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Abstract  

Phosphoglucomutase 3 (PGM3) is an enzyme converting N-acetyl-glucoseamine-6-

phosphate to N-acetyl-glucoseamine-1-phosphate, a precursor important for 

glycosylation. Mutations in the PGM3 gene have recently been identified as the 

cause of novel primary immunodeficiency with a hyper-IgE like syndrome. Here 

we report the occurrence of a homozygous mutation in the PGM3 gene in a family 

with immunodeficient children, described already in 1976. DNA from two of the 

immunodeficient siblings was sequenced and shown to encode the same 

homozygous missense mutation, causing a destabilized protein with reduced 

enzymatic capacity. Affected individuals were highly prone to infections, but lack 

the developmental defects in the nervous and skeletal systems, reported in other 

families. Moreover, normal IgE levels were found. Thus, belonging to the 

expanding group of congenital glycosylation defects, PGM3 deficiency is 

characterized by immunodeficiency, with or without increased IgE levels, and with 

variable forms of developmental defects affecting other organ systems.  

 

Keywords: Primary immunodeficiency, N-acetylglucosamine-phosphate mutase, 

hyper-IgE syndrome, Congenital defects of glycosylation, CDG. 
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Abbreviations 

 

CDG, Congenital defects in glycosylation  

EBV, Epstein Barr Virus  

GlcNAc-1-P, N-acetyl-glucoseamine-1-phosphate 

GlcNAc-6-P,  N-acetyl-glucoseamine-6-phosphate  

HIES, hyper-IgE syndrome  

PGM3, Phosphoglucomutase 3  

UDP-GalNac, uridine diphosphate N-acetylglucosamine  
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1. INTRODUCTION   

Phosphoglucomutase 3 (PGM3), previously known as N-acetylglucosamine-

phosphate mutase (AGM1) [1], is an enzyme important for posttranslational 

glycosylation. This enzyme converts N-acetyl-glucoseamine-6-phosphate (GlcNAc-

6-P) to N-acetyl-glucoseamine-1-phosphate (GlcNAc-1-P), which is needed to 

synthesize uridine diphosphate N-acetylglucosamine (UDP-GalNac). The latter is 

an important building block for both N-linked and O-linked glycans, as well as for 

glycolipids [2]. The O-GlcNAcylation of proteins is very sensitive to UDP-GlcNAc 

concentrations [3], and might thus be seriously disturbed by reduced PGM3 

activity. It is suggested that O-GlcNAcylation can modulate cellular signaling and 

influence transcription regulatory pathways in response to nutrients and stress [4, 

5]. This glycosylation signaling pathway has been found to “cross talk“ with 

mechanisms in the protein phosphorylation signaling pathways, as reviewed in [6, 

7]. Changes in glycosylation patterns have shown to be crucial for a number of 

human immune-related disorders and frequently in combination with disturbance 

in both physical and mental development [8, 9]. A total loss of O-GlcNAcylation is 

lethal during embryogenesis [10] and complete Pgm3 loss-of-function has also 

been found to be lethal in mice [11].  

 

Recently two independent groups identified hypomorphic mutations in the PGM3 

gene as the cause of a new form of immune deficiency with hyper-IgE syndrome 

(HIES) [12, 13]. Sassi et al. described three different homozygous mutations in four 

North African or Turkish families, which segregated with the disease symptoms 

[12]. Zhang et al. reported on eight patients in two different families, one family 

with a homozygous mutation and the second with compound heterozygous 
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mutations in the PGM3 gene [13]. Shortly after, a third report was published which 

also described a correlation between homozygous or combined heterozygous 

mutations in the PGM3 gene and severe immune deficiency [14].  

 

Already in 1976 a report describing four siblings with repeated bacterial 

infections, neutropenia and neutrophil chemotactic defects, as well as increased 

IgA levels and poor antibody response to vaccinations was published [15]. At that 

time-point all affected siblings were alive, but only one has survived to adult age. 

During a large screening with targeted sequencing of 179 genes [16], the only 

survivor was found to carry a homozygous hypomorphic mutation in the PGM3 

gene. As we report here, although resulting in severely impaired immune capacity, 

not all mutations in this gene lead to a HIES-like phenotype.  

 

 

2.  MATERIALS AND METHODS 

 

2.1 Informed consent 

All material from patients and relatives as well as data from patient records were 

achieved after informed consent and in accordance to the ethical principles applied 

at Karolinska Institutet, Ethical permission no 144/01. 

 

2.2 Sequencing 

Genomic DNA from whole blood or from a skin biopsy in a paraffin block (for 

deceased N.D.), was PCR-amplified and analyzed by cycle sequencing as earlier 

described [16]. For detailed methods and primer sequences, see Supplementary 
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Methods. 

 

2.3 Cell culturing 

Whole EDTA-blood was diluted 1:2 in RPMI 1640 (Life Technologies) with 20 % 

DMSO and aliquots of 1.5 ml were frozen at -80 °C. To ascertain sufficient amounts 

of cells for further analysis, an aliquot was subsequently transformed with Epstein 

Barr Virus (EBV) supernatant B95-8. EBV-transformed cells were cultured in RPMI 

1640 with 20% bovine sera.  

For lymphocyte activation whole blood with heparin addition was diluted in 

medium and stimulated as previously described [17]. For details, see 

Supplementary Methods. 

 

2.4 Immunoblotting  

EBV-transformed cells were used for Western Blot and RNA extraction as 

described in the supplementary section. Briefly, cells were lysed in RIPA buffer 

containing 0.1% sodium dodecyl sulfate (SDS) and protease inhibitors, separated 

by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose 

membranes. Proteins were probed with rabbit polyclonal anti-PGM3 and mouse 

monoclonal anti-Actin antibodies. Different amounts of cell lysates corresponding 

to between 0.5 and 2 x106 cells were tested to verify that the signals for both 

proteins were within a linear range.  At the same occasion cells were harvested for 

RNA extraction and specific mRNA levels analyzed by quantitative RT-PCR as 

described in the supplementary section.  

 

2.5 PGM3 enzyme activity assay 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 8 

A plasmid containing the human PGM3 gene with the Ile322Thr missense mutation 

was prepared and used to produce recombinant protein. For details, see 

Supplementary Methods. The purified protein was then analyzed in an enzyme 

assay to measure conversion of GlcNAc-6-P in vitro as earlier described [14]. A 200 

µl standard mixture containing 50 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 10 % (v/v) 

glycerol, 200 µM GlcNAc-6-P, and 50 µg of the indicated PGM3 protein was 

incubated at 30 °C for 10 min. The reaction was inactivated by incubation at 80 °C 

for 5 min and then subjected to mass spectrometry in “multiple reaction 

monitoring” mode (MSMS) The transition from the molecular ion (m/z 300) to a 

fragment specific to the substrate (GlcNAc-6-P) (m/z 138) was used to measure 

substrate consumption in relation to that of the wild-type enzyme.  

 

2.6 Structure analysis of PGM3 

For the structure analysis of the Ile322Thr mutant, we used the a homology model 

of human PGM3 based on the experimental X-ray structure of Aspergillus fumigatus 

PGM3 [18] made by SWISS-MODEL [19] (Protein Data Bank [PDB] ID 4BJU), which 

has ~50% sequence identity with the human protein.  

