adrenal hypoplasia. Thus,

SAMD9 mutations should be considered as cause of enteropathy in pediatric patients.

The insufficient therapeutic outcome of transplantation further questions the role of HSCT

in the management of patients with SAMD9 mutations and multisystem involvement.

Keywords: SAMD9, MIRAGE, immunodeficiency, neutropenia, cytomegalovirus infection, dysphagia,

hematopoietic stem cell transplantation, gastrointestinal disorder

BACKGROUND

In 2016, Narumi et al. (1) reported mutations in Sterile
alpha motif domain-containing protein 9 (SAMD9) in 11
patients examined primarily for adrenal hypoplasia. Most of
the patients shared strikingly similar phenotypes, and thus,
a novel multisystem disorder, MIRAGE (myelodysplasia,
infection, restriction of growth, adrenal hypoplasia, genital
phenotypes, and enteropathy) syndrome, was defined.
Two patients from the cohort developed myelodysplastic
syndrome (MDS) accompanied by loss of the chromosome
7 carrying the SAMD9 mutation. In 2017, Buonocore et al.
(2) found similar de-novo, heterozygous SAMD9 mutations
in 8 children with a complex multisystem growth restriction
phenotype. Adrenal insufficiency was frequently but not
constantly present.

The appropriate treatment of the patients with SAMD9
mutations is not currently known. Fourteen of 19 patients from
the first two studies died, mostly due to severe infections, in
first 2 years of age. Two patients from the surviving group
developed MDS with monosomy 7 and received hematopoietic
stem cell transplantation (HSCT). Monosomy 7, deletions
of 7q or secondary somatic loss of function mutation in
SAMD9 frequently developed as a compensatory mechanism
for the mutated allele, which rescued the growth-restricting
effect of the SAMD9 mutation, but it could lead to MDS in
some of the patients. Schwarz reported a germline SAMD9
mutation in three siblings with MDS and monosomy 7.
Interestingly, the patients had an otherwise mild phenotype
with no signs of MIRAGE syndrome except for hypospadia
and bifid scrotum in one boy, and even had an asymptomatic
mother carrying the same mutation (3). Bluteau et al.
found 6 patients with mutated SAMD9 and 10 patients
with a mutation in SAMD9 counterpart SAMD9L (4) in a
cohort of 86 patients with BM failure of suspected inherited
origin (5). The patients presented with mild BM failure
and monosomy 7, and only one presented typical signs of
MIRAGE syndrome.

CASE PRESENTATION

We describe the case of a Caucasian boy from the 4th gravidity
of healthy, non-consanguineous parents. In the first month after
a preterm birth (32 weeks and 3 days of pregnancy, weight
1,450 g), he manifested with bilateral bronchopneumonia and
hepatopathy that progressed to septicemia with bradycardia and
respiratory failure requiring ventilation support. Generalized
primary cytomegalus virus (CMV) infection was confirmed
at the age of 3 months. His health status was complicated
by bilateral pneumonia followed by respiratory distress that
demanded ventilation support complicated by disseminated
intravascular coagulation and septic shock. A 6-week treatment
with ganciclovir was introduced. Antimycotic treatment was
introduced for suspected aspergillus infection. A huge persisting
cutaneous defect in the gluteal region with uretroscrotal fistula
was present from the secondmonth of age complicated by scrotal
abscess at the age of 5 months.

He suffered from recurrent upper respiratory tract infections
but also sepsis of unknown origin with high fever, and high
C-reactive protein (CRP) responding to antibiotic treatment.
From the age of 14 months, he had recurring pneumonia with
respiratory distress and septicemia at the age of 18 months.
Recurrent oral, nasal and urethral candidiasis were confirmed.

Gastrointestinal Involvement
Because of hypoproteinic malnutrition, failure to thrive and
inability to swallow presumably caused by frequent vomiting,
percutaneous endoscopic gastrostomy (PEG) was introduced at
the age of 5 months. PEG tube management was complicated
by extensive leakage. He suffered from sublingual erosions,
diarrhea, recurrent proctocolitis with intestinal bleeding, and
chronic perianal erosions. Hemorrhagic proctocolitis caused by
Pseudomonas aeuruginosa with septicemia manifested at the
age of 13 months. Severe Clostridium difficile gastroenteritis
demanding intensive care manifested at the age of 23 months.
Gastroscopy and colonoscopy at 18 months of age did not
reveal any significant disturbances. Histologic evaluation of the
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duodenal mucosa showed a mild deficit of disaccharides and
other enzymes of the brush-border and mild chronic non-
active enteritis.

Hematopoietic System Involvement
Immediately after birth, the patient presented with transient
thrombocytopenia and anemia (Figure 1A). From 6 months of
age, he had significant neutropenia with absolute neutrophil
count (ANC) < 0.5 × 109/l. Granulocyte colony stimulating
factor G-CSF was introduced at the age of 19 months. BM
evaluation at 18 months of age revealed normocellularity with
reduced myeloid lineage (31%) with gradual maturation and
increased erythroid lineage (48%); megakaryocytes were in the
normal range, and atypical cells were not documented.

Other Symptoms
Hypospadia, micropenis, central hypotonic syndrome,
pseudobulbar syndrome, psychomotor retardation, and mild
orofacial stigmatization with macroglossia and hypomimia
were documented.

HSCT
The patient was indicated for HSCT for unspecified primary
immunodeficiency with severe infections, neutropenia and lack
of B-cells at the age of 26months. Conditioning regimen included
busulfan targeted to plasma concentrations of 500–700 ng/mL
from days−5 to−2, fludarabine 40 mg/m2/day from days−6
to−3 and alemtuzumab in total dose 1 mg/kg from days−8 to−6.
Graft-vs.-host (GVHD) prophylaxis administered from day−1
consisted of cyclosporine A (CsA) and mycophenolate mofetil
(MMF). Plasmapheresis was performed for high titers of anti-
A antibodies in the situation of ABO incompatibility on days
−10, −9, −8, and on day 0. He received a BM graft from his
HLA identical older brother (2.6 × 108 nucleated cells/kg, 5.6
× 106 of CD34pos cells). Neutrophil engraftment defined as
the first of 3 days with ANC above 0.5 × 109/l was achieved
on day +18, thrombocyte engraftment (the thrombocytes count
above 20 × 106/l without transfusion in previous 7 days) on
day+33, respectively. Complete donor chimerism (>98% donor
cells) in non-separated peripheral blood (PB) evaluated by PCR
amplification of themicrosatellite markers was documented from
day +21. The early post-transplant period was complicated by
mucositis grade III, febrile neutropenia and CMV reactivation
on day +20 with good response to ganciclovir therapy. He was
discharged on day +42, without signs of acute GVHD, with
diarrhea, vomiting and inability to swallow, persisting from the
pre-transplant period.

MMF was stopped on day +60, CsA on day +164.
Recurrent febrile states with elevation of inflammatory
markers, vomiting and abdominal pain started again from
day +270. Gastroduodenoscopy and colonoscopy performed
for suspicion of pseudo obstruction showed no pathology. In
contrast with an unsatisfactory clinical condition, absolute
numbers of CD3+ T cells, CD19+ B cells and CD3+CD16+56+
NK cells and proliferative response to phytohemagglutinin
were comparable to controls 1 year after SCT. Serum
concentrations of IgG, IgA, IgM were in the normal ranges

on continuous treatment with IVIG, and BM evaluation showed
normocellular trilineage hematopoiesis. On day +440, he
developed sepsis with hemoculture positive for Streptococcus
salivarius and rapid progression to septic shock and despite
antibacterial treatment and intensive care he died from multiple
organ failure.

CLINICAL AND LABORATORY
INVESTIGATIONS

Genetic Analysis
The cytogenetic evaluation performed from PB at 5 months of
age did not reveal any structural or numerical abnormality, and
retrospective FISH evaluation using CEP7 probe did not reveal
monosomy 7. Whole-genome SNP array and FISH analysis from
BM sample taken at 18 months of age found monosomy 7 in
78.5% of interphase nuclei.

Whole-exome sequencing analysis was performed at 18
months of age. Mutations in the genes causing congenital
neutropenia were excluded, as well as variants in genes causing
dyskeratosis congenita, because Hoyeraal Hreidarsson syndrome
was considered. No other potentially causative variants were
found using the virtual panel of genes associated with bone
marrow failure or immunodeficiency. After publication of the
SAMD9 patient cohort in 2016, the data were reanalyzed, and
a novel, previously unreported de-novo heterozygous mutation
in the SAMD9 gene (c.2471 G>A, p.R824Q) was reported.
Although this change is predicted as tolerated by SIFT (6) and
benign by PolyPhen2 (7), with a CADD (8) score of 15.2, the
residue is located near previously reported mutations p.K821M
(9) and p.N834Y (1), and the mutation was not found in the
ExAC or gnomAD population databases (10).

Immunological Evaluation and Functional
Testing
The results of immunological testing during the course of the
disease are summarized in Figure 1B. Flow cytometry (FC)
determination (first performed at the age of 5 months) of major
lymphocyte subsets did not provide conclusive results. CD3 cells
were overrepresented; their percentages fluctuated from 87 to
96% (ref. range 39–77%), absolute CD3 cell numbers from 2.99
to 9.88 109/l (ref. range 2.4–6.9 109/l). CD4 cell numbers were
normal: 21–42% (ref. range 25–50%), absolute number 1.34–2.28
109/l (ref. range 1.04–5.10 109/l). CD8+ cells were abundant:
47–69% (ref. range 13–26%), absolute number 1.62–7.49 109/l
(ref. range 0.6–2.2 109/l). CD19+ cells were markedly decreased
with repeatedly estimated representation of 2% (ref. range 13–
35%), absolute number 0.07–0.22 109/l (ref. range 0.7–2.5 109/l).
CD4/C8 ratio varied between 0.30 to 0.83 (ref 0.7–3.08) NK cell
(CD16/56+CD3-) numbers were normal: from 7 to 11% (ref.
range 2–13%), abs number 0.76–0.38 (ref range 0.7–1.0 109/l).

Levels of immunoglobulins were elevated (IgG 10.6 g/l, IgM
7.1 g/l, IgA level was within ref. range: 0.204 g/l). Thereafter, IgG
and IgA levels remained within normal levels, IgM decreased
to 3.25 g/l. IgE: was repeatedly <17 UI/ml. Total hemolytic
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FIGURE 1 | (A) The results of hematological testing and infectious diseases during the course of the disease. (B) The results of immunological testing during the

course of the disease. BM, bone marrow; CMV, cytomegalovirus; IFNg, interferon gamma; SCT, hematopoietic stem cell transplantation.

complement (CH 50) and granulocyte function test (“burst test)
results were normal.

Detailed FC evaluation at 7 months of age revealed increased
proportion of T cells, with profound activation of CD8T
cells (HLA-DR+ 72%) and shift from naive (6%) to effector
memory phenotype (77%). This was presumably in response
to persistently present CMV viremia. However, no functionally
responding CMV specific T cells were detected. Minor response
restricted to CD8+ IFNg+ producing cell was detected at
8.5 months of age that did not lead to CMV control. CMV
reactivation control was restored only at one year of age (PCR
CMV negativity). Retrospective analysis of neonatal dry blood
spot did not reveal any presence of CMV.

Lymphocyte proliferation in response to phytohemagglutinin
(PHA) using 3H-Thymidine incorporation was repeatedly found
reduced between 5 and 14 months of age. At 7 months of
age, activated T-cell cultures were established by stimulating
PBMCs with immobilized anti-CD3ε antibody followed by
propagation in the presence of IL-2. These cultures displayed
reduced viability, accompanied by the lack of anti-apoptotic Bcl-
2 protein expression (Figures 2A,B). Upon CD3 re-stimulation,
they showed slightly decreased calcium flux (Figure 2C),
while no difference in overall tyrosine phosphorylation after
TCR stimulation was observed (data not shown). However,

examination of activated T-cell cultures newly established 6
months later (coincident with CMV control) revealed normal
level of apoptosis, normal cell proliferation and Bcl-2 expression
comparable to controls (data not shown).

Neither T-cell receptor excision (TREC) nor kappa-deleting
element excision (KREC) circle levels were decreased at 5 months
of age in PB, but at 17 months of age, the KREC numbers
were decreased to the levels observed in SCID patients, and
TREC levels were reduced below the 3rd percentile of age-
matched controls.