 

2.7 Statistics 

Statistical analysis was performed using Statistical Package for the Social Sciences 

(SPSS) Software. Statistical significance was determined using 1-way ANOVA, 

followed by the Duncan comparison test. P ≤ 0.05 was considered statistically 

significant. 

 

3. RESULTS 
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In 1976, a case report describing four immunodeficient siblings in a Swedish 

family was published [15]. Results regarding the effect of the identified PGM3 

mutation on a molecular basis, together with a short summary with updates of the 

clinical findings are given below. Laboratory data for the single healthy child in this 

family (M.D., born 1970) has been included as an age-matched, healthy, 

heterozygous control. The designation of the patients is according to the earlier 

report. 

 

3.1 Disease histories 

3.1.1 H.D. born 1964, female.  

As earlier described [15] from the age of four months H.D. suffered from recurrent 

skin abscesses, otitis media, bronchitis, persistent eczema, neutropenia and 

eosinophilia. During infections the number of neutrophils was partly restored to 

normal. H.D. exhibited normal growth and development.  In 1973 she showed 

evidence of a severe varicella infection and in 1974 she had symptoms of moderate 

polyarticular arthralgia and arthritis and indications of rheumatoid arthritis, 

which were efficiently treated with prednisolone. H.D. suffered from pneumonia 

twice, and although no specific etiology was determined, there was appropriate 

response to antibiotics.  In 1976 she became febrile and developed severe eczema 

and a sore throat. The patient was treated with antibiotics and finally high doses of 

corticosteroids as well as transfusions of leukocytes. Despite therapy the patient 

died, at the age of 12 years. The post mortem examination showed signs of 

pneumonia and pericarditis. 

3.1.2 N.D. born 1966, male.  
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N.D. displayed neutropenia and eosinophilia, and also in this patient the number of 

neutrophils was partly restored during infections. He exhibited normal growth and 

development. At the age of 18 months N.D. became seriously ill with 

gastroenteritis, pneumonia and a gluteal abscess. S. aureus and C. albicans were 

isolated from stool, pus, and throat swabs, but not from blood. After this episode, 

the patient suffered from skin abscesses, otitis media, bronchitis, sinusitis and 

eczema. In 1973 N.D. became critically ill with varicella complicated by 

disseminated pneumonia and encephalitis. He eventually recovered but after this 

suffered from repeated pneumonias. Although a specific bacterial pathogen was 

not identified, there was prompt response to antibiotics. In June 1976 N.D. was 

again diagnosed with pneumonia but pathogenic microorganisms were not found 

in cultures. Treatment with antibiotics was given without improvement and N.D. 

died, 10 years old. The parents declined autopsy.  

3.1.3 E.D. born 1967, female.  

During infancy E.D. developed a thoracic skin abscess, from which S. aureus was 

isolated and she developed severe perianal dermatitis. Later she suffered from 

repeated pneumonias, pseudocroup once, and severe varicella in 1973. From 1976 

she was on average diagnosed with two to four pneumonias per year and was 

treated with repeated courses of antibiotics. In 1979 she developed lobular 

atelectasis. E.D. also suffered from chronic eczema, which periodically became 

generalized and demanded hospital treatment. Occasionally secondary bacterial 

skin infections appeared. Her general condition gradually deteriorated with weight 

loss and chronic cough. 1984 she was hospitalized during several long periods due 

to pneumonia, a large atelectasis, and feeding difficulties. Despite intensive care 

treatments E.D. died in May 1984, at the age of 16 years. 
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3.1.4 A.D. born 1972, female. 

Four days after birth a routine blood test showed neutropenia (400 

neutrophils/mm3 blood), but she remained healthy during infancy, besides minor 

eczema. In 1973, at the age of 13 months she developed a severe varicella, and at 

the age of two years she had pneumonia. A.D. thereafter continued to have 

recurrent airway infections, pneumonias and otitis medias. Similar to her siblings 

she had neutropenia and eosinophilia, and increased IgA levels. Since 1984 she has 

been on prophylactic treatment with intravenous gammaglobulin. She has been 

pregnant three times and has two healthy children born 1991 and 1999. At the 

third pregnancy in 2001 the child died during delivery due to a severe intrauterine 

bacterial infection. A.D. is now working full time as a nurse´s assistant at a hospital. 

Beside recurrent bacterial upper airway infections, on average three to five per 

year, which have been treated with antibiotics, mostly amoxicillin, she is mainly 

healthy. 

 

3.2 Identification of the mutation 

During a targeted sequencing study [16], the only mutation that was identified in 

patient A.D. was in the PGM3 gene, where a homozygous mutation replacing Ile322 

with Thr was found. Both parents and the healthy sister were shown to carry the 

corresponding sequence in one allele (Fig. 1A). DNA extracted from a 40-year-old 

skin biopsy from the deceased N.D., confirmed the presence of the same 

homozygous mutation (Fig. S1). The pedigree of the family is presented in Figure 

1B. The verification of this second sequence provides further support for the 

correlation between disease and homozygous mutations in the PGM3 gene.  
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3.3 Laboratory Data  

As a child A.D., as well as her deceased siblings, had mostly normal to low levels of 

leukocytes, with frequently low percentages of lymphocytes and neutrophils and 

sometimes very elevated numbers of eosinophils [15]. Data from selected time 

points since 1984 are provided in Supplementary Table I and Fig. S2.  In February 

2014 a screening of the lymphocyte populations was performed, and samples from 

the healthy sister (M.D.) were included, as an age matched control. Although the 

neutrophil count on this occasion was within the normal range, the lymphocyte 

count was low and the eosinophils elevated (Table I). The numbers of T, B, and NK 

cells were all reduced, while the CD4/CD8 ratio and the proportion of different B-

cell populations were mostly in the normal range. The exceptions were a slight 

reduction in percentage of memory B-cells and a substantial increase in 

IgMHigh/CD38High B-cells, corresponding to transitional B-cells.  

 

Although A.D. has a general lymphopenia the lymphocyte mitogen proliferation as 

tested by the flow cytometric assay of specific cell-mediated immune response in 

activated whole blood (FASCIA) was within the normal range, except for CD19+ 

cells stimulated with pokeweed mitogen, which was slightly reduced  

(Supplementary Table II).  

 

The IgG level was within the normal range since the patient is on a continuous 

gamma globulin substitution therapy. At three earlier occasions the IgE level was 

measured and found to be in the high normal or just above the normal range 

(Supplementary Table I). In contrast to what was described for the patients in two 
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of the earlier reports of PGM3 deficiency, her IgE level remains normal, while the 

IgA concentration in blood 5.6 g/L, however, is above the normal range (Table I). 

 

3.4 Enzyme activity and stability of mutated PGM3 protein 

The position of the Ile132 was studied in the same model of human PGM3 as was 

earlier described [14] (Fig. 2). Since human PGM3 protein has not been crystallized 

yet, the best model available is based on the X-ray structure of Pgm3 from A. 

fumigatus [18]. In this homology model Ile322 is located in the end of the β-sheet 

in the sugar-binding domain (domain 3), and seems to be engaged in hydrophobic 

contacts that likely contribute to the stability of the domain. The Ile322Thr 

substitution may therefore have a destabilizing effect on the three dimensional 

structure of the protein. 

 

In order to investigate the activity of the mutated enzyme and to compare the 

effect of this mutation with those earlier reported, a recombinant protein with the 

identified PGM3 Ile322Thr substitution was prepared in E. coli. Purified 

recombinant enzyme was subsequently tested for conversion of GlcNAc-6-P to 

GlcNAc1-P, in vitro (Fig. 2). The activity for the enzyme with the new mutation was 

47.8 % (SEM 5.3 %), which is in the same range as was seen with two of the earlier 

reported mutations Asp239His and Gln451Arg, with 59 % (SEM 11.8 %) and 50 % 

(SEM 10 %) activity respectively [14]. 

 

To be able to study the stability of this protein in cells we immortalized patient B-

cells by EBV transformation. B-cells from A.D. required twice the time as compared 

to the control cells to display transformed cell aggregates. These cells grew much 
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slower, also after the cell line was established. An additional indication for the 

destabilizing effect of the PGM3 mutation was found when analyzing PGM3 protein 

levels in cell lysates by Western blot (Fig 3). At the same time we confirmed the 

unchanged PGM3 mRNA levels in these cells as compared to control cells, using 

quantitative RT-PCR (data not shown). Collectively this suggests that protein, but 

not mRNA, is destabilized owing to the mutation. 

 

4. DICUSSION 

The newly described correlation between homozygous or compound heterozygous 

autosomal recessive mutations in the PGM3 gene and mostly severe immune 

defects are accompanied by different clinical symptoms [12-14]. In this report we 

have described a new PGM3 mutation and compared the clinical symptoms with 

those found in earlier reported cases (Table II). 

 

The PGM3 enzyme is crucial within the synthesis pathway for UDP-GalNac, a 

building block required for posttranslational glycosylation. Congenital defects in 

glycosylation (CDG) cause a number of immune-related disorders, frequently in 

combination with skeletal anomalies, psychomotor retardation and developmental 

delay [8, 9, 20]. Recombinant PGM3 containing the Ile322Thr mutation described 

here was clearly destabilized, leading to a rapid degradation as well as a reduced 

enzymatic activity (Fig. 2), and thus a serious disturbance in glycosylation 

efficiency. Other mutations located in different parts of the enzyme were also 

reported to reduce the enzyme activity [14]. The PGM3 enzyme activity has also 

been investigated in cell-lysates from several patients [12]. 
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Among the described patients 83 % were reported to have a developmental delay 

and/or mental retardation, and scoliosis or skeletal changes were found in 7 of 20 

(35%) cases (Table II). Zang et al. [13] also performed MRI scanning of the brains 

of some of their patients. They found signs suggesting dysmyelinisation, signs 

which were claimed to be typical across the cohort. Due to that report an MR was 

performed on patient A.D. No signs of abnormal myelinisation could be found (data 

not shown). None of the children in the family with the here reported mutation 

have shown signs of delayed development or mental retardation. Thus, not all 

mutations in the PGM3 gene will necessarily cause developmental neurological 

disturbances or skeletal changes.  

 

According to the initial reports, mutations in the PGM3 gene appear to give a 

typical pattern of what is described as hyper IgE syndrome (HIES). 

Immunodeficiency in combination with highly elevated IgE levels has earlier been 

found in patients with dominant mutations in the signal transducer and activator 

of transcription 3 (STAT3) gene (AD HIES), and in patients with autosomal 

recessive mutations in the dedicator of cytokinesis 8 (DOCK8), or the tyrosine 

kinase 2 (TYK2) genes (AR HIES), as reviewed [21, 22]. Almost all patients with 

reported mutations in the PGM3 gene have had a history of severe eczema, 

abscesses, Staphylococcal infections, and recurrent pneumonias, typical symptoms 

found in patients with AR HIES. Severe viral infection was also described in 13 of 

20 patients (Table II). All patients described in the two first reports did also 

display highly elevated IgE levels [12, 13]. The four siblings with severe 

immunodeficiency that were described in the Swedish family [15], however, all 

had a normal IgE level and among the three patients in the third report [14] only 
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one had abnormally high IgE. Thus, mutations in PGM3 are not necessarily leading 

to HIES. Similarly, mutations in the transforming growth factor beta receptor 1 

(TGFBR1) gene, depending on their nature, may or may not be associated with 

highly elevated IgE levels in patients with Loeys-Dietz syndrome [23]. Moreover, 

our patient, like the majority of the patients in the two first reports, showed 

slightly elevated IgA levels. 

 

In-depth investigations regarding the effects on the immune system have been 

performed for many of the patients identified with PGM3 mutations. The total 

number of lymphocytes is mostly decreased, while the levels of NK cells are less 

consistent. Increased levels of eosinophils and reduced levels of neutrophils are 

also reported for most of these patients  (Table II). In the 1970s there were no 

assays to perform extensive fluorescence-activated cell sorting (FACS) analysis of 

whole blood, which is routinely done today. Still, at that time point a thorough 

analysis of different myelocyte groups in both blood and bone marrow was made 

for at least one of the affected children. The total amount of cells in the bone 

marrow aspirates was normal, although also here the proportion of neutrophils 

was reduced and promyelocytes and eosinophils were elevated, indicating a 

disturbed granulocyte maturation [15]. In the recent FACS analysis of cells from 

patient A.D. an increased percentage of transitional B-cells was noticed (Table I), a 

parameter that was also reported for some patients in one of the other cohorts 

(Table II) [12]. In addition, a reduction in percentage memory B-cells was seen in 

A.D. as well as in 8 of 12 earlier reported cases. Reduction of memory B-cells has 

also been described for DOCK8-deficient patients with AR HIES [24]. The 

inconsistency in CD4/CD8 ratios, with some patients having reduced, while other 
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have increased ratios, might rather be an effect of the low numbers and uneven 

maturation of lymphocytes. Recently, effects on the levels of plasmacytoid 

dendritic cells (pDC) were reported in AR HIES with a DOCK8 mutation [25]. The 

effect of PGM3 mutations on pDC levels has, however, not been investigated so far.  

 

5. CONCLUSION 

In conclusion, to the best of our knowledge, the report on the Swedish children 

published in 1976 represents the very first clinical description of patients with 

mutations in the PGM3 gene. We have now been able to conclusively demonstrate 

the cause of the disease, which was fatal in three of four siblings. This report also 

contributes to the description of the phenotypic variation among patients with 

PGM3 mutations. Reduced lymphocyte levels, neutropenia and eosinophilia are 

prominent in this immunodeficiency. Increased IgA but not always increased IgE 

levels are other manifestations, and many but not all patients show neurological 

and skeletal defects.  
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Table I.  

Cell counts and immunoglobulin levels in the patient with homozygous 

PGM3 mutation  

         February 2014 

   A.D. *              M.D. 