FUNCTIONAL EVALUATION OF SAMD9

MUTATION

Transient ectopic expression of wt SAMD9 resulted in a
significant decrease in proliferation of the transfected cells.
The impact of mutant SAMD9 was even more profound
resulting in a dramatic drop in the number of proliferating
cells (Figure 3A). Expression of SAMD9 (both wt and mutant)
also caused an increase in apoptosis. Interestingly, mutant
SAMD9 induced primary necrosis of the cultured cells further
demonstrating the gain-of-function impact of p.R824Q on
SAMD9 (Figure 3B).
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FIGURE 2 | (A) T-cell culture viability determined by flow cytometry. Live cells were gated based on propidium iodide and forward scatter signals. (B) Western blot

analysis of Bcl-2 and Bcl-xL expression in T cells after 2, 3, and 5 weeks of culture. Ctrl, control, Pt, patient. (C) Flow cytometry analysis of T-cell calcium response to

activation with 1 and 100µg/ml anti-CD3ε antibody. The arrow indicates the time point when antibody was added to the sample.
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FIGURE 3 | Analysis of proliferation (A), cell death (B) of HEK293T cells

transfected with wt SAMD9-GFP, mutant SAMD9-GFP or empty GFP-positive

control expression vector. Representative data are shown with results depicted

as a fraction of GFP+ cells. Statistical significance: (*P ≤ 0.05; **P ≤ 0.001;

***P ≤ 0.0001).

DISCUSSION

In concordance with previously published cases (1, 2), our patient
was delivered preterm and seriously ill in the neonatal period
and needed intensive care. He showed genital anomalies, and
he suffered from recurrent infections and chronic diarrhea.
Thus, his phenotype was consistent with MIRAGE syndrome
apart from the adrenal insufficiency, the sign that defined the
original published cohort. Buonocore et al. reported severe
adrenal insufficiency in 6 patients, while mild and no adrenal
involvement were reported in the remaining two patients
(2). Our patient repeatedly suffered from hyponatremia, but
hyperpigmentation of the skin was not observed, and cortisol
levels were only found decreased in one of three evaluations.

One of the two dominant clinical features in our patient
were the inability to swallow, requiring PEG feeding, and
chronic vomiting, symptoms which have not been highlighted as
diagnostic signs so far. However, case presentations in the cohort
of Narumi et al. reveal that at least four of 11 patients required
feeding tubes, and one had a gastrostomy tube due to aspiration
pneumonias, esophageal stricture, or achalasia. Also the two
patients reported recently by Sarthy et al. had enteral feeding
intolerance (9). Thus, SAMD9 mutations should be considered
in cases of unexplained disturbances of the upper gastrointestinal

tract. His other gastrointestinal symptoms included chronic
diarrhea, which is a common symptom in MIRAGE syndrome
[reported in 9 of 11 patients in the original cohort (1)].

The second dominant clinical feature was severe neutropenia
requiring the administration of G-CSF. One of the three siblings
reported by Schwartz et al. manifested with severe neutropenia,
but it was associated with macrocytosis, thrombocytopenia and
hypocellularity and trilineage dysplasia with 1% blasts in the
BM. In our patient, BM aspiration performed at 18 months
was without signs of myelodysplasia, only with reduction in
the myeloid lineage. Thus, congenital neutropenia was primarily
considered at that time. Monosomy 7 was revealed incidentally
by SNP array, and retrospective evaluation of BM by FISH
revealed monosomy 7 in the 78.5% of nuclei.

The complex immunodeficiency complications in our patient
are in good accordance with manifestation of patients described
by Narumi et al. where all 7 described patients were prone
to complicated or recurrent infections, including episodes
of pneumonia; one described patient suffered from severe
CMV infection as well. In another patient, recurrent fever
with high CRP was reported. Bluteau et al. reported severe
recurrent infections in 4/6 patients with SAMD9 mutation (5).
Despite clinically manifested immunodeficiency since birth, the
laboratory immunological investigation did not show any gross
abnormality. Examination of the lymphocyte subsets revealed
decreased B lymphocytes, and the lymphocyte proliferation
test showed decreased response after PHA stimulation. This
finding is consistent with the previous observation by Narumi
et al. that showed decreased numbers of B lymphocytes and
decreased NK activity in several patients. Bluteau et al. reported
immunoglobulin deficiency in 2/6 patients (5). The most
prominent sign of immunodeficiency in our patient was non-
responsiveness of T lymphocytes to CMV despite severe CMV
infection in the early infancy period.

SAMD9 acts as a growth repressor, and SAMD9mutations are
considered gain-of function mutations, thus, further intensifying
the growth suppression. The p.R824Q mutation present in our
patient was predicted as benign by two prediction tools. However,
neither PolyPhen2 (7) nor SIFT (6) tools are adjusted for gain-
of-function predictions and, thus, should be used with caution
(11). Growth of HEK293 cells transfected with SAMD9 mutants
was profoundly restricted in several studies (1, 9, 12). The
cells transfected with the p.R824Q mutant showed a significant
growth restriction as well. Interestingly, we also observed an
increase in cell death of the cultured cells. The involvement of
SAMD9 in cell death has already been predicted (13). During the
initial evaluation of our patient, we observed a reduced growth,
higher rate of apoptosis of cultured T lymphocytes together with
the lack of Bcl-2 expression. However, this observation was not
confirmed during repeated evaluation after 6 months. We can
speculate that the renewal of the proliferation capacity could have
been caused by the gradual emergence of cells with compensatory
loss of chromosome 7, as observed in other studies (2).

The role of HSCT in the management of patients with
SAMD9 mutations is not entirely clear. To our knowledge, 14
transplanted patients with SAMD9 mutation have been reported
so far, including our patient. One patient from the cohort of
Narumi et al. (1) was transplanted due to MDS, but died due
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to Epstein-Barr virus-related post-transplant lymphoproliferative
disorder. The only 2 surviving patients from the cohort described
by Buonocore et al. (2) were also transplanted due to MDS.
However, these patients had the mildest phenotype, with only
fewer syndromic features, compared to the rest of the patients.
This was also the case of three other reported patients (3,
14) who survived after HSCT. Wilson et al. retrospectively
identified a SAMD9 mutation in a patient with MIRAGE
phenotype after HSCT due to MDS. The patient survived more
than 10 years after transplant but suffered from multiple other
medical issues related to syndromic features (12). Bluteau et al.
reported four transplanted patients, of whom three survived
without major complication, while the only one patient with
MIRAGE phenotype died. Interestingly, 11 of 13 patients with
SAMD9 or SAMD9L mutations, who were not transplanted
immediately, showed spontaneous improvement in blood cell
counts, and HSCT was even canceled in 5 of them with no
impact on survival (5). Recently, Sarthy et al. reported two
patients with SAMD9mutations and severe MIRAGE phenotype
transplanted due to BM failure, who both died after HSCT
due to multiorgan complications connected with the syndrome
(9). This was also the case of our patient, who tolerated
relatively well the transplantation procedure and successfully
restored hematopoiesis, but died 14 months after HSCT due
to worsening of his other symptoms. Taken together, 5 of
6 reported patients with the MIRAGE phenotype died after
SCT, while all 9 reported patients without severe syndromic
features survived. These results show that in patients with
the MIRAGE phenotype, the transplantation management is
rarely successful due to accompanying multiorgan issues. BM
disturbances can show spontaneous improvement, including the
disappearance of monosomy 7. Thus, a watch and wait strategy
should be an option for both syndromic and non-syndromic
patients. However, their treatment must be managed by primary
immunodeficiency centers with access to intensive care units with
multidisciplinary teams.

In conclusion, we report the case of a patient with novel
mutation in SAMD9 with severe gastrointestinal involvement,
neutropenia and immunodeficiency, underscoring the role of
SAMD9 in the differential diagnosis of patients with these
symptoms. We further question the role of HSCT in the
management of the disease.

METHODS

The detailed descriptions of CMV response detection (15),
activated T-cell culture (16), cell viability, BCL-2 expression,

calcium response (16), TREC/KREC analysis, and of the
functional assessment of SAMD9 mutation in-vitro are
available in the Supplementary File (17–19).
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Novel SAMD9 mutation in a patient with immunodeficiency, neutropenia, 

impaired anti-CMV response and severe gastrointestinal involvement  

Supplementary Methods 

 

CMV response 

CMV-specific T cell-response was detected by intracellular cytokine staining using flow 

cytometry after ex vivo stimulation with CMV antigen as described in detail previously.1 

Activated T cell culture 

Peripheral blood mononuclear cells (PBMC) prepared after Ficoll-Paque density 

centrifugation of 1 ml blood were activated by immobilized anti-CD3ε antibody MEM-572 in 

the presence of 50 µ/ml IL-2 (Proleukin, Novartis) in RPMI/FCS. After 2 days, the cells were 

removed from the antibody and propagated in RPMI/FCS and 50 µ/ml IL-2. 

Cell viability analysis 

Cells were stained with 0.5 µg/ml propidium iodide (Thermo Fisher Scientific) in PBS and 

directly analyzed by flow cytometry. 

BCL-2 expression 

In total, 5 × 106 cells were lysed in 0.2 ml SDS-PAGE sample buffer. The lysates were 

sonicated for 10 s, and Bcl-2 and Bcl-XL content was analyzed by immunoblotting with 

respective antibodies (Cell Signaling Technology). 

Calcium response 

In total, 5 × 106 cells were loaded with 1 µg Fluo-4 calcium sensing dye (Molecular Probes, 

Thermo Fisher Scientific) in 0.5 ml RPMI/FCS for 30 min at 37°C. Cells were washed, 

stimulated with varying concentrations of MEM-92 (IgM antibody to CD3ε3) and the 

florescence was continuously measured by flow cytometry for 5 min. 

The analysis of T-cell receptor excision circles (TRECs) and kappa-deleting excision circles 

(KRECs) 

PCR-based quantification of TREC and KREC levels from the PB was performed as described 

previously.4,5 

Functional assessment of SAMD9 mutation 

The c.2471 G>A mutation was introduced into pCMV6-AC-GFP vector expressing GFP-tagged 

wild-type SAMD9 cDNA (RG219076; Origine) by site-directed mutagenesis. Mycoplasma-



negative HEK293T cells (DSMZ) were transfected with wt SAMD9-GFP, mutant SAMD9-GFP 

or empty GFP-positive control expression vector using polyethylenimine. The GFP+ cells 

were analyzed by proliferation (after 48 and 96 hours) or apoptosis assay (after 96 hours). 

Experiments were performed in two biological replicates. 

Proliferation assay  

Transfected HEK293T cells were cultured for 1.5 hours with 10 μM EdU (Click-iT® Plus EdU 

Flow Cytometry Kit, Thermo Fisher Scientific), harvested, spun down, and fixed using 10% 

formaldehyde (Thermo Fisher Scientific) for 10 min at room temperature. Fixed cells were 

permeabilized using 0.1% Triton X-100 (Thermo Fisher Scientific) for 15 min at 37°C, washed 

with 1% bovine serum albumin in PBS, spun down and stained with Alexa Fluor 647 picolyl 

azide for 30 min at room temperature according to manufacturer’s protocol. Finally, staining 

with DNA intercalator 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific) was 

performed for 30 min at 4°C, the cell were washed with PBS and measured on BD LSRII flow 

cytometer. EdU positivity was determined using FlowJo software (BD Biosciences). 

Apoptosis assay 

Transfected HEK293T cells were harvested, spun down and resuspended in Annexin 

V Binding Buffer (Exbio). The cells were stained with Annexin V-Dyomics 647 (Exbio) and 

DAPI for 30 minutes in the dark on ice. The samples were washed with Annexin V Binding 

Buffer and measured on BD FACS Celesta flow cytometer. Fractions of Annexin V+ apoptotic 

cells (Annexin V+ DAPI- (early apoptosis) and Annexin V+ DAPI+ (late apoptosis/secondary 

necrosis)), and Annexin V- DAPI+ primary necrotic cells were determined using FlowJo 

software (BD Biosciences). 