Reference 

interval 

Leukocytes           (x109 cells/L)  4.4 7.0 3.5 – 8.8 

Eosinophils      (x109 cells/L) 0.9 <0.1 0.0 – 0.5 

Neutrophils        (x109 cells/L)  2.2 4.4 1.6 – 7.5 

Basophils          (x109 cells/L)  <0.1 <0.1 0.0 – 0.1 

Monocytes        (x109 cells/L) 0.7 0.4 0.1 – 1.0 

NK (CD3–16+56+)(x109 cells/L)  0.04 0.33 0.07 – 0.42 

Total lymphocytes (x109 cells/L) 0.6 2.2 1.0 – 4.0 

CD3+ cells         (x109 cells/L) 0.37 1.05 0.78 –2.07 

CD4+     (% of CD3+ cells) 39 40 35 – 59 

CD8+     (% of CD3+ cells) 31 15 14 – 36 

CD4+/CD8+ Ratio 1.27 2.68 1.13 – 3.93 

CD19+ B-cells    (x109  cells/L )    0.06 0.52 0.09 – 0.40 

IgD+ CD27–  (naïve)1) 81 52 47 – 84 

IgM+ CD21+  1) 74 67 31 – 88 

IgD+ CD27+(marginal zone) 1 6 16 6  –  29 

IgD– CD27+(memory) 1) 5 23 8  –  29 

IgM+ CD21– (active immature) 1) 10 4 0.7 – 10 

IgM– CD38+(plasma blasts) 1) 2 1 0  – 3.2 

IgM++CD38++(transitional) 1) 7 <0.5 <1 
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IgA        g/L 5.6 1.2 0.88 – 4.50 

IgE      x103 units/L 19 24 < 122 

IgM      g/L 0.22 1.6 0.27 – 2.10 

IgG       g/L 8.42) 11.3 6.7 – 14.5 

Values outside normal intervals are indicated in bold. * A.D. is the proband with homozygous mutation, 

whereas M.D. serves as a healthy, heterozygous control. 1)  % of CD19+ cells. 2) The patient is on gamma 

globulin substitution therapy. 
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Table II. 

Summary of published laboratory data and clinical findings for patients 

with PGM3 mutations 

 

 Laboratory data 

Patient  

A.D.a 

 

Björkstén 

& Lundmark 

1976b 

Sassi 

et al  

2014 

Zhang 

et al  

2014 

Stray-Pedersen  

et al 2014 

Erythrocytes Normal NR 7/7 NR NR 

Platelets Normal or NR 3/6 NR Not reduced 

Leukocytes Normal   c 2/7, 3/7 6/8 d,e 3/3  

Neutrophils  Normal    c 2/7, 2/7 3/8, 187 e 3/3 

Eosinophils    c 7/7 4/78 d,e NR 

Total lymphocytes   Normal 2/7 7/8 d,e  

CD3+ cells  NR 4/7 NR   

CD4+/CD8+ Ratio Normal NR 7/7 1/7, 2/7 e 3/3 

CD4+  NR 6/7 5/7 NR 

CD8+  NR 7/7 5/7  NR 

NK cells  NR 4/7 3/7 Normal 

Total CD19+ B-cells  NR 4/7, 1/7 CD20+4/71/7

 

  

% transitional  B-cells 

IgM++CD38++ 

 NR 3/5 NR NR 

% memory B-cells IgD–

CD27+ 

 NR 1/5, 1/5 7/7 NR 

% naïve B-cells 

IgD+CD27– 

Normal NR 1/5 NR NR 
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% plasma blast B-cells Normal NR 2/5, 1/5 NR NR 

IgE Normal 4/4 Normal 7/7 6/7, 1/7 1/3 f 

IgA   5/7  6/7 1/3 

IgG -globulin  

substitution 

NR 3/7 1/7, 3/7 1/3 

IgM  Normal to low 3/71/7 Normal 2/3 

In vitro T-cell PHA 

proliferation 

Normal 3/3 Normal 4/6 Normal NR 

T-cell response to recall 

antigen 

Mainly normal g  No 4/4h 6/6i NR NR 

Neutrophil chemotaxis NR   4/4 3/3 unaltered NR NR 

Clinical findings      

Anemia Occasionally 1/4 NR 1/8 2/3 

Abscesses / skin 

infections 

Yes 3/4 7/9 8/8  3/3 

Bronchiectasis No 1/4 6/? 5/8 NR 

Eczema/dermatitis Yes 4/4 7/9 8/8 3/3 

Otitis Yes 2/4 NR 7/8 1/3 

GI problems/food allergy No 1/4 NR 5/8 3/3 

Pneumonia / Respiratory 

tract infections 

Yes 4/4 9/9 6/8 3/3 

Encephalitis  No 1/4 NR 1/8 NR 

Recurrent Staphylococcal 

infections 

No   2/4 8/9 6/8 NR 

Fungal / Candida 

infections 

No   1/4 6/9 1/8 NR 

Severe viral infections 

/EBV viremia 

Yes 4/4 4/9 5/7 NR 
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Skeletal dysplasia & PC No No NR NR 2/3 f 

Scoliosis No   NR 1/9 4/8 NR 

Abnormal cerebral 

myelination 

No NR NR 4/8 2/3 

Dysmorphic facial 

features 

No No 4/9 Several 2/3 

Developmental delay 

and/or intellectual 

disability (low IQ) 

No No 6/7 7/8 2/3 

Psychomotor retardation No No 3/7 NR   NR 

Failure to thrive No No 7/9 NR 1/3 

HSCT No No NR NR 2/3 

NR= not reported, PC= Pectus carniatum, HSCT= hematologic stem cell 

transplantation.  a For A.D. laboratory data from 2014 and clinical data from 

patient history are given.  

b Includes early childhood data for patient AD and additional information from the 

clinical records of the deceased siblings. 

c During infection with fever the leukocyte and neutrophil counts increased while 

eosinophil count was normalized until the patient recovered. 

d Values varied between normal and abnormal in some of the patients 

e Reference values from Karolinska University Hospital  

f  The patient with elevated IgE did not have skeletal abnormalities 

g  See Supplementary Table I 

h Tuberculin, candida, staphylococcal and streptococcal antigen 

i Tuberculin [PPD] or tetanus toxoid 
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FIGURE LEGENDS 

 

Figure 1. Identified mutation in the patient and her relatives.  

A) Sequencing results identifying the mutation in the PGM3 gene, which 

demonstrates the exchange of amino acid 322 from Ile to Thr. B) Pedigree chart 

showing the presence of the identified mutation. The arrow indicates the proband. 

The mutation could not been verified in two of the immunodeficient deceased 

siblings due to lack of biological samples. Neither has the presence of the mutation 

been studied in any of the grandchildren, who all are healthy. One child of the 

proband died at birth due to an intrauterine infection.  

 

Figure 2. Human PGM3-model and enzyme activity. 

The molecular model of the human PGM3 based on the X-ray structure of Pgm3 

from Aspergillus fumigatus. The position of the Ile322Thr mutation is indicated in 

red. It is located at the end of the β-sheet in the sugar-binding domain (domain 3) 

and seems to be engaged in hydrophobic contacts that likely contribute to the 

stability of the domain. The Ile322Thr substitution might therefore have a 

destabilizing effect on the three-dimensional structure of the protein. The green 

sphere represents the central magnesium ion.  

The effect of the amino acid substitutions on PGM3 was tested by mass 

spectrometry in ‘‘multiple reaction monitoring’’ mode; the transition from the 

molecular ion (m/z 300) to a fragment specific to the substrate (GlcNAc-6-P) (m/z 

138) was used for measuring substrate consumption in relation to that of the wild-
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type. Mean of 3 experiments, SEM in parenthesis. 

 

Figure 3. Stability of PGM3 protein in EBV-transformed cells: Whole cell 

lysates from EBV-transformed cells derived from a healthy control without 

mutation in the PGM3 gene (control), a control with one mutated allele (M.D.), and 

the patient with homozygous mutations (A.D.) were processed for western 

blotting. Actin serves as control of the loading. Proteins were detected using rabbit 

polyclonal anti-PGM3, and mouse monoclonal anti-Actin antibodies. Panel A shows 

the filter from a representative experiment. Panel B shows the mean of relative 

intensities for PGM3 expression from four different experiments with error bars 

representing standard deviation of the mean. Statistical significance was analyzed 

by using a one-way ANOVA followed by Duncan comparison test. *P ≤ 0.01, **P ≤ 

0.001.  
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Figure 1 
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Figure 2 
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Figure 3 
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Highlights Lundin et al. 
 
 

 Immunodeficiency reported 1976, is now identified as caused by a mutation 
in PGM3 

 Replacing Ile322 with Thr reduces protein stability and enzyme activity in 
PGM3 

 Identified mutation in PGM3 induces primary immunodeficiency without 
hyper-IgE 

 A PGM3-PID with increased eosinophils but without skeletal or neurological 
changes 

 
 



Supplementary	
  Methods	
  
	
  
Sequencing	
  	
  
Genomic	
  DNA	
  was	
  PCR-­‐amplified	
  and	
  analyzed	
  by	
  cycle	
  sequencing	
  using	
  the	
  ABI	
  
PRISM	
   BigDye	
   Terminator	
   v1.1	
   cycle	
   sequencing	
   kit	
   (Applied	
   Biosystems)	
   as	
  
earlier	
   described	
   {Moens,	
   2014	
   #1}.	
   DNA	
   extraction	
   was	
   performed	
   using	
   the	
  
FlexiGene	
   or	
   the	
   Qiamp	
   DNA	
   FFPE	
   kits	
   (Qiagen)	
   according	
   to	
   the	
   supplied	
  
protocols.	
  For	
  extraction	
  from	
  paraffin,	
  the	
  tissue	
  slides	
  were	
  first	
  incubated	
  for	
  5	
  
minutes	
  in	
  xylene	
  and	
  vigorously	
  vortexed.	
  After	
  centrifugation	
  and	
  removal	
  of	
  the	
  
xylene	
  the	
  sample	
  was	
  washed	
  with	
  99.5%	
  ethanol,	
  centrifuged	
  at	
  14,000x	
  g	
  and	
  
all	
   ethanol	
   carefully	
   removed	
   by	
   a	
   pipette.	
   PCR	
   was	
   performed	
   using	
   the	
  
HotStarTaq	
   plus	
   DNA	
   polymerase	
   kit	
   (Qiagen)	
   according	
   to	
   manufacturer’s	
  
protocol.	
   Primers	
   used	
  were,	
   forward:	
   5’-­‐TTT	
   GGT	
   AGC	
   CTT	
   TAG	
   AAC	
   TCT	
   C-­‐3’,	
  
reverse:	
  5’-­‐TGA	
  GGG	
  CAG	
  TAT	
  CTT	
  TCT	
  CAC-­‐3’,	
  and	
   forward	
  2:	
  5’-­‐	
  TGT	
  AGA	
  CCA	
  
TAC	
  TTT	
  TGA	
  TGG	
  CA-­‐3’,	
   	
  reverse	
  2:	
  5’-­‐GAA	
  ACT	
  ACC	
  AGA	
  AAA	
  CAA	
  AAA	
  TGG-­‐3’.	
  
For	
  both	
  PCR-­‐sets	
  an	
  annealing	
  temperature	
  of	
  53	
  °C	
  was	
  used.	
  	
  
	
  
Cell	
  culturing	
  
EBV-­‐transformation.	
  Whole	
   EDTA-­‐blood	
   was	
   diluted	
   1:2	
   in	
   RPMI	
   1640	
   (Life	
  
Technologies),	
   with	
   20	
   %	
   DMSO,	
   and	
   aliquots	
   of	
   1.5	
   ml	
   frozen	
   at	
   -­‐80	
   °C.	
   To	
  
ascertain	
  enough	
  amounts	
  of	
  cells	
  for	
  further	
  analysis,	
  an	
  aliquot	
  was	
  subsequently	
  
transformed	
  with	
  Epstein	
  Barr	
  Virus	
  (EBV).	
  Briefly,	
  cells	
  were	
  rapidly	
  thawed	
  and	
  
washed	
  in	
  RPMI	
  1640	
  containing	
  20	
  %	
  heat-­‐inactivated	
  fetal	
  bovine	
  serum	
  (RPMI-­‐
20)	
  and	
  re-­‐suspended	
  in	
  filtered	
  EBV	
  B95-­‐8	
  supernatant,	
  at	
  107	
  cells/ml.	
  	
  After	
  90	
  
minutes	
  at	
  37	
  °C	
  the	
  cells	
  were	
  diluted	
  with	
  RPMI-­‐20,	
  pelleted	
  and	
  resuspended	
  at	
  
2	
   x	
   106	
   cells/ml	
   in	
   RPMI-­‐20	
   supplemented	
   with	
   10	
   mM	
   HEPES,	
   1x	
   PEST	
   (Life	
  
Technologies)	
   and	
   1	
  µg	
   Cyclosporin	
  A	
   (CsA)(Sigma)/ml,	
   and	
   placed	
   in	
   a	
   96-­‐well	
  
round	
  bottom	
  plate.	
  Half	
  of	
  the	
  culture	
  medium	
  in	
  the	
  wells	
  was	
  exchanged	
  every	
  
4-­‐5	
   days	
   and	
   CsA	
   was	
   withdrawn	
   after	
   2-­‐3	
   weeks.	
   EBV-­‐transformed	
   cells	
   were	
  
expanded	
   and	
   cultured	
   in	
   RPMI-­‐20	
   containing	
   50	
   mg/ml	
   Gentamicin	
   (Life	
  
Technologies),	
  at	
  37	
  °C	
  in	
  a	
  humidified	
  incubator	
  with	
  5	
  %	
  CO2	
  atmosphere.	
  	