Statistical analysis 

Data from proliferation and apoptosis assays were analyzed using Prism 7 (GraphPad 

Software, La Jolla, USA). Differences between wt SAMD9, mutant SAMD9 and control cells 

were compared using 1-way ANOVA with Bonferoni´s multiple comparison posttest.   
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Novel XIAP mutation causing enhanced
spontaneous apoptosis and disturbed
NOD2 signalling in a patient with atypical
adult-onset Crohn’s disease
Zuzana Parackova1, Tomas Milota1, Petra Vrabcova1, Jitka Smetanova1, Michael Svaton2, Tomas Freiberger 3,4,
Veronika Kanderova2 and Anna Sediva1

Abstract
X-linked inhibitor of apoptosis (XIAP) is the most potent human inhibitor of apoptosis, and is also involved in NOD2-
dependent NFκB and MAPK signalling cascade activation. The absence or defective function of XIAP leads to the
development of a rare and severe primary immunodeficiency known as X-linked lymphoproliferative syndrome type 2
(XLP-2), which is characterized by a triad of clinical manifestations, including a high incidence of haemophagocytic
lymphohistiocytosis (HLH), lymphoproliferation and inflammatory bowel disease (IBD), usually with very early onset.
Here, we present a novel XIAP mutation identified in a patient with atypical adult-onset IBD complicated by relapsing
HLH, splenomegaly and sarcoid-like disease. The c.266delA mutation in the XIAP gene creates a premature stop codon,
and causes a severe reduction in XIAP protein expression. The mutation is also associated with impaired spontaneous
and staurosporine- and PMA-induced apoptosis accompanied by significantly increased expression of pro-apoptotic
genes. We also confirmed the negative impact of this particular XIAP mutation on NOD2-dependent NFκB and MAPK
activation, while NOD2-independent activation was found to be unaffected. Moreover, we assume that the mutation
has an impact on the overproduction of IL-12 and IFNγ, the shift towards the Th1 immune response and increased
numbers of central memory and effector memory CD4+ and CD8+ T cells. All these changes contribute to immune
dysregulation and the clinical manifestation of XLP-2.

Introduction
X-linked inhibitor of apoptosis (XIAP) or baculoviral

IAP repeat-containing protein 4 (BIRC4), localized on the
X chromosome, is a part of human IAP family. The
protein consists of three different domains: (1) three
baculoviral IAP repeat (BIR) domains, which are char-
acteristic of all IAPs, (2) UBA domains that allow binding

to ubiquitin and (3) a zinc-binding domain C-terminal
RING finger domain, which is associated with E3 ubi-
quitin ligase activity1.
One of the major roles of XIAP is the prevention of

apoptotic cell death, which is achieved by binding and
inhibiting the activity of caspases 3, 7 and 92. In addition to
its anti-apoptotic functions, XIAP is also involved in other
signalling pathways and cellular responses, mostly because
of the ubiquitylation activity through its RING domain3,4.
XIAP is involved in intracellular pattern-recognition
receptor signalling that senses peptidoglycan products,
NOD1 and 25, leading to NFκB and mitogen-activated
protein kinase (MAPK) cascade activation6–8. In mouse
and human models, the absence of XIAP leads to defective
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secretion of proinflammatory cytokines after stimulation
with NOD ligands9,10. Interestingly, NOD2 was the first
identified susceptibility gene for Crohn’s disease (CD), a
typical condition associated with XIAP deficiency11.
XIAP deficiency is a rare primary immunodeficiency,

also known as X-linked lymphoproliferative syndrome
type 2 (XLP-2), caused by mutations in the XIAP (BIRC4)
gene. The estimated incidence is 1–2 cases per million of
live-born children. Nevertheless, the real prevalence
seems to be higher as the diagnosis of XIAP deficiency
may be overlooked or misclassified. Current assessments
suggest that up to 4% of early-onset IBD may represent
XIAP-deficient patients12.
Disease onset usually manifests in the first few years of

life, and is characterized by a key triad of clinical symptoms
consistent with a high incidence of haemophagocytic
lymphohistiocytosis (HLH), often triggered by
Epstein–Barr (EBV) infections, and characterized by sple-
nomegaly and inflammatory bowel disease (IBD), particu-
larly with features of CD13. HLH is a life-threatening
condition characterized by hyperinflammation, in which
activated T lymphocytes and macrophages accumulate in
organs, and produce and induce massive production of
proinflammatory cytokines, particularly IFNγ14, resulting
in tissue damage and multiorgan failure that typically
affects the liver and bone marrow15. IBD in XIAP-deficient
patients usually presents with very early onset16; however,
adult onset has also been described17, and is characterized
by a complicated course, necessity of extensive surgical
procedures and unresponsiveness to standard treatment,
including biological treatment. These patients have also
significantly increased mortality rate, dying within a few
years upon manifestation or diagnosis of IBD18. In com-
parison with XLP-1, hypogammaglobulinaemia may
accompany XIAP deficiency; however, it is less frequent.
Moreover, no lymphoma has been reported, which
approximately 30% of XLP-1 patients develop. On the
other hand, XLP-1 does not present with higher risk of
IBD19. Currently, haematopoietic stem cell transplantation
is the only causal therapy of XLP-2, although attempts to
develop targeted gene therapy seem to be promising20.
Here, we report a novel XLP-2-causing mutation in the

XIAP BIR1 domain, leading to a premature stop codon
and a loss of protein expression, which results in impaired
lymphocyte apoptosis and NOD2-dependent signalling
with clinical manifestations that include a complicated
course of IBD, unresponsiveness to standard treatment,
including biologics (infliximab and vedolizumab) and
relapsing HLH.

Results
Case report
A 32-year-old patient was born to non-consanguineous

Caucasian parents. The patient presented without any

health complications or abnormalities during the prenatal,
perinatal and postnatal periods, and was diagnosed at 17
years of age with CD based on the clinical presentation
and histological verification, which revealed nonspecific
granulation tissue composed of multinucleated giant cells
and lymphocytic infiltration in the submucosa of the
colon. Complex examination, including ultrasonography
of the abdomen, also revealed splenomegaly. Standard
therapy with chimeric monoclonal anti-TNFα antibody
(infliximab) at a standard dose of 5 mg/kg was initiated.
However, the course of the CD was complicated by the
development of an intra-abdominal abscess compressing
the bladder, which required surgical intervention. Then,
the biological therapy was switched to fully human
monoclonal anti-TNFα (adalimumab), which successfully
led to CD remission. Three years later (at the age of 20),
the patient was admitted to the hospital for fever, eleva-
tion of inflammatory markers (including C-reactive pro-
tein), progressive splenomegaly, anaemia, leukocytopenia
and decreased platelet count. Further testing revealed
hypertriglyceridaemia, elevated transaminases and
increased serum concentrations of ferritin. The results
from extensive infectious diagnostic work identified the
EBV as a possible trigger. The evaluation of bone marrow
biopsy samples confirmed the suspicion of HLH. Thus,
according to the Histocyte Society standards, the HLH
diagnostic criteria were fulfilled, and adequate therapy
started with a high-dose corticosteroid regimen (1000mg
of Solu-Medrol per day) for 3 consecutive days and
intravenously administered cyclosporine at a dosage of
2 mg/kg/day, which led to normalization of the blood
count values and inflammatory marker, liver transami-
nase, triglyceride and ferritin levels (Supplementary Table
1 and Table 1). Later, the therapy was switched to peroral
corticosteroids and cyclosporin as long-term maintenance
therapy. Despite this effort, HLH relapse occurred 4 years
later (at the age of 24), and no infection or any other
trigger was identified. Moreover, the patient developed
mediastinal lymphadenopathy, histologically verified as
epithelioid granuloma with images indicative of a sarcoid-
like disease. Clinical manifestations and therapy are illu-
strated in Supplementary Fig. 1A. Suspicions about the
primary aetiology arose despite the patient’s age, and
genetic testing was indicated. WES was performed
because of the broad differential diagnosis of HLH and
monogenic causes of CD, and the results revealed a novel
c.266delA mutation in the XIAP (BIRC4) gene. This
finding was subsequently confirmed by Sanger sequencing
(Fig. 1a). Further genetic counselling with the patient’s
family members revealed that the patient’s mother as a
healthy carrier and two healthy siblings were without the
mutation (Fig. 1b). When we searched the patient′s ped-
igree, we also identified the mother’s brother as a poten-
tially affected family member who died of severe
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infection-induced sepsis accompanied by splenomegaly
and lymphadenopathy (major symptoms of HLH); how-
ever, biological material was not available for genetic
testing to confirm the diagnosis or the cause of death.

Novel c.266delA mutation leads to a premature stop
codon and loss of function of the XIAP molecule
A novel c.266delA frameshift mutation in the XIAP

gene of the patient, leading to a premature stop codon
after the translation of 41 amino acids (p. Asn89fs*41),
was detected by whole-exome sequencing (WES) and
confirmed by Sanger sequencing (Fig. 1a). The mother of
the patient was confirmed to be a healthy heterozygous
carrier (Fig. 1b). The mutation is in the first BIR domain
of the protein, as shown in the scheme of the XIAP
protein in Fig. 1c. The results from a Western blot ana-
lysis showed no XIAP expression in the patient PBMCs
and reduced expression of XIAP in the mother’s samples
compared with healthy donors (Fig. 1d). We also observed
reduced expression of the housekeeping protein β-actin, a
finding in agreement with a previously reported role of
XIAP in cytoskeleton regulation with reduced β-actin
expression21. Expression of HSP90 and tubulin, additional

housekeeping proteins, was comparable to controls
(Supplementary Fig. 1E).

XIAP LOF mutation results in augmented apoptosis
As XIAP is an important molecule in apoptosis reg-

ulation, we decided to verify the XIAP LOF by analyzing
spontaneous as well as induced apoptosis by staur-
osporine and PMA. We measured the activation of
caspase-3 and -7 with a FAM-FLICA caspase-3,7 assay kit,
and noticed elevated numbers of CD3 lymphocytes that
were positive for activated caspase-3 and -7 in patient
samples. Not only was staurosporine and PMA-induced
apoptosis, but also spontaneous apoptosis was markedly
enhanced in the patient’s T lymphocytes (Fig. 2a, b). The
augmented spontaneous apoptosis was confirmed by
Annexin V and DAPI staining, verifying the results of the
FLICA experiments (Fig. 2c, d).
In addition, we analyzed the expression of pro-apoptotic

(BAX and BAK) and anti-apoptotic (Bcl2) genes. The ratio
of BAK/Bcl2 and BAX/Bcl2 was highly increased in both
induced and spontaneous apoptotic patient cells (Fig. 3a).
Interestingly, the genes involved in caspase-independent
apoptosis, ENDOG and AIMF1, were reduced in the
samples (Fig. 3b). When a caspase inhibitor Z-VAD-FMK
was applied, both patient and control samples displayed
reduced apoptosis (Supplementary Fig. 2A, B). These
observations suggest an enhanced caspase-dependent
apoptosis. To test whether there was a compensatory
mechanism critical for defective XIAP expression, we
analyzed the presence of the BIRC2 (cIAP) gene in patient
cells. However, we did not observe enhanced compensa-
tory cIAP expression in patient cells compared with
healthy controls (Fig. 3c).

XIAP LOF abrogates NOD2 signalling
Moreover, XIAP is involved in NOD2 signalling; hence,

we investigated whether the pathway was affected. Sti-
mulation of NOD2 with muramyl dipeptide (MDP) leads
to activation of NFκB and MAPK. We focused on the
phosphorylation of the MAP kinases p38 and Erk (Fig. 4a),
and observed diminished levels of kinase phosphorylation
in response to MDP in patient monocytes detected by
flow cytometry. Western blot analysis of MAPK activation
confirmed this assessment (Fig. 4b). Furthermore, we
examined the NFκB pathway activation after MDP sti-
mulation, expressed as IκB (inhibitor of κB) degradation,
and NFκB phosphorylation by flow cytometry and Wes-
tern blot. Degradation of IκB leads to NFκB activation and
its translocation to the nucleus. As anticipated, we
detected neither inhibited IκB degradation in the patient’s
samples (Fig. 4c, d) nor NFκB phosphorylation in
response to MDP stimulation. However, the patient’s cells
were able to phosphorylate MAPKs, as well as activate the
NFκB pathway in response to PMA or TNFα stimulation

Table 1 Laboratory values of the patient samples.

Immunology Patient’s values Referential value

IgG (g/l) 13.00 7.65–13.60

IgG1 (g/l) 7.13 4.9–11.4

IgG2 (g/l) 4.13 1.50–6.40

IgG3 (g/l) 0.316 0.2–1.1

IgG4 (g/l) 0.342 0.08–1.4

IgA (g/l) 2.03 0.91–2.9

IgM (g/l) ↓ 0.38 0.47–1.95

IgE (IU/ml) ↑2.161 0–150

C3 (g/l) 0.98 0.83–2.25

C4 (g/l) 0.22 0.14–0.35

Tetanus (IU/ml) 1.01 0.1

Haemphilus (IU/ml) 9.00 6.00

ANA neg –

ANCA pos (p-ANCA) –

RF IgG (IU/ml) 4.4 0–22

RF IgA (IU/ml) 2.3 0–22

RF IgM (IU/ml) 2.7 0–22

aTRG (IU/ml) 2.48 0–10

ASCA IgG (IU/ml) ↑ 43.713 0–10

ASCA IgA (IU/ml) ↑ 12.36 0–10
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(Supplementary Fig. 3A), suggesting that only the NOD2
pathway was affected. Next, we assessed cytokine pro-
duction (IL-1β, IL-6 and TNFα) after stimulation of
patient PBMCs with MDP and lipopolysaccharide (LPS)
(Fig. 4e) using the Luminex method. The patient’s cells
produced decreased levels of cytokines after MDP sti-
mulation compared with the healthy controls; however, in
response to LPS stimulation, the patient’s PBMCs pro-
duced comparable levels of cytokines, confirming defec-
tive NOD2 signalling in the patient’s cells.