  
	
  
Mitogen	
  stimulation	
  (FASCIA).	
  Whole	
  blood	
  with	
  Heparin	
  was	
  diluted	
  1:9	
  in	
  RPMI	
  
1640	
  medium	
  supplemented	
  with	
  100	
  IU/mL	
  penicillin,	
  100	
  IU/mL	
  streptomycin	
  
(all	
  from	
  Gibco,),	
  2	
  mM	
  L-­‐glutamine	
  (Invitrogen)	
  and	
  stimuli	
  as	
  indicated	
  below,	
  in	
  
polypropylen	
   round	
  bottom	
   tubes	
  with	
   caps	
   (BD	
  Biosciences).	
   450	
  µL	
   of	
   diluted	
  
blood	
  was	
  incubated	
  with	
  50	
  µL	
  of	
  the	
  agents	
  listed	
  below,	
  using	
  concentrations	
  as	
  
indicated:	
   PHA	
   (Phytohemagglutinin,	
   Sigma-­‐Aldrich)	
   10	
  µg/ml;	
   PWM	
   (Pokeweed	
  
mitogen,	
   Sigma-­‐Aldrich)	
   5	
   µg/mL;	
   ConA	
   (Concanavalin	
   A,	
   Sigma-­‐Aldrich)	
   10	
  
µg/mL	
  Pneumococci	
  (Prevenar	
  13	
  vaccine,	
  Pfizer)	
  diluted	
  1:100;	
  Tetanus	
  toxin	
  40	
  
IU/ml	
   (Statens	
   serum	
   institute,	
   Copenhagen)	
   undiluted;	
   Influenza	
   (Influenza	
   A	
  
vaccine,	
   Fluarix,	
   GlaxoSmithKline	
   AB)	
   diluted	
   1:100;	
   PPD	
   (Tuberculin	
   purified	
  
protein	
   derivative,	
   Statens	
   serum	
   institute,	
   Copenhagen)	
   10	
   µg/mL;	
   Candida	
  
(Candida	
  albicans,	
  Greer)	
  20	
  µg/mL;	
  Staphylococcal	
  enterotoxin	
  A	
  (Staphylococcal	
  
enterotoxin,	
   Sigma-­‐Aldrich)	
   100	
   ng/mL;	
   Varicella	
   zoster	
   (Varizella	
   zoster	
   virus	
  
vaccine,	
  Varilrix	
  ,	
  GlaxoSmithKline	
  AB)	
  diluted	
  1:100.	
  
The	
  tubes	
  were	
  then	
  incubated	
  for	
  7	
  days	
  in	
  a	
  cell	
  culture	
  incubator	
  at	
  37	
  °C	
  with	
  
5%	
   CO2	
   and	
   with	
   loose	
   caps.	
   At	
   day	
   7	
   medium	
   was	
   removed	
   and	
   frozen	
   for	
  
cytokine	
  analysis	
  and	
  the	
  cells	
  were	
  stained	
  with	
  CD3-­‐FITC/CD4-­‐PE	
  Simultest	
  mix	
  



(BD	
   Biosciences).	
   In	
   addition,	
   the	
   tubes	
   with	
   medium	
   control	
   and	
   PWM	
   were	
  
stained	
  with	
   CD19-­‐PC7	
   (Beckman	
   Coulter)	
   alternatively	
   CD19-­‐PerCP-­‐Cy	
   (BD)	
   or	
  
CD-­‐APC	
   (BD).	
   Erythrocytes	
  were	
   lysed	
  with	
   1×	
   IOTest	
   lysing	
   solution	
   (Beckman	
  
Coulter)	
   and	
   the	
   cell	
   pellets	
  were	
  washed	
  and	
   resuspended	
   in	
  450	
  μL	
  PBS.	
   Cells	
  
were	
   counted	
   using	
   a	
   FC500	
   or	
   Navios	
   flow	
   cytometer	
   (Beckman	
   Coulter).	
   To	
  
obtain	
   an	
   absolute	
   number	
   of	
   proliferative	
   responses	
   per	
   μL	
   whole	
   blood,	
  
Trucount	
   tubes	
   (BD	
   Biosciences)	
   were	
   used	
   and	
   cells/µL	
   blood	
   calculated	
   as	
  
described	
  in	
  Marits	
  P.	
  et	
  al.	
  Clin	
  Immunol.	
  2014	
  Aug;153(2):332-­‐42.	
  
	
  
	
  
Immunoblotting	
  	
  
EBV-­‐transformed	
  cells	
  were	
  used	
  for	
  Western	
  Blot	
  and	
  RNA	
  extraction.	
  Cells	
  were	
  
counted	
  and	
  pelleted	
  at	
  400x	
  g	
  and	
   immediately	
   lysed	
  with	
  RIPA	
  buffer	
   (50	
  mM	
  
Tris-­‐HCl,	
   pH	
   7.4	
   with	
   50	
   mM	
   sodium	
   fluoride,	
   150	
  mM	
   sodium	
   chloride,	
   2	
   mM	
  
EDTA,	
  1.0	
  %	
  NP-­‐40,	
  0.5	
  %	
  sodium	
  deoxycholate,	
  and	
  0.1	
  %	
  sodium	
  dodecyl	
  sulfate	
  
(SDS)),	
  containing	
  an	
  EDTA-­‐free	
  complete	
  inhibitor	
  cocktail	
  (Roche).	
  Samples	
  were	
  
analyzed	
  by	
  SDS-­‐polyacrylamide	
  electrophoresis	
  on	
  4	
  to	
  12	
  %	
  Bis-­‐Tris-­‐glycine	
  gels	
  
(Life	
  Technologies),	
   and	
   transferred	
   to	
  nitrocellulose	
  membranes	
  using	
   the	
   iBlot	
  
Dry-­‐Blotting	
   system	
   (Life	
   Technologies).	
   The	
   membranes	
   were	
   treated	
   with	
  
Odyssey	
  blocking	
  buffer	
   (LI-­‐COR	
  Biosciences),	
  and	
  probed	
  with	
  rabbit	
  polyclonal	
  
anti-­‐PGM3	
   antibodies	
   (PA5-­‐22353,	
   Thermo	
   Scientific)	
   at	
   dilution	
   1:2000	
   and	
  
mouse	
   monoclonal	
   anti-­‐Actin	
   (A-­‐5441,	
   Sigma)	
   diluted	
   1:100,000.	
   Secondary	
  
antibodies	
  goat	
  anti-­‐mouse-­‐800CW	
  and	
  goat	
  anti-­‐rabbit-­‐680	
  (LI-­‐COR	
  Biosciences)	
  
were	
   used	
   in	
   a	
   dilution	
   of	
   1:20,000.	
   The	
   membranes	
   were	
   scanned	
   with	
   the	
  
Odyssey	
   infrared	
   imaging	
   system	
  (LI-­‐COR	
  Biosciences).	
  Different	
  amounts	
  of	
   cell	
  
lysates	
   corresponding	
   to	
  between	
  0.5	
   and	
  2	
  x106	
   cells	
  were	
   tested	
   to	
  verify	
   that	
  
the	
  signals	
  for	
  both	
  proteins	
  were	
  within	
  a	
  linear	
  range.	
  	
  	
  
	
  
Quantitative	
  RT-­‐PCR	
  
At	
   the	
   same	
   time	
   as	
   cells	
   were	
   harvested	
   for	
   immunoblotting,	
   an	
   aliquot	
   was	
  
pelleted	
   separately	
   and	
   immediately	
   resuspended	
   in	
   Trizol	
   reagent	
   (Life	
  
Technologies).	
   RNA	
  was	
   extracted	
   according	
   to	
   the	
  manufacturer’s	
   protocol	
   and	
  
the	
   concentration	
   determined	
   by	
   spectroscopy.	
   For	
   the	
   first	
   strand	
   synthesis	
   an	
  
amount	
   of	
   500	
   ng	
   total	
   RNA	
   was	
   used	
   per	
   reaction	
   in	
   the	
   high	
   capacity	
   cDNA	
  
reverse	
   transcriptase	
   kit	
   (Applied	
   Biosystems)	
   with	
   random	
   hexamer	
   primers.	
  	
  
The	
  specific	
  mRNA	
  levels	
  were	
  subsequently	
  analyzed	
  using	
  the	
  Quantitect	
  SYBR	
  
green	
   PCR	
   kit	
   (Qiagen)	
   according	
   to	
   protocol.	
   Primers	
   used	
   were	
   for	
   PGM3	
  
forward:	
  5’-­‐GAG	
  TTA	
  TTA	
  GCA	
  CTA	
  CCG	
  ATG-­‐3’,	
  reverse:	
  5’-­‐GAT	
  CTG	
  CAC	
  TTT	
  CTT	
  
GTG	
  AG-­‐3’	
  at	
  0.3	
  mM	
  and	
  for	
  HPRT	
  forward:	
  5’-­‐GAC	
  TTT	
  GCT	
  TTC	
  CTT	
  GGT	
  CAG-­‐3’	
  
reverse:	
  5’-­‐GGC	
  TTA	
  TAT	
  CCA	
  ACA	
  CTT	
  CGT	
  GGG-­‐3’	
  at	
  0.1	
  µM	
  final	
  concentration.	
  A	
  
dilution	
  curve	
  was	
  obtained	
  for	
  one	
  of	
  the	
  samples	
  and	
  the	
  relative	
  quantity	
  in	
  the	
  
different	
  samples	
  calculated.	
  	
  
	
  
Expression	
  and	
  purification	
  of	
  recombinant	
  PGM3	
  protein	
  
cDNAs	
  encoding	
  wild	
   type	
   (wt)	
   and	
  mutant	
   (Ile322Thr)	
  PGM3	
  were	
   synthesized	
  
(GenScript)	
   with	
   codons	
   optimized	
   for	
   expression	
   in	
   E.	
   coli.	
   The	
   cDNAs	
   were	
  
subcloned	
  into	
  the	
  NcoI	
  and	
  BamHI	
  sites	
  of	
  the	
  pETM-­‐11	
  vector	
  (EMBL	
  collection),	
  
which	
   includes	
   an	
   N-­‐terminal	
   His6-­‐tag	
   and	
   a	
   TEV	
   (tobacco	
   etch	
   virus)	
   protease	
  
cleavage	
  site	
  in	
  front	
  of	
  the	
  inserted	
  gene.	
  PGM3	
  constructs	
  were	
  transformed	
  into	
  



E.	
  coli	
  BL21	
  (DE3)	
  RIL	
  Codon	
  Plus	
  cells	
  (Stratagene)	
  for	
  overexpression.	
  Cultures	
  
were	
  grown	
  in	
  LB	
  medium.	
  Protein	
  expression	
  was	
  induced	
  when	
  the	
  cell	
  density	
  
reached	
   an	
  OD600	
   of	
  ~	
   0.80	
   by	
   addition	
   of	
   isopropyl-­‐β-­‐D-­‐thiogalactopyranoside	
  
(IPTG)	
  to	
  a	
  final	
  concentration	
  of	
  0.25	
  mM.	
  Induced	
  cells	
  were	
  grown	
  for	
  18	
  h	
  at	
  18	
  
°C	
  prior	
   to	
  harvesting	
  by	
  centrifugation.	
  Cell	
  pellets	
  were	
  resuspended	
   in	
  50	
  mM	
  
Tris-­‐HCl	
   pH	
   8.0	
   and	
   300	
   mM	
   NaCl;	
   the	
   cells	
   were	
   lysed	
   by	
   sonication.	
   Cellular	
  
debris	
  was	
  removed	
  by	
  centrifugation,	
  and	
  the	
  supernatant	
  was	
  applied	
  to	
  an	
  Ni-­‐
NTA	
   resin	
   equilibrated	
   in	
   lysis	
   buffer	
   and	
   eluted	
   using	
   300	
   mM	
   imidazole.	
   The	
  
purified	
  protein	
  was	
  dialyzed	
  against	
  20	
  mM	
  Tris	
  pH	
  8.0,	
  100	
  mM	
  NaCl	
  and	
  10	
  mM	
  
β-­‐ME.	
   Glycerol	
   was	
   added	
   to	
   a	
   final	
   concentration	
   50	
  %	
   (v/v)	
   and	
   the	
   samples	
  
were	
  frozen	
  before	
  further	
  use.	
  
	
  
Supplementary	
  tables	
  
	
  
Since	
  1984	
  A.D.	
  receives	
  prophylactic	
  immunoglobulin	
  substitution	
  and	
  a	
  
summary	
  of	
  laboratory	
  data	
  from	
  selected	
  time	
  points	
  since	
  then	
  is	
  provided	
  in	
  
Supplementary	
  Table	
  I	
  and	
  Fig.	
  S2.	
  At	
  three	
  occasions	
  the	
  IgE	
  level	
  was	
  measured	
  
and	
  found	
  to	
  be	
  in	
  the	
  high	
  normal	
  or	
  just	
  above	
  the	
  normal	
  range	
  
	
  
Supplementary	
  Table	
  I	
  	
  

Historical	
  and	
  recent	
  laboratory	
  data	
  for	
  patient	
  A.D.	
  
Year	
  
Date	
  

1984	
  
25/5	
  

1985	
  
14/3	
  

1994	
  
13/12	
  

1997	
  
3/2	
  

1998	
  
9/9	
  

2004	
  
27/10	
  

2014	
  
6/2	
  

Platelets	
  
x109	
  /L	
  

453	
  
(150-­‐
350)	
  

307	
  
(150-­‐
350)	
  

405	
  
(150-­‐
350)	
  

257	
  
(150-­‐
350)	
  

444	
  
(150-­‐
350)	
  

306	
  
(165	
  –	
  
387)	
  

318	
  
(165	
  –	
  
387)	
  

Leukocytes	
  
x109	
  /L	
  

4.5	
  
(3.5-­‐9.0)	
  

2.9	
  
(3.5-­‐9.0)	
  

2.6	
  
(3.5-­‐9.0)	
  

3.9	
  
(3.5-­‐9.0)	
  

4	
  
(3.5-­‐9.0)	
  

2.5	
  
(3.5	
  –	
  
8.8)	
  

4.4	
  
(3.5	
  –	
  8.8)	
  

Lymphocytes	
  
x109	
  /L	
  

1.3	
  
	
  

1.74a	
  
	
  

0.59	
  
(1.4-­‐4.0)	
  

0.58	
  
(1.0-­‐3.5)	
  