XIAP deficiency affects T-cell homoeostasis
To test whether XIAP deficiency and impaired apop-

tosis influenced the distribution of the patient’s B- and T-
cell subpopulations, we analyzed these subsets. The gating
strategies used to distinguish between naive, central
memory (CM), effector memory (EM), terminal effector
T cells re-expressing CD45RA (TEMRA), recent thymic
emigrants (RTEs) and B-cell subsets, are illustrated in
Supplementary Fig. 4. The analysis showed a shift towards
mature stages of CD4+ and CD8+ T cells in the patient

samples (Fig. 5a, b). We found a noteworthy increase in
the count of CM and EM, and a reduction in naive forms
of the T cells; however, the percentage of RTEs was
unaffected. Consequently, we analyzed the patient’s T-
lymphocyte ability to produce IFNγ by flow cytometry.
The patient’s T cells produced higher levels of IFNγ even
in the unstimulated state, which was significantly elevated
upon PMA stimulation. The percentage of IFNγ-produ-
cing CD4+ T cells (20.1%) was considerably higher than
that of the healthy donors (5.3%) (Fig. 5d, e). In addition,
analysis of activation marker expression on T cells, HLA-
DR as a marker of chronic activation, and CD69 as the
earliest activation marker, revealed a shift towards late
stages of activation. HLA-DR expression was threefold
higher on the CD8+ T cells and twofold higher on CD4+
T cells than it was in the healthy controls (Fig. 5a, b).
CD69 expression was unaffected (Supplementary Fig. 3C).
T-cell proliferation was negligibly decreased (55.2%
patients; controls 74.7% after PMA and ionomycin sti-
mulation) (Supplementary Fig. 3D). Moreover, we also
observed higher production of IL-12 in response to LPS in

Fig. 1 c.266delA mutation. a DNA-sequencing chromatogram of the relevant XIAP gene regions in the patient (II/3) and his first-degree relatives.
The same mutation was detected in a heterozygous form in his mother (I/1), while other relatives carry wild-type (WT) alleles. Arrows show the
mutation position. b Pedigree of the family showing segregation of the XIAP mutation. c Protein structure with highlighted position of the mutation.
d Western blot analysis of XIAP presence in the PBMCs of the patient, his mother and the controls.
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patient PBMCs, supporting a Th1-polarizing environment
(Fig. 5f). No significant differences were found in the B-
cell department (Fig. 5c).

Discussion
Here, we report the case of a patient who developed

adult-onset IBD refractory to treatment and compli-
cated by several episodes of HLH, and for whom WES
revealed a novel previously unpublished c.266delA
mutation in the XIAP (BIRC4) gene that led to its loss of
function. HLH and IBD are the most common first
manifestations of XIAP deficiency, which usually occurs
in the first few years of life, and for which the potentially
lethal outcome requires HSCT13. Adult-onset HLH and
IBD associated with XIAP deficiency, although rare,
have also been described17,22. In a large cohort of 54
XIAP-deficient patients, IBD manifestation was the
main clinical feature in 17 of them. The remaining
patients usually manifested with HLH as a major disease
complication. The average age at the time of diagnosis

of IBD was 11 years (range 3 months–41 years) com-
pared with patients manifested with HLH (average age
6.5 years and range 0.1–23 years). In our patient, IBD
manifested at the age of 17 and HLH at the age of 20.
The majority of the first HLH attacks was associated
with EBV infection; however, HHV6 and HSV1 were
identified as potential triggers as well. IBD-related
complications were the main cause of death in three
of them at the average age 24 years (range 4–42 years)
and after 4 years of disease duration (range 0–7 years).
Interestingly, only four patients presented in a form of
the adult-onset IBD22,23.
Most of the XIAP mutations identified in XLP-2

patients are nonsense mutations, frameshift mutations
or deletions that cause severe aberrations in the encoded
protein or loss of its expression. They are distributed
along all coding exons10,13,24–26. Neither type nor position
of the mutation, as well as residual protein expression, do
not correlate with the clinical manifestation and severity
of the disease23.

Fig. 2 Apoptosis. Patient PBMCs were treated with staurosporine (1 mmol) and 50 ng/ml PMA for 2, 4 and 6 h, or left untreated for an additional 24
and 48 h. The level of spontaneous and induced apoptosis was detected by a and b FLICA, in which the fluorescein-labelled inhibitor Z-YVAD-fmk is
bound to activated caspase-3 and -7 signals as detected by flow cytometry. c, d The level of spontaneous apoptosis detected by flow cytometry of
cells stained with Annexin V and DAPI. Annexin+ DAPI cells were considered to be undergoing early apoptosis.
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We report a novel deletion mutation c.266delA,
resulting in a premature stop codon (p. Asn89fs*41), loss
of protein expression and, as a consequence, a patient
suffering from XLP-2 and lower expression in his mother,
who is a healthy carrier of the mutation.
XIAP-deficient T cells are characterized by a high sus-

ceptibility to apoptosis ex vivo in response to apoptotic
stimulus or upon activation17,23,27. Indeed, we observed an
enhanced level of apoptosis in response to staurosporine,
an inducer of apoptosis, as well as upon activation by
PMA. Interestingly, we also observed increased sponta-
neous apoptosis in patient lymphocytes, which was
reduced when a caspase inhibitor was applied. However,

the sensitivity to apoptosis of T cells was found to have no
influence on circulating blood lymphocyte numbers in
patients27. Accordingly, circulating T-cell numbers were
in the normal range in the patient, although we observed a
shift to their more mature stages. Considering T-
lymphocyte function, the expansion and proliferation of
virus-specific T lymphocytes might be compromised in
XIAP deficiency. XIAP-deficient patients suffer from an
increased risk of EBV infections, and in a mouse model28,
XIAP and cIAP1 were required for the survival and
expansion of virus-specific T cells. In addition, defective
NOD2 signalling might also contribute to a higher risk of
EBV infection29,30. Apoptosis may be further ameliorated

Fig. 3 Apoptotic genes’ expression. a Ratio of pro- and anti-apoptotic genes BAK, BAX and Bcl2 in the patient and control (n= 2) PBMCs after 6 h of
stimulation with staurosporine (1 mmol) or PMA (50 ng/ml) as detected by RT-PCR. b Expression of caspase-independent genes involved in
apoptosis, AIMF1 and ENDOG, in the patient and control (n= 2) PBMCs after 6 h of stimulation with staurosporine (1 mmol) or PMA (50 ng/ml) as
detected by RT-PCR. c Expression of the BIRC2 gene in control (n= 2) PBMCs as detected by RT-PCR. Gene expression was normalized to that of
GAPDH.
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by increased production of IFNγ, which further enhances
the expression of pro-apoptotic genes (such as BAX,
BAK1 and/or XAF1)31.
The aforementioned shift in the spectrum of T lym-

phocytes to their more mature stages seems to be related
to the alteration of the apoptosis process. It has been
previously reported that T lymphocytes at different stages
of development have different sensitivities to apoptosis,
possibly resulting from different expression of pro- and
anti-apoptotic proteins32,33. These differences may lead to
a significant reduction in naive and the subsequent sur-
vival of the mature memory forms of T cells, including
CM and EM T cells, as observed in the patient.
HLH is the most severe and life-threatening manifes-

tation in patients with XIAP deficiency, but the exact
mechanism by which mutated XIAP results in HLH
manifestations is not entirely clear. The mechanism dif-
fers from other genetic disorders associated with HLH,
such as XLP-1, in which the impaired cytotoxic responses

by CD8+ lymphocytes and NK cells result in exaggerated
amounts of IFNγ and the activation of macrophages, thus
explaining the positive effect of the IFNγ blockade on the
outcome of HLH15. The patient’s T lymphocytes pro-
duced markedly higher levels of IFNγ in comparison with
the healthy donors, even though XIAP deficiency was not
connected with defects in the cytotoxic responses by
CD8+ lymphocytes or NK cells, as is typical in XLP-127.
The shift towards the Th1 immune response and
increased production of IFNγ was further supported by
the overproduction of IL-12, a crucial cytokine for Th1
polarization34. Observations in a mouse model propose, as
a possible explanation, that HLH is due to NLRP3
inflammasome dysregulation and increased proin-
flammatory cytokine production35,36. Although it is still
unclear whether XIAP in humans also acts as an NLRP3
inhibitor, impairment to this control might represent a
key pathological mechanism. XIAP-deficient mice also
develop splenomegaly when treated with an activator of

Fig. 4 NOD2 signalling. Patient and control (n= 5) peripheral blood was stimulated with MDP (10 µg/ml) for 20 min, and phosphorylation of a MAP
kinases were detected by phospho-flow cytometry b and by Western blot. NFκB signalling, expressed as IκB degradation and NFκB phosphorylation,
was detected by c flow cytometry and d by Western blot after MDP (10 µg/ml) stimulation of patient and control (n= 5) peripheral blood cells.
e Production of IL-1β, TNFα, IL-6 and IL-12p70 after MDP (10 µg/ml) or LPS (1 µg/ml) stimulation of patient and control (n= 5) PBMCs was detected
by Luminex.
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the NLRP3 inflammasome36; therefore, this mechanism
may explain two of three typical pathologies associated
with XIAP deficiency. Interestingly, mutations in the
human NLRC4 inflammasome were identified in patients
suffering from recurrent HLH and autoinflammation,
supporting a role of the inflammasome in HLH37,38.
However, we observed only slightly higher IL-1β and
TNFα production in the patient in response to LPS
stimulation.
In line with previous reports, the patient displayed

diminished proinflammatory cytokine production after
NOD2 ligand stimulation12,39,40, thus connecting the
potential role for altered NOD2 signalling with IBD in XIAP
patients. NOD2 mutations represent a strong genetic risk
factor for CD11, as NOD2-impaired secretion of cytokines
and an altered gut microbiome may disturb intestinal
homoeostasis. Like HLH, IFNγ is one of the most important
cytokines in CD pathophysiology. Indeed, as shown here for
the XIAP-deficient patient, altered NOD2-mediated sig-
nalling and high IFNγ production by T cells might explain,
in an analogy to CD, the gastrointestinal IBD-like pre-
sentation as a feature of XIAP deficiency.

Taken together, our data reveal a novel mutation in a
patient suffering from recurrent HLH, IBD and sple-
nomegaly, typical conditions associated with XIAP
deficiency. The deletion mutation leads to loss of XIAP
expression, and it functions as a negative regulator of
apoptosis. The absence of XIAP clearly leads to
enhanced cell death, which may amplify inflammation.
XIAP deficiency negatively influences MDP-induced
NOD2 signalling, with implications for IBD. Changes
in innate immunity, highlighted together with the role of
IFNγ, contribute to XLP-2 pathogenesis and complex
clinical presentation. Whereas HSCT in patients with
the early onset of the disease represents a method of
choice, in adult patients, such as in the index patient in
our study, the therapeutic options are more limited.
Emapalumab, a monoclonal antibody that targets IFNγ,
was approved for the treatment of relapsed/refractory
HLH14 with a possible influence on the symptoms of
CD, and anti-IL-12/23 (ustekinumab) therapy41 is also
available. The overlap in pathogenetic mechanisms
gives hope for the use of this strategy to treat XIAP
deficiency.

Fig. 5 T cells. Proportion of a CD4+, b CD8+ T cells and c B-cell subpopulations of the patient and control (n= 3) samples detected by flow
cytometry. d, e Percentage of IFNγ-producing T cells upon PMA (20 ng/ml) stimulation for 6 h. e IL-12p70 production upon stimulation with LPS
(1 µg/ml), IFNγ (1 µg/ml) or their combination of patient and control (n= 5). PBMCs were detected by Luminex.
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Patient and methods
Informed written consent was obtained from all subjects

involved in the study and all controls in accordance with
the Declaration of Helsinki, and according to the proce-
dures established by the Ethical Committee of our
institution.

Whole-exome sequencing
WES was performed on a NextSeq 500 instrument

(Illumina, San Diego, CA), and sequencing libraries were
prepared using the SureSelectXT Human All Exon V6+
UTR kit (Agilent Technologies, Santa Clara, CA).
Sequencing reads were aligned against the human refer-
ence genome hg19 by BWA42, and variant calling was
performed using SAMtools43 and VarScan 244 and their
annotation using SnpEff45.

Apoptosis
Peripheral blood was collected from the patient and

healthy volunteers into EDTA-coated tubes. Peripheral
blood mononuclear cells (PBMCs) were isolated using
Ficoll-Paque (GE Healthcare Biosciences, Uppsala, Swe-
den). The obtained cells were resuspended in RPMI 1640
medium with a sodium bicarbonate buffer system sup-
plemented with 2% autologous serum, 1% penicillin and
streptomycin and 1% GlutaMAX (Thermo Fisher Scien-
tific, Waltham, CA, USA). PBMCs (106/ml) stimulated
with staurosporine (1 mmol) (Abcam, Cambridge, UK) for
4 and 6 h, PMA (50 ng/ml) (Sigma-Aldrich, Darmstadt,
Germany) for 4 h or left untreated for 4, 6, 24 and 48 h.
When indicated, 20 µM Z-VAD-FMK was added in the
culture 30min before apoptosis induction. Then, the cells
were washed in Annexin V binding buffer and stained
with Annexin V–Dyomics 647 (EXBIO) and DAPI
(Thermo Fisher Scientific).

FLICA staining
Active caspase-3 and -7 were detected using a FLICA

caspase-3 and 7 assay kit (Thermo Fisher Scientific).
PBMCs were stimulated as described above prior to
treatment with the fluorescein-labelled inhibitor Z-
YVAD-fmk (10 µM) for 1 h at 37 °C and CD3-A700
(clone MEM-57) (EXBIO, Prague, Czech Republic). The
cells were washed three times and analyzed by flow
cytometry with a FACS Fortessa flow cytometer (BD
Biosciences, San Diego, CA, USA).

Phospho-flow cytometry
Detection of MAPK and NFκB activation was per-

formed according to a previously published protocol46.
Briefly, peripheral blood was stimulated with 10 μg/ml
MDP (InvivoGen, San Diego, CA, USA) for 20min at
37 °C or left unstimulated. Subsequently, the cells were
fixed using 4% formaldehyde for 10min at 25 °C,

erythrocytes were lysed using 0.1% Triton X-100 (Sigma-
Aldrich) for 15 min at 37 °C and the leukocytes were
permeabilized using 80% ice-cold methanol for 30min.
The following antibodies were used: CD3—A700 (clone

MEM-57), CD14—PEDy594 (EXBIO) and CD19—PC7
(clone J3-119) (Beckman Coulter, USA, Brea, USA),
phospho38 (Thr180)—A647 (#4552 S), phosphoErk1/2
(Thr202/Tyr204)—A488 (#4374 S), phosphoSAPJ/JNK
(Thr183/185)—PE (#5755 S) (Cell Signaling, Denvers,
MA, USA), phosphoNFκB—A647 (#4887) and anti-IκB—
A488 (#5743) (both from Cell Signaling).

Cytokine production
Cytokines were detected using a multiplex Luminex

cytokine-fluorescent bead-based immunoassay (Merck
Millipore, Beerlengton, MA, USA) with cell-free super-
natants. A total of 2 × 105 PBMCs were stimulated with
MDP (10 μg/ml) (InvivoGen), E. coli LPS (1 μg/ml)
(Sigma-Aldrich) or left untreated for 24 h.

T- and B-cell analysis
Immunophenotyping of T and B cells was performed

according to a previously published protocol47, and the
gating strategy is shown in Supplementary Fig. 2B.
For IFNγ-producing cell detection, we applied an

already-published protocol46.

T-cell proliferation
The proliferation of CD3+ T lymphocytes was deter-

mined according to a previously published protocol48.

RT-PCR
PBMCs were stimulated as stated in the ‘Apoptosis’

section. RNA isolation, reverse transcription and RT-PCR
were performed according to a previously published
protocol49. TaqMan primer/probe sets (Thermo Fisher
Scientific) were used. The sample data were matched to a
standard curve generated by amplifying serially diluted
products using the same PCR, and normalized to GAPDH
(TIB Molbiol, Berlin, Germany) to obtain the relative
expression value. Real-time assays were run on an FX96
cycler (Bio-Rad). The primer/probe sets are available from
the authors upon request.

Western blotting
Detection of proteins was performed according to a

previously published protocol46. The membranes were
incubated with the following primary antibodies: anti-
XIAP (clone D2Z8W), anti-β-actin (clone D6A8), anti-
GAPDH (clone D16H11), IκB anti (clone L35A5), anti-
NFκB (clone D14E12) (all from Cell Signaling), anti-
tubulin (clone TU-07), anti-HSP-90 (clone MBH90AB)
(both from Exbio), anti-Erk1/2 (ab17942), anti-p-Erk1/2
(ab76299), anti-p-p38 (ab4822), anti-p38 (ab170099),
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anti-p-JNK1/2/3 (ab124956), anti-JNK1/2/3 (ab208035)
and anti-p-NFκB (ab76302) (all from Abcam) overnight,
followed by incubation with peroxidase-conjugated anti-
rabbit or anti-mouse secondary antibodies for 2 h. The
membranes were developed using SuperSignal West
Femto (Thermo Fisher Scientific).
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Supplementary Table 1: Laboratory values during HLH episode and remission, including 

complete blood count and differential lymphocyte subpopulations (NK – natural killer), 

biochemistry (ALT – alanine aminotransferase, AST – aspartate aminotransferase, GGT- 

gamma-glutamyl transferase, ALP – alkaline phosphatase, bili – bilirubin, TAG – 

triacylglycerol, and Chol – cholesterol) and inflammatory markers (C reactive protein),  - 

value above and below the reference range, respectively. 

Hematology HLH Remission Reference value 

Leukocytes (E9/l)) ↓ 2.8 5.3 4-10 

Neutrophils (%) ↑ 77.5 58.8 45-70 

Monocytes (%) ↓ 15.5 ↓ 9.9 20-45 

Bazophiles (%) ↑ 5.6 0.2 0-2 

Eozinophiles(%) 0 1.1 0-5 

HGB (g/l) ↓ 0 147 135-175 

PLT (E9/l) ↓ 75 208 150-400 

Lymphocytes (%) ↑ 67 29.8 20-45 

CD3 (%) 83 86 57-94 

CD4 (%) 40 47 20-70 

CD8 (%) 37 33 10-48 

CD19 (%) 12 9 4-23 

NK (%) ↓ 3 ↓ 4 6-33 

CD3 HLADR (%) ↑17 15 0-15 

Biochemistry HLH Remission Reference value 

ALT (ukat/l) 0.4 0.45 0.17-0.78 

AST (ukat/l) 0.18 0.32 0.16-0.72 

GGT (ukat/l) ↑ 9.01 0.66 0.14-0.84 

ALP (ukat/l) ↓ 0.4 1.38 0.66-2.20 

Bili (umol/l) ↑ 24 13.5 5-21 

TAG (mmol/l) ↑ 4.65 ↑ 2 0.7-1.7 

Chol (mmol/l) 4.4 ↑ 5.5 3.4-5.0 

Fe (umol/l) ↓ 1.9 11.1 7.2-29 

Ferritin (ug/l) ↑ 16,500 62 22-322 

CRP (mg/l) ↑ 14 ↑ 55.3 0-5 

 



Supplementary Figure 1: A. Patient’s clinical manifestations and therapy. Uncropped 

membranes from the Western blot analyses of B. XIAP, C. β actin D. and GAPDH. Expression 

of housekeeping proteins E. tubulin and HSP90 in patient and control PBMCs. 

 

 

 

  



Supplementary Figure 2: Apoptosis. Patient PBMCs were treated with staurosporine (1 

mmol) and 50 ng/ml PMA for 2, 4 and 6 hours or left untreated for an additional 24 and 48 

hours. When indicated the cells were pre-treated with 20µM Z-VAD-fmk for 30 minutes. The 

level of spontaneous and induced apoptosis was detected by A. FLICA, in which the 

fluorescein-labelled inhibitor Z-YVAD-fmk is bound to activated caspase -3 and 7, signal as 

detected by flow cytometry. B. The level of spontaneous apoptosis detected by flow cytometry 

of cells stained with Annexin V and DAPI. Annexin+ DAPI cells were considered to be 

undergoing early apoptosis. 

 

 

 

  



Supplementary Figure 3: A. MAPK and NFκB signalling pathways activation upon PMA or 

TNFα stimulation for 20 minutes of patient and control peripheral blood. B. Uncropped 

membranes from the Western blot analyses for MAPK and NFκB signalling pathways 

activation. C. CD69 expression on T cells expressed as MFI. D. T cell proliferation. 

Proliferating cells are expressed as Ki67+CD4+ T cells. 

  



Supplementary Figure 4: Gating strategies for determining the populations of T and B cells 

in the patient.  
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Abstract
Blau syndrome (BS) is an auto-inflammatory granulomatous disease that possibly involves abnormal response to interferon gamma
(IFNγ) due to exaggerated nucleotide-binding oligomerization domain containing 2 (NOD2) activity. Mendelian susceptibility to
mycobacterial diseases (MSMD) is an infectious granulomatous disease that is caused by impaired production of or response to IFNγ.
We report a mother and daughter who are both heterozygous for NOD2c.2264C˃T variant and dominant-negative IFNGR1818del4

mutation. The 17-year-old patient displayed an altered form of BS and milder form of MSMD, whereas the 44-year-old mother was
completely asymptomatic. This experiment of nature supports the notion that IFNγ is an important driver of at least some BS
manifestations and that elucidation of its involvement in the disease immunopathogenesis may identify novel therapeutic targets.

Keywords NOD2 . IFNγR1 . IFNγ .WES .MSMD . Blau syndrome . methotrexate

Introduction

Blau syndrome (BS) (OMIM, #186580) is a rare, autosomal-
dominant (AD) childhood-onset systemic auto-inflammatory

disorder classically characterized by a triad of arthritis, derma-
titis, and uveitis, and the presence of non-caseating sterile
granulomas [1–3]. It is caused by mutations in nucleotide-
binding oligomerization domain containing 2 (NOD2), also
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known as CARD 15 (caspase activation and recruitment do-
main 15) [1, 2]. NOD2 is an innate immune system pattern-
recognition receptor expressed mostly by not only monocytes,
macrophages, and dendritic cells but also hepatocytes,
preadipocytes, and pulmonary and intestinal epithelial cells
[4, 5]. The three-domain protein recognizes and binds pepti-
doglycans contained in bacterial cell walls, chiefly muramyl
dipeptide (MDP), and various other bacterial and viral prod-
ucts [6]. After ligand recognition, NOD2 activates the tran-
scription factor NFκB andMAPKs (mitogen-activated protein
kinases), thereby promoting inflammatory responses against
pathogens [1, 2]. In particular, NOD2-mediated signaling can
be triggered by mycobacteria [7, 8], including the attenuated
vaccinal substrains Bacillus Calmette-Guérin (BCG) [9].

The importance of NOD2 in human health has been inten-
sively studied. Heterozygous mutations in NOD2 gene were
first identified in Blau syndrome patients in 2001 [10]. Since
then, twenty-seven variants have been found in patients with
Blau syndrome (Infevers https://infevers.umai-montpellier.fr/
web/). Most mutations occur at or near the NACHT domain of
the protein, which is important for ATP-dependent self-oligo-
merization [11], while several other mutations are located
within the leucine-rich repeat (LRR) motif or between the
two domains. However, pathophysiologic mechanisms and
genotype-phenotype correlation have yet not been
ascertained. Even an argument of the gain-of-function
(GOF) vs. loss-of-function (LOF) effect of the mutations re-
mains unresolved.

Due to the granulomatous character of BS, the GOF phe-
notype was originally proposed and this was supported by
studies using in vitro transient transfection assays with
overexpressed NOD2 which demonstrated an elevated basal
NFκB activation [3, 12]. However, this hypothesis was not
confirmed by consecutive ex vivo experiments, as other stud-
ies fail to demonstrate the supposed exaggerated cytokine re-
lease by patients’ peripheral blood mononuclear cells
(PBMCs) after MDP stimulation [13, 14]. In parallel, the mu-
rine Blau syndrome model also showed reduced cytokine pro-
duction and NFκB signaling and overall reduced response to
MDP [15]. Nevertheless, the most recent evidence suggests
that the proinflammatory state in BS may, indeed, be due to an
increased NOD2 response and that interferon gamma (IFNγ)
might play a crucial role in the disease pathophysiology. In
healthy cells, IFNγ acts as a priming signal to upregulate
NOD2 expression in order to mount an efficient inflammatory
response against pathogens containing peptidoglycans [16]. In
BS, such priming with IFNγ was shown to result in an abnor-
mal spontaneous NOD2 activation even in the absence of
infectious ligand [17].