0.4	
  
(1.0-­‐3.5)	
  

0.8	
  
(1.0-­‐3.5)	
  

0.6	
  
(1.0-­‐4.0)	
  

Basophils	
  
x109	
  /L	
  

NT	
   NT	
   0.04	
  
(0-­‐0.01)	
  

0.03	
  
(0-­‐0.01)	
  

0.0	
  
(0-­‐0.01)	
  

0.03	
  
(0	
  –	
  0.1)	
  

<0.1	
  
(0	
  –	
  0.1)	
  

Neutrophils	
  	
  	
  
x109	
  /L	
  

2.7	
   0.67	
  
	
  

1.25	
  
(1.8-­‐6.3)	
  

1.65	
  
(1.8-­‐6.3)	
  

2.6	
  
(1.8-­‐6.3)	
  

0.7	
  
(1.8-­‐6.3)	
  

2.2	
  
(1.6-­‐7.5)	
  

Eosinophils	
  	
  
x109	
  /L	
  

0.36	
  
	
  

0.49	
  
	
  

0.33	
  
(0.10-­‐
0.30)	
  

1.11	
  
(0.07-­‐
0.3)	
  

0.5	
  
(0.07-­‐
0.3)	
  

0.6	
  
(0.07-­‐
0.3)	
  

0.9	
  
(0.0	
  –	
  0.5)	
  

IgE	
  	
  103	
  IU/L	
   NT	
   NT	
   152	
  
(<149)	
  

85	
  
(<94	
  )	
  

109	
  
(<91	
  )	
  

NT	
   19	
  
(<	
  122)	
  

Values	
  outside	
  normal	
  intervals	
  are	
  indicated	
  in	
  bold.	
  Reference	
  intervals	
  are	
  given	
  within	
  parentheses.	
  NT,	
  not	
  
tested.	
  	
  IU,	
  International	
  unites.	
  	
  a)	
  corresponding	
  to	
  60	
  %	
  of	
  leukocytes	
  (normal	
  range	
  25-­‐45%)	
  
	
  
	
   	
  



Activation	
  of	
  different	
  lymphocyte	
  subsets	
  by	
  indicated	
  stimuli	
  was	
  analyzed	
  for	
  
patient	
  A.D.	
  and	
  the	
  healthy	
  control	
  M.D.	
  in	
  blood	
  samples	
  taken	
  in	
  February	
  2014.	
  
The	
  analysis	
  was	
  made	
  by	
  the	
  standard	
  FASCIA	
  (Flow	
  cytometric	
  assay	
  of	
  specific	
  
cell-­‐mediated	
  immune	
  response	
  in	
  activated	
  whole	
  blood)	
  method	
  used	
  at	
  the	
  
Karolinska	
  Hospital	
  Clinical	
  Immunology	
  laboratory,	
  according	
  to	
  the	
  description	
  
in	
  Supplementary	
  Methods	
  
	
  
Supplementary	
  Table	
  II	
  

Lymphocyte	
  responses	
  2014	
  	
  
Lymphocyte	
  subpopulation	
  
and	
  stimulus	
  

Patient	
  	
  
A.D.	
  

Healthy	
  sister	
  
M.D.	
  

Reference	
  values	
  
proliferating	
  cells/µL	
  

CD4	
  PHA	
   1256	
   3891	
   170-­‐3499	
  
CD8	
  PHA	
   1870	
   4467	
   76-­‐3640	
  
CD4	
  PWM	
   593	
   1477	
   233-­‐2189	
  
CD8	
  PWM	
   473	
   264	
   50-­‐549	
  
CD19	
  PWM	
   35	
   824	
   42-­‐741	
  
CD4	
  ConA	
   1880	
   4565	
   620-­‐3800	
  
CD8	
  ConA	
   1070	
   999	
   180-­‐1757	
  
CD4	
  Pneumococcal	
  
polysaccharide	
  vaccine	
  

0	
   12	
   0-­‐269	
  

CD8	
  Pneumococcal	
  
polysaccharide	
  vaccine	
  

0	
   1	
   0-­‐13	
  

CD4	
  Tetanus	
  toxin	
   0	
   0	
   0-­‐306	
  
CD8	
  Tetanus	
  toxin	
   0	
   1	
   0-­‐14	
  
CD4	
  Influenza	
  A	
  vaccine	
   52	
   133	
   19-­‐1050	
  
CD8	
  Influenza	
  A	
  vaccine	
   0	
   17	
   0-­‐202	
  
CD4	
  PPD	
   12	
   314	
   11-­‐2022	
  
CD8	
  PPD	
   45	
   14	
   0-­‐29	
  
CD4	
  Candida	
  albicans	
   0	
   2449	
   51-­‐1014	
  
CD8	
  Candida	
  albicans	
   0	
   11	
   0-­‐49	
  
CD4	
  S.	
  aureus	
  enterotoxin	
  A	
   3461	
   6975	
   553-­‐7743	
  
CD8	
  S.	
  aureus	
  enterotoxin	
  A	
   2802	
   780	
   123-­‐2365	
  
CD4	
  Varicella	
  Zoster	
  
virus	
  vaccine	
  

7	
   118	
   0-­‐154	
  

CD8	
  Varicella	
  Zoster	
  
virus	
  vaccine	
  

0	
   11	
   0-­‐23	
  

Values	
  outside	
  normal	
  intervals	
  are	
  indicated	
  in	
  bold	
  
	
  
	
  



	
   1	
  

Figure	
  S1.	
  	
  	
  
	
  

	
  
	
  
Figure	
  S1.	
  	
  Sequencing	
  data	
  including	
  material	
  from	
  the	
  biopsy	
  	
  
DNA	
  was	
  extracted	
  from	
  a	
  40	
  years	
  old	
  skin	
  biopsy	
  from	
  the	
  diseased	
  N.D.	
  ,	
  PCR-­‐
amplified	
  and	
  sequenced	
  using	
  the	
  BigDye	
  Terminator	
  cycle	
  sequencing	
  kit.	
  For	
  
optimal	
  sequences	
  this	
  read	
  was	
  performed	
  in	
  reverse	
  orientation.	
  As	
  controls	
  
DNA	
  from	
  Patient	
  A.D.,	
  the	
  father	
  and	
  a	
  healthy	
  control	
  were	
  included.	
  The	
  
mutated	
  base	
  (A>G)	
  are	
  indicated	
  in	
  the	
  square.	
  
	
  
	
   	
  



	
   2	
  

Figure	
  S2.	
  	
  
	
  
A	
  
	
  

	
  
	
  
B	
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Figure	
  S2.	
  	
  Historical	
  cell	
  counts	
  for	
  patient	
  A.D.	
  	
  
Information	
  regarding	
  number	
  of	
  	
  lymphocytes	
  (panel	
  A),	
  eosinophils	
  (panel	
  B),	
  
and	
  neutrophils	
  (panel	
  C)	
  are	
  shown	
  on	
  yearly	
  basis	
  since	
  1991.	
  During	
  infection	
  
the	
  cell	
  counts	
  for	
  eosinophils	
  and	
  neutrophils	
  were	
  temporarily	
  normalized.	
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