AD (autosomal dominant) partial IFNγR1 deficiency is
one of the genetic etiologies of Mendelian susceptibility to
mycobacterial disease (MSMD; OMIM, #209950) [18–20].
The majority of MSMD genetic etiologies impair IFNγ

immunity, either by impairing its production or by
diminishing cellular responses to it [18–30]. MSMD patients
suffer from increased susceptibility to intra-macrophagic path-
ogens, especially weakly virulent mycobacteria, such as envi-
ronmental mycobacteria (EM) and attenuated BCG vaccinal
substrains. Infections with Salmonella spp. are also commonly
seen, whereas infections by Nocardia spp., Histoplasma
capsulatum, and other microorganisms are rarer [21].

Twenty-nine genetic etiologies of MSMD have been dis-
covered, with 12 “isolated MSMD”–causing loci (IFNGR1,
IFNGR2, STAT1, IL12RB1, IL-12B2, IL-12p40, IL-23R,
TYK2, IRF8, SPPL2A, CYBB, and NEMO) and with three
“syndromic-MSMD” loci (RORC, JAK1, and ISG15)
[22–28]. AD partial IFNγR1 deficiency is one of the most
common causes of MSMD, in part because it is due to a
mutation that is recurrent by hotspot [29]. As many as 45
unrelated kindreds have already been reported since 1999
and many more have been diagnosed [20–22, 27–30]. It is
due to heterozygous mutations that truncate the cytoplasmic
domain of the protein. The mutated receptor accumulates on
the cellular surface due to a lack of recycling motif and exerts
a dominant-negative effect over the wild-type receptors. This
results in weakened, but not abolished, downstream signaling
[29, 30]. This form of AD partial IFNγR1 deficiency causes a
clinical susceptibility to environmental mycobacteria (EM)
and non-typhoid Salmonellae. In over 70% of cases, the in-
fections affect the bones [21]. Overall, the presentation is less
severe than patients with complete IFNγR1 deficiency, which
is a fatal condition with an early onset and a poor prognosis.
Patients with AD partial IFNγR1 are treated with prolonged
courses of antimycobacterial drugs and IFNγ [27, 30].

We were intrigued by a 17-year-old patient whose clinical
features were reminiscent of both BS and MSMD who was
found to harbor NOD2c.2264C˃T and IFNγR1818del4 mutation.
The patient’s mother is completely asymptomatic despite car-
rying both mutations. Here, we describe the clinical and im-
munological phenotype of the kindred, as well as their NOD2
and IFNGR1 genotypes.

Materials and methods

Informed consent was obtained from all subjects involved in
the study and all controls in accordance with the Declaration
of Helsinki and according to the procedures established by the
Ethical Committee of our institution.

Whole exome sequencing

DNA was isolated with QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany) and sequencing libraries were prepared
using SureSelectXT Human All Exon + UTRs V6 kit
(Agilent Technologies, Santa Clara, CA) and sequenced on
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the NextSeq 500 instrument with the High Output V2 kit
(Illumina, San Diego, CA). The reads in resulting FASTQ files
were aligned against the human reference genome hg19 with
BWA [31]. Genomic variants were called with samtools [32]
and VarScan [33]. Variant annotation was performed using
SnpEff [34]. Identification of causal variants was performed
with Ingenuity® Variant Analysis™ software (https://www.
qiagen-bioinformatics.com/products/ingenuity-variant-
analysis, Qiagen).

IFNγR1 expression

Peripheral blood drawn into EDTA-coated tubes was labeled
with antibodies against lineage-specific markers (CD3 clone
MEM-57, CD19 clone LT19, CD20 clone LT20, CD16 clone
LNK16, CD56 clone MEM-188) - FITC, CD14 - PEDy594
(clone MEM-15), CD11c - APC (clone BU15) (Exbio, Prague,
Czech Republic), CD123 - PC7 (clone 6H6), HLA-DR - A700
(clone L243), IFNγR1 - PE (clone GIR-2018) (BioLegend,
San Diego, CA, USA) for 20min at room temperature and then
lysed with hypotonic solution. Samples were acquired on
AriaII (BD Biosciences, San Jose, CA, USA), analyzed using
FlowJo (TreeStar, Ashland, OR, USA) and IFNγR1 was
shown as MFI (mean fluorescence intensity).

Intracellular signaling and phospho flow

For IFNγR1 signaling, peripheral blood was stimulated with 1
μg/ml IFNγ (R&D, Minneapolis, MN, USA) (or with 100
ng/ml and 10 μg/ml when indicated) or 1 μg/ml IFNα
(Abcam, Cambridge, UK) for 5 min (or for 30 or 60 min when
indicated) at 37 °C. For MAPK phosphorylation, peripheral
blood was left unstimulated. Subsequently, the cells were
fixed using 4% formaldehyde for 10 min at 25 °C; erythro-
cytes were lysed using 0.1% Triton X-100 (Sigma-Aldrich,
Darmstadt, Germany) for 15 min at 37 °C and the leukocytes
were permeabilized using 80% ice-cold methanol for 30 min.

Samples for IFNγR1 signaling were labeled with antibodies
against lineage-specific markers (CD3, CD19, CD20, CD16,
CD56) - FITC, CD14 - PEDy594, CD11c - APC (Exbio),
CD123 - PC7, HLA-DR - A700 (BioLegend) and intracellular
signaling was detected using anti-phospho-STAT1 (Tyr701) -
BV421 (clone 4a) antibody (BD Bioscience).

Samples for MAPK phosphorylation were labeled with an-
tibodies against CD3 - A700 (clone MEM-57), CD14 -
PEDy594 (Exbio), and CD19 - PC7 (clone J3-119)
(Immunotech) and intracellular signaling was detected using
anti-phospho-p38 (Thr180) - A647 (#4552S), anti-
phosphoErk1/2 (Thr202/Tyr204) - A488 (#4374S), and anti
phospho-SAPJ/JNK (Thr183/185) - PE (#5755S) antibody
(Cell Signaling, Denvers, MA, USA).

Data were collected using BD FACSAria II, and BD
FACSDiva (BD Biosciences) software was used for signal

acquisition and then they were analyzed using FlowJo
(Treestar) analysis platform.

Cytokine production

2 × 105 peripheral blood mononuclear cells (PBMCs) were re-
suspended in 200μl of completemedia andwere stimulatedwith
muramyl dipeptide (MDP) (10 μg/ml) (Invivogen, San Diego,
CA) and E. coli lipopolysaccharide (LPS) (1 μg/ml) (Sigma-
Aldrich) or left untreated. When indicated, prestimulation with
IFNγ (R&D) was used. After 24-h incubation at 37 °C, the
supernatants were harvested and the cytokines were determined
using multiplex Luminex cytokine fluorescent bead-based im-
munoassay (MerckMillipore, Beerlengton, MA). Data were col-
lected using Luminex-100 system (Luminex, Austin, TX). A
five-parameter regression formula was used to calculate the sam-
ple concentrations from standard curves.

CD4+ subset analysis

PBMCs were stimulated with phorbol 12-myristate 13-acetate
(PMA) (50 ng/ml) and ionomycin (750 ng/ml) (both from
Sigma-Aldrich, Darmstadt, Germany); 1 h later, brefeldin A
(10mg/ml) (BioLegend)was added for additional 3 h. Cells were
harvested and stained with CD3 - A700, CD8 - PEDy594 (clone
MEM-31) (Exbio), CD4 - PC7 (clone RPA-T4) (eBioscience,
San Diego, CA), before being fixed and permeabilized using
eBioscience fixation/permeabilization solutions. The following
Abs were added: IFNγ - FITC (clone 4S.B3) (BD Biosciences)
and IL-17A - A647 (clone BL168) (Biolegend). Samples were
acquired on AriaII and analyzed using FlowJo software.

RT-PCR gene expression analysis

PBMCs were stimulated with IFNγ (1 μg/ml) (R&D) for 5 h for
IRF1 (Hs00971965_m1) and CXCL10 (Hs00171042_m1) de-
tection, or left untreated for c-Fos (Hs04194186_s1) and c-Jun
(Hs99999141_s1) detection. Total RNA was isolated using
RNeasy Mini Kit following manufacturer’s instructions
(Qiagen, MD, USA) and complementary DNA (cDNA) was
synthetized using M-MLV reverse transcriptase (Thermo Fisher
Scientific, Waltham, MA). RT-PCR was performed in duplicates
using the cDNA and platinum Taq polymerase (Thermo Fisher
Scientific), 200 nM dNTP (Promega, Southampton, UK),
50 mM MgCl2 (Thermo Fisher Scientific), and TaqMan
primer/probe sets (Thermo Fisher Scientific). Samples were
matched to a standard curve generated by amplifying serially
diluted products using the same PCR reaction and normalized
to GAPDH (forward primers GAAGGTGAAGGTCGGAGTC;
reverse primers GAAGATGGTGATGGGATTTC; FAM/
TAMRA CAAGCTTCCCGTTCTCAGCC) (TIB MOLBIOL,
Berlin, Germany) to obtain the relative expression value. Real-
time assays were run on iQ5 Cycler (Bio-Rad, CA, USA).
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NFκB translocation and Image Stream analysis

PBMCs were stimulated with MDP (10 μg/ml) (Invivogen) for
30 min or left untreated, then fixed and permeabilized following
manufacturer’s instructions described in protocol III of the BD
phosphoflow protocols (BD Bioscience). The cells were then
stained with anti CD14 - PEDy594 (Exbio), NFκB - A488
(#532301) (R&D system), Draq5 fluorescent probe solution
(Thermo Fisher Scientific) and then washed. The data were ac-
quired using ImageStream (MerckMillipore) and analyzed using
IDEAS software’s guided analysis for nuclear translocation
(Merck Millipore). The data are expressed as similarity score
and value of co-expressed NFκB and Draq5.

Western blot analysis of NFκB signaling

PBMCs were stimulated for 20 min with MDP (10 μg/ml) or
left untreated. The cells were then washed and lysed in RIPA
lysis buffer and PMSF (Cell Signaling), placed on ice,
sonificated, and then centrifuged at 14000g to remove cell
debris. For western blot analysis, samples were resuspended
on Laemli buffer (Sigma-Aldrich) at 1:1 ratio and boiled for 5
min. Proteins were separated by SDS-PAGE and transferred to
PVDF membrane. After blocking with 5% BSA in TBST
(TBS and 0.1%Tween, both from Bio-Rad), membranes were
incubated with the primary antibodies anti-IκB (#4814S),
IKK (#2682S and #2370), phospho IKK (S176/S177)
(#2078S), and β-actin (#8457S) (all from Cell Signaling)
overnight, followed by incubation with peroxidase-
conjugated anti-rabbit or anti-mouse secondary antibodies
for 2 h. Membranes were developed using SuperSignal West
Femto (Thermo Fisher Scientific). Densitometry was per-
formed with ImageJ software (National Institutes of Health,
USA). Band area values were used for semi-quantification.
Graphs are expressed as ratio of stimulated/unstimulated cells
of band area value calculated from band area of phosphory-
lated forms/band area of unphosphorylated forms.

Results

Case report

The proband (P1) is a 17-year-old female born to non-
consanguineous Czech parents. Her father has rheumatoid ar-
thritis and her maternal grandmother had reportedly suffered
from frequent skin ulcerations, while her mother (P2) and sister
are healthy. At the age of 6 weeks, the proband developed a
post-vaccination BCGitis that was treated with isoniazid and
rifampicin. The originally increased inflammatory markers de-
creased slightly but after 2 months of treatment, only partial
improvement of the BCGitis was achieved. A new increase of
inflammatory parameters (CRP 55 mg/l, erythrocyte

sedimentation rate - ESR 120 mm/h, leukocytes 23,500/mm3)
prompted further investigation, which revealed anterior uveitis
and severe osteomyelitis of mandible. Oral prednisone 1 mg/kg
and clindamycin were added to the treatment. The symptoms
regressed completely after 6 months of therapy and she ap-
peared healthy until the age of 6 years. She then started
experiencing recurrent flares of high-grade fever, accompanied
with aseptic arthritis of sternoclavicular joints, knees, and el-
bows, developed maculopapular rash, often progressing into
pustulosis of face and palms, and vasculitis-like rash on lower
extremities. She also suffered from recurrent erythema
nodosum and cervical lymphadenitis. Multiple biopsies from
the lymph nodes showed well-formed granulomas with epithe-
lioid and multinucleated giant cells; some of the granulomas
also contained areas of non-caseating necrosis. Microbiologic
investigations, including mycobacterial detection (acid-fast
staining, PCR for tuberculous and non-tuberculous
mycobacteria and cultures), were negative on all occasions.
Her laboratory evaluation revealed signs of chronic inflamma-
tion (mildly increased ESR, increased serum amyloid A, mi-
crocytic anemia), along with elevated serum IgG, contrasting
with gradually decreasing CD19+ B lymphocyte count. A
marked increase of activated CD3+ HLA-DR+ cells was noted
(Table 1). A tentative diagnosis of Saphó or Blau syndrome
was considered based on the cutaneous and joint features and
the history of infantile uveitis. She was initially managed with
oral steroids in flares and occasional courses of antibiotics (sul-
famethoxazole/trimethoprim – STX/TMP, azithromycin,
clindamycin); later she received STX/TMP prophylaxis alone.
At 15 years of age, multifocal granulomatous osteomyelitis of
hipbone (containing necrosis within some granulomas), multi-
ple vertebrae and ribs, multiple splenic, hepatic lesions, and
lymphadenopathy were detected (Fig. 1a, b). No mycobacteria
were found in the bone lesions. The inflammatory markers
were only mildly elevated, and she reported no pain. At that
point, a heterozygous mutation in IFNGR1 and a variant in
NOD2 (Fig. 2a, b) was discovered. The patient was thus diag-
nosed with MSMD and BS with extended phenotype. The
STX/TMPwas discontinued and she was started on methotrex-
ate (MTX) 20 mg weekly which resolved her clinical symp-
toms within 6 months. A 2-week unplanned withdrawal of
methotrexate resulted in a formation of deep ulceration on the
foot which healed promptly after the drug reintroduction (Fig.
1c). Twelve months on the treatment, she experienced no fur-
ther infectious or non-infections complications, including
mycobacteriosis, despite the imune suppression.

The patient’s mother carries both mutations but has never
experienced any BS-related symptoms, nor has she contracted
any apparent mycobacteriosis to date, despite being vaccinated
with BCG as an infant. Her basic immune phenotype (lympho-
cytes subpopulations, immunoglobulin levels, etc.) was normal.

The clinical features of our IFNGR1818del4 and
NOD2c.2264C˃T proband, as well as comparison with another
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patient with AD IFNGR1818del4 mutation and a BS patient re-
ported previously by Rosé et al [2] to carry the identical
NOD2c.2264C˃T [2] mutation, are summarized in Table 2.

Whole exome sequencing

In the proband, whole exome sequencing performed on PBMCs
revealed simultaneously two mutations. A heterozygous muta-
tion c.819_822delTAAT in IFNGR1 (NM_000416.2, dbSNP
rs587776856) leads to a 4-bp deletion and premature stop codon
p.N274fs∗2. Themutation, arbitrarily designed as c.818del4, was
previously reported in patients with ADpartial IFNγR1 deficien-
cy and exerts a dominant-negative effect (DN) [29]. The second
variant was found in NOD2 gene c.2264C˃T (NM_022162.2,
rs61747625) at heterozygous state. It leads to amino acid substi-
tution p.A755V in the LRR domain of the protein (Fig. 2C) and
was previously reported in a patient with Blau syndrome [2].

Both mutations were found in heterozygous state in the
patient’s asymptomatic mother at the age of 44 years (Fig.
2a, b). The father and the proband’s sister are wild-type for

both mutations (Fig. 2b). DNA of the maternal grandmother
was not available.

The IFNGR1818del4 mutation is dominant-negative
and underlies MSMD

In accordance with other AD partial IFNγR1-deficient
patients, the proband showed significantly increased ex-
pression of IFNγR1 on monocytes and dendritic cells
compared with 7 healthy controls (Fig. 3a). To analyze
the AD IFNγR1818del4 downstream signaling, we quan-
tified the STAT1 phosphorylation (pSTAT1) after IFNγ
stimulation. IFNα was used as a control STAT1-
activating agent. Using phosphoflow, proband’s mono-
cytes displayed an impaired responsiveness to IFNγ
stimulation compared with healthy donors; conversely,
the level of STAT1 phosphorylation after IFNα admin-
istration was comparable to that in healthy donors (Fig.
3b), which indicated that the defect was not in STAT1
protein but, indeed, in the IFNγ receptor.

Table 1 Laboratory values of proband1 (NOD2c.2264C˃T + IFNGR1818del4)

Pre-treatment 3 month on MTX
treatment

12 months on MTX
treatment

Age-matched reference values

Haemoglobin (g/l)/ MCV (fl)/ MCH (pg) 109↓/69.8↓/21.6↓ 114↓/74.3↓/23.4↓ 100↓/75.1↓/24.2↓ 120–160/82.0–98.0/28.0–34.0

Leukocytes (cells/μl) 9900 9600 7600 4 000–10 000

Lymphocytes (cells/μl) 3440 3350 1820 800–4 000

Neutrophils (cells/μl) 4550 4790 4730 2 000–7 000

Monocytes (cells/μl) 430 500 550 80–1200

Eosinophils (cells/μl) 1410↑ 760↑ 460 0–500

CD3+ (%a), cells/μl) 87↑/ 2990 89↑ 2150 86↑/1570 60–85/1000–3900

CD3+ CD4+ (%a), cells/μl) 59↑/2030 59↑/ 1430 58↑/1060 27–57/560–2700

CD3+ CD8+ (%a), cells/μl) 24/830 26/630 25/460 18–40/300–1400

CD3+ HLA-DR+ (%a)) 37↑ 29↑ 22↑ 0–10

CD19+ (%a), cells/μl) 4↓/140↓ 4↓/100↓ 5↓/90↓ 7–30/200–1500

CD16+/CD56+ (%a), cells/μL) 9/310 5/120 7/130 6–28/50–1000

CD4+ IL17+ (%b)) 0.61 0.33ê 0.37ê 0.5–5.97

Regulatory T cells (%b)) CD4+CD25+FOXP3+ 5.9 3.9 6.13 3.0–10.0

Immunoglobulins IgG (g/l) 27.40↑ 17.70↑ 17.2↑ 7.65–13.60

IgA (g/l) 2.44 1.86 2.25 0.91–2.90

IgM (g/l) 1.43 1.29 1.26 0.47–1.95

IgD (g/l) 53.5 27.0 - 0.0–100.0

IgE (IU/ml) 102 26 49.2 0.0–150

Circulating immune complexes 149↑ 126↑ 166↑ 10–46 arb.units

Serum amyloid A (mg/l) 52↑ 20↑ 14.6↑ 0.0–10.0

Autoantibodies (ANA , ENA, ANCA, ASCA,
a-dsDNA, a-TPO, a-TG)

Negative ND Negative NA

a% of total peripheral lymphocytes, b% of CD4+ , c% of CD8+ .ND, not done;NA, not applicable; ANA, antinuclear antibodies;ENA, extractable nuclear
antigen antibodies; ANCA, anti-neutrophil cytoplasm antibodies; ASCA, anti-saccharomyces cerevisiae antibodies; a-dsDNA, anti-double-stranded DNA
antibodies; a-TPO, anti-thyreoperoxidase antibodies; a-TG, anti-thyroglobulin antibodies;MTX, methotrexate. ↑↓ value above and below the reference
range, respectively
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Furthermore, to evaluate the severity of IFNγ signaling
defect, we analyzed the expression of IFNγ-inducible genes,
CXCL10 and IRF1 using RT-PCR. We noticed reduced, but
not completely lost, expression of the genes (Fig. 3c) in the
proband’s PBMCs. In line with previous results, the defective
IFNγR1818del4 signaling also manifested as decreased IL-
12p70 production after simultaneous LPS and IFNγ stimula-
tion (Fig. 3d). Proband’s PBMCs were able to produce normal
levels of cytokines in response to LPS; however, when simul-
taneously stimulated with LPS and IFNγ, the cytokine

production increased to a much lesser degree than in healthy
controls. This was particularly prominent in IL-12p70 produc-
tion. Next, we analyzed the ability of the CD4+ and CD8+ T
cells to produce IFNγ after nonspecific stimulation with PMA
(Fig. 3e) and noticed that the proband’s lymphocytes pro-
duced unexpectedly high amounts of IFNγ compared with
seven age-matched healthy controls.

We were also able to perform a series of experiments on the
proband’s mother (P2) who is healthy, yet carries both muta-
tions. We observed similar results, i.e., increased IFNγR1

Fig. 1 PET MRI and histology
images. a Whole-body PET MRI
scan of the NOD2p.A755V and
IFNGR1818del4 proband at the age
17 years showing increased
metabolic activity in cervical
lymph nodes, hipbone, multiple
vertebrae and ribs, and splenic
and hepatic lesions. b
Microscopic image depicting
granulomas with non-caseating
necrosis in a biopsy sample from
hipbone of the proband. c The
deep ulceration on the foot after 2
weeks of unplanned withdrawal
of methotrexate

Fig. 2 Genetic analysis of the
kindred. a DNA sequencing
chromatograms of the relevant
NOD2 and IFNGR1 gene regions
of the proband (P1), her mother
(P2), and father. b Pedigree of the
kindred showing the familial
segregation of the NOD2p.A755V

and IFNGR1818del4 mutations. c
NOD2 protein structure
highlighting the position of
alanine-for-valine substitution in
the proband
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expression, diminished STAT1 phosphorylation, reduced IL-
12p70 production after LPS and IFNγ stimulation, and in-
creased IFNγ production by T cells (Fig. 5a–d). The only
difference between the mother and the proband was detected
in IFNγ-induced expression ofCXCL10; this was comparable
to healthy donors in the mother but decreased significantly in
the proband (Fig. 5e).

We also had the opportunity to examine samples
from another carrier of the same AD IFNGR1818del4

mutation and compared the results with the proband.
The patient presented with BCGitis and EM osteomye-
litis and her laboratory findings were similar to our
proband (Suppl. Fig. 1A-D) except of the IFNγ produc-
tion by T cells, which was only slightly increased, com-
pared to our proband.

The NOD2c.2264C˃T variant is hyperactivating
and causes augmented NFκB and MAPK signaling

NOD2 stimulation with muramyl dipeptide (MDP) leads to the
activation of the NFκB and MAPK signaling pathways. We
analyzed cellular responses to MDP stimulation using different
approaches. Firstly, we used image cytometry to determine
NFκB nuclear translocation after MDP stimulation. We ob-
served increased level of translocation in proband’s (P1) cells
compared with controls (Fig. 4a). Interestingly, we also noticed
higher level of translocation in proband’s unstimulated cells,
suggesting a ligand-independent activation.

Secondly, using Western blot analysis, we examined the
NFκB activation pathway after MDP stimulation, expressed
as IκB (inhibitor of κB) degradation and IKK (IκB kinase)

Fig. 3 Functional verification of IFNGR1818del4 mutation in the proband
(P1). a Increased IFNγR1 expression on cell surface of proband’s
monocytes (Lin-, HLA-DR+, CD14+), myeloid (Lin-, HLA-DR+,
CD14-, CD11c+), and plasmacytoid (Lin-, HLA-DR+, CD14-, CD123+
) dendritic cells compared with healthy controls (n = 8). Data are
expressed as MFI (mean fluorescence intensity). b Reduced STAT1
phosphorylation (Tyr701) after IFNγ (1 μg/ml) stimulation and
preserved STAT1 phosphorylation after IFNα (1 μg/ml) stimulation in
proband’s monocytes compared with healthy controls (n = 4). c

Diminished CXCL10 and IRF1 relative expression normalized to
GAPDH in proband’s PBMCs after IFNγ (1 μg/ml) stimulation
compared with healthy controls (n = 3). d Decreased IL-12p70
production in proband’s PBMCs in response to LPS (1 μg/ml) or LPS
and IFNγ (1 μg/ml) combined compared with healthy controls (n = 5).
The results are expressed as IFNγ response index (LPS + IFNγ–
stimulated/LPS-stimulated PBMCs). e Elevated IFNγ production by
proband’s CD4+ and CD8+ T after PMA (50 ng/ml) and ionomycin
(750 ng/ml) stimulation compared with healthy controls (n = 7)
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phosphorylation. The activation of IKK leads to phosphoryla-
tion of IκB which provides a signal to the inhibitor degrada-
tion. Once the inhibitor is degraded, NFκB is activated and
translocated to the nucleus.We detect higher intensity of phos-
phorylated IKK and more intense IκB degradation in proband
(Fig. 4b), which was in line with previous observations of
higher NFκB activity in the proband’s monocytes.

Finally, we focused on phosphorylation of MAP kinases—
p38, JNK, and Erk (Fig. 4c). We observed normal levels of
phosphorylation of all kinases in response to MDP in pro-
band’s monocytes (data not shown), but higher phosphoryla-
tion in their unstimulated state, once again suggesting ligand-
independent activation. To confirm the observation, we

evaluated basal expression of MAPK-inducible genes c-Fos
and c-Jun, which form AP-1 complex and noticed slightly
increased ligand-independent expression of these genes com-
pared with controls (Fig. 4d). We observed similar trends in
MAPK basal phosphorylation in the proband’s mother (Fig. 5F).

Next, we assessed the cytokine production (IL-1β, IL-6,
and TNFα) after stimulation of proband PBMCs with MDP,
IFNγ, or their combination using Luminex method (Fig. 4e).
The proband’s cells produced higher levels of cytokines after
MDP stimulation compared with healthy controls. IFNγ alone
did not induce cytokine release in proband or in healthy do-
nors (data not shown). However, the combination of IFNγ and
MDP led to increased cytokine production in both controls

Fig. 4 Functional verification of NOD2p.A755V mutation in the proband
(P1) and the effect of methotrexate treatment. a Elevated NFκB
translocation after MDP (10 μg/ml) stimulation detected by image
cytometry in the proband’s CD14+ monocytes compared with healthy
donors (n = 2). Data are expressed as similarity score, i.e., the level of
co-expression of NFκB and Draq5-labeled nuclei. b Increased NFκB
pathway activation after MDP (10 μg/ml) stimulation in proband’s
PBMCs compared with healthy controls (n = 2). The pathway was
analyzed through degradation of IκB (inhibitor of κB) and
phosphorylation of IKK (IκB kinase α and β) using Western blot. Band
area values were used for semi-quantification. Graphs are expressed as a

ratio of stimulated/unstimulated cells of band area value calculated from
band area of pIKK/IKK or IκB/β-actin ratio, respectively. c Elevated
ligand-independent Erk, JNK, and p38 MAPK phosphorylation
(expressed as MFI-unstimulated proband’s MAPK/MFI unstimulated
control’s MAPK) detected in CD14+ monocytes using phosphoflow
cytometry. d Increased ligand-independent relative expression of c-Fos
and c-Jun in proband’s PBMCs compared with controls (n = 3). e
Cytokine production by proband’s and control’s (n = 5) PBMCs after
MDP (10 μg/ml) stimulation or combination of MDP (10 μg/ml) and
IFNγ (1 μg/ml) stimulation. All experiments were performed before
and after 3 months on treatment with methotrexate

J Clin Immunol



and also in the proband. Given the AD partial IFNγR1 defect,
it was surprising to find that the level of proinflammatory
cytokines produced by the proband’s cells was even slightly
higher than in healthy controls. We observed similar results in
cells from the proband’s mother (Fig. 5g).

Finally, another carrier of the same IFNGR1818del4 mutation
was shown to have a normal basal MAPK phosphorylation as
well as c-Fos and c-Jun expression (Suppl. Fig. 1E and F), sug-
gesting that the observed increased MAPK signaling in proband
and the mother may not be attributed to the IFNGR1 mutation
and is therefore likely due to hyperactivation of NOD2.

A designated set of experiments was repeated 3 and 7
months on MTX treatment in the proband. While no changes
in IFNγR1818del4 signaling (data not shown) were noted a
sustained significant decrease of NFκB and MAPK signaling,
and the overall cytokine production was detected (Fig. 4a–e)
as the proband’s symptoms regressed.

Overall, the results suggest that the NOD2c.2264C˃T variant
exerts a gain-of-function effect and likely underlies at least
some auto-inflammatory features of the proband.

Discussion

In this study, we report a child and her mother harboring two
heterozygous mutations in the innate mechanisms of antimi-
crobial defense, the IFNGR1818del4 and NOD2c.2264C˃T, pre-
senting as combined phenotype of altered BS and milder
MSMD in the 17-year-old proband, while the proband’s moth-
er is asymptomatic.

The IFNGR1818del4 is the most frequent mutation in the
“818del4” hotspot, reported in over 80% of patients with
AD IFNγR1 deficiency. Both the proband and her mother
displayed the corresponding cellular phenotype. The pro-
band’s BCGitis represents a classic feature of AD IFNγR1
deficiency, but no infectious pathogens were ever detected in
any of her later sites of inflammation. Particularly, thorough
investigation was performed to elucidate the etiology of the
osteomyelitis, a common feature of AD IFNγR1. Despite the
fact that some of the granulomas showed prominent necrotic
features, which is characteristic for AD IFNγR1 deficiency
and less typical for BS [35], no mycobacteria were detected.

Fig. 5 Functional assays in the proband’s mother (P2): a Increased
IFNγR1 expression on cell surface of P2’s monocytes (Lin-, HLA-DR+
, CD14+), myeloid (Lin-, HLA-DR+, CD14-, CD11c+), and
plasmacytoid (Lin-, HLA-DR+, CD14-, CD123+) dendritic cells
compared with healthy controls (n = 8). Data are expressed as MFI
(mean fluorescence intensity). b Reduced STAT1 phosphorylation
(Tyr701) after IFNγ (1 μg/ml) stimulation and preserved STAT1
phosphorylation after IFNα (1 μg/ml) stimulation in P2’s CD14+
monocytes compared with healthy controls (n = 4). c Preserved
CXCL10 relative expression normalized to GAPDH in P2 PBMCs after
IFNγ (1 μg/ml) stimulation compared to healthy controls (n = 3). d

Decreased IL-12p70 production in P2’s PBMCs in response to LPS (1
μg/ml) or LPS and IFNγ (1 μg/ml) combined compared with healthy
controls (n = 5). The results are expressed as IFNγ response index
(LPS + IFNγ–stimulated/LPS-stimulated PBMCs). e Elevated IFNγ
production by P2’s CD4+ and CD8+ T lymphocytes after PMA (50
ng/ml) and ionomycin (750 ng/ml) stimulation compared with healthy
controls (n = 7). f Elevated ligand-independent Erk, JNK, and p38
MAPK phosphorylation (expressed as MFI-unstimulated P2’s MAPK/
MFI-unstimulated control’s MAPK) detected in CD14+ monocytes
using phosphoflow cytometry
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However, it should be stressed out that these pathogens are
notoriously difficult to detect in bones. On the other hand, the
effect of MTX advocates strongly for non-infectious etiology.

Curiously, the proband’s mother received BCG vaccine
without any complications (her skin tuberculin test was indic-
ative of having received the BCG vaccine) and remained al-
together healthy. This may be due to a phenomenon of incom-
plete penetrance, which has been reported to some degree in
many immune deficiencies [36–40], including AD IFNγR1
[31, 41]. The penetrance of vaccine-associated BCG disease
in AD IFNγR1 deficiency appears to be high (uncalculated),
but several mutation carriers have been reported to suffer no
adverse reactions to BCG. The penetrance of environmental
mycobacterial disease was calculated in 2004 to be 21% by 5
years of age and 45% by 10 years of age [30]. The underlying
mechanisms of incomplete penetrance are unknown.

The NOD2c.2264C˃T allele frequency in general population
is 0.2%, according to ExAC database and as such, it is classed
as “variant of unknown significance.” One other BS patient
was previously reported to harbor this mutation, presenting
with non-classic phenotype (Table 2). Our experiments dem-
onstrate a hyperactivation of downstream NOD2 signaling via
augmented NFκB and MAPK, which corresponds with the
findings of some previously published data on the cellular
disturbances in BS [3, 17] but is in conflict with others [13].
This hyperactivation may not be attributed to the AD IFNGR1
deficiency. Whereas most of the BS-associated mutations are
found in NACHT domain, the NOD2c.2264C˃T mutation is
located in LRR domain. Taken together, it is therefore possible
that this is an atypical BS mutation that does not reflect mech-
anisms operative in the majority of patients.

In the proband, the hallmark features of BS, e.g., dermatitis
and arthritis, were fully expressed. Uveitis, the remaining
symptom of the classic BS triad, occurred during the treatment
of BCGitis. The fact that it resolved after addition of steroids
suggests a non-infection background and we therefore consid-
er it a probable attribute of BS. An additional feature in the
proband was multifocal granulomatous osteomyelitis, which
responded well to MTX. Again, the mother also carries the
heterozygousNOD2c.2264C˃Tyet suffers no related symptoms.
The penetrance of BS-associated NOD2 mutations is not
known but appears to be high. Nevertheless, at least 5 asymp-
tomatic mutation carriers have been reported, two of them
healthy and well into their adulthood [42–44].

A puzzling excess of IFNγ production by T cells was de-
tected in our kindred. Such overt IFNγ production has not been
described in BS [45], nor is the excess of IFNγ found in the
sera of patients with partial IFNγR1 deficiency [30, 46]. To
confirm this, we evaluated the IFNγ production in another
AD IFNγR1 MSMD patient and another NOD2-associated
BS patient and found it to be normal in both cases. The over-
production of IFNγ in our patient therefore appears to be the
result of a combined effect of bothmutations but the underlying

mechanism is unclear. As the patient improved on treatment,
the NFKB, MAPK signaling, and the cytokine production de-
creased but the IFNγR1 signaling and the IFNγ production by
T cells remained unaltered. This finding supports the notion
that the major culprit in the patient’s BS symptoms is the
NOD2c.2264C˃T downstream hyperresponsiveness and not
merely the increased IFNγ.

Several examples of overlapping aspects of BS and AD
IFNγR1 MSMD led us to hypothesize that the co-existence
of both mutations would exhibit certain functional alterations
and that IFNγ is the common denominator. Both diseases
present histologically with the formation of granulomas. In
BS patients, IFNγ was shown to be overexpressed in cells
within the granulomas [35]. Conversely, the inflammatory le-
sions of patients with complete IFNγR1 signaling arrest, such
as the autosomal recessive IFNGR1 mutation, show poorly
established granulomas with very few giant cells [47]. The
recently published research implies a novel activation path-
way in BS, in which IFNγ primes the NOD2-mutated induced
pluripotent stem cell-derived macrophages to a pre-activated
state, independently of IFNγR/STAT1-mediated signaling
[17]. The excessive IFNγ production by T cells found in our
proband may therefore account for her altered BS phenotype,
even in the setting of impaired IFNγR signaling.

Moreover, both receptors are involved in antimycobacterial
immune response [35, 48, 49]. In fact, the BCG was reported
as a suspected culprit in triggering or worsening BS in some
patients [50–52]. The post-vaccination increase of IFNγ ex-
pression [53] suggests a possible mechanism via which the
BCG may accentuate the NOD2-driven inflammatory re-
sponse. In our proband, the BS-associated uveitis, arising after
BCG vaccination, resonates with the notion.

On the other hand, given the well-known therapeutic effect
of exogenous IFNγ on mycobacterial infections in AD
IFNγR1 deficient patients, we suggest that the exaggerated
IFNγ production provides a certain protection against myco-
bacterial infections for the proband and may perhaps compen-
sate for the mother’s AD IFNγR1 deficiency. Illustratively,
another AD IFNγR1818del4 patient, who we examined, suf-
fered three different EM by the age of 9 years, at least one
of them shortly after withdrawal of IFNγ treatment (Table 2).
This patient showed identically disturbed IFNγR1 signaling
but a near-normal IFNγ production.

Interestingly, in 2016, a Turkish patient was briefly report-
ed to harbor heterozygous missense NOD2 mutation
(c.802C>T, p.P268S, classed as variant of unknown signifi-
cance) and homozygous mutation in IFNGR1 gene
(c.110T>C, I37T) presenting as BS and AR partial IFNγR1
deficiency [54]. The clinical similarity to our proband is strik-
ing (Table 2), including the presence of multifocal osteomye-
litis and the response to MTX. Curiously, this patient also
developed acute macrophage-activation syndrome (MAS).
MAS is thought to result from uncontrolled macrophage
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activation due to hypercytokinemia, particularly under the
overproduction of IFNγ by T cells [55]. In our proband, such
excessive production of IFNγ was a hallmark of her T cell
phenotype, although she did not experience MAS.

The presented patient represents a model of BS with im-
paired IFNγ signaling via IFNγR1. Given the possible role of
IFNγ in the pathogenesis of BS, the clinical presentation de-
scribed here may be of interest to those exploring targeting of
its signaling as a therapeutic strategy for BS. However, our
study has several limitations; therefore, the findings must be
interpreted with care. Because of the dilemmas emphasized
above, such as the location and pathogenicity of
NOD2c.2264C˃T mutation, the nature of the osteomyelitis, or
the genotype-phenotype discordance between two carriers, the
exact immunopathogenesis of the patient’s symptom complex
may only be assumed but remains unverified.

In conclusion, we identified a patient with IFNGR1818del4

and NOD2c.2264C˃T mutations presenting with a unique phe-
notype and suggest that the functional cross-talk between
IFNγ and NOD2 pathways in BS warrants further exploration
in future studies.
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