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Abstract

The purpose of this research was to use next generation sequencing to identify mutations in 

patients with primary immunodeficiency diseases whose pathogenic gene mutations had not been 

identified. Remarkably, four unrelated patients were found by next generation sequencing to have 

the same heterozygous mutation in an essential donor splice site of PIK3R1 (NM_181523.2:c.

1425 + 1G > A) found in three prior reports. All four had the Hyper IgM syndrome, 

lymphadenopathy and short stature, and one also had SHORT syndrome. They were investigated 

with in vitro immune studies, RT-PCR, and immunoblotting studies of the mutation's effect on 

mTOR pathway signaling. All patients had very low percentages of memory B cells and class-

switched memory B cells and reduced numbers of naïve CD4+ and CD8+ T cells. RT-PCR 

confirmed the presence of both an abnormal 273 base-pair (bp) size and a normal 399 bp size band 

in the patient and only the normal band was present in the parents. Following anti-CD40 

stimulation, patient's EBV-B cells displayed higher levels of S6 phosphorylation (mTOR complex 

1 dependent event), Akt phosphorylation at serine 473 (mTOR complex 2 dependent event), and 

Correspondence to: Rebecca H. Buckley.

Electronic supplementary material The online version of this article (doi:10.1007/s10875-016-0281-6) contains supplementary 
material, which is available to authorized users.

HHS Public Access
Author manuscript
J Clin Immunol. Author manuscript; available in PMC 2017 November 16.

Published in final edited form as:
J Clin Immunol. 2016 July ; 36(5): 462–471. doi:10.1007/s10875-016-0281-6.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Akt phosphorylation at threonine 308 (PI3K/PDK1 dependent event) than controls, suggesting 

elevated mTOR signaling downstream of CD40. These observations suggest that amino acids 435–

474 in PIK3R1 are important for its stability and also its ability to restrain PI3K activity. Deletion 

of Exon 11 leads to constitutive activation of PI3K signaling. This is the first report of this 

mutation and immunologic abnormalities in SHORT syndrome.
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Introduction

Many critical aspects of immune cell development, differentiation and function are 

controlled by phosphoinosidtide 3 kinases (PI3Ks) [1]. Information is accruing about the 

effects of human gene mutations affecting these molecules. Hyperactivation of the PI3K 

signaling pathway due to heterozygous gain-of-function mutations in the gene encoding 

PIK3CD has been found by several groups to result in defects in immune function [2–5]. 

The resulting clinical problems included respiratory infections, Epstein Barr virus and/or 

cytomegalovirus infections, antibody deficiency, lymphadenopathy and lymphoma 

susceptibility. More recently, dominant mutations in the gene encoding PIK3R1, the p85α 
regulatory subunit for PIK3CD, were also found to result in constitutive hyperactivation of 

that pathway and immunodeficiency [6–8]. Currently, the dominant PIK3R1 mutations 

linked to constitutive hyperactivation have been restricted to mutations of essential donor 

splice sites in intron 11, resulting in the exclusion of exon 11 (PIK3RIΔ434_475) [6, 7, 9]. 

Prior to these reports, a homozygous loss-of-function genotype in exon 6 of PIK3R1 was 

reported in a female patient characterized by agammaglobulinemia and absent B cells [10]. 

In addition, other dominant de novo mutations in exon 14 of PIK3R1 have been described 

among patients with SHORT syndrome characterized by short stature, hyperextensibility of 

joints, delayed bone age, hernias, low body mass index and a progeroid appearance [11–16]. 

No results of immune studies were recorded in the SHORT syndrome patients in the existing 

reports.

The purpose of this research was to use next generation sequencing to identify mutations in 

patients with primary immunodeficiency diseases whose pathogenic gene mutations had not 

been identified. Four unrelated patients were found by next generation sequencing to have 

the same de novo heterozygous mutation in an essential donor splice site of PIK3R1 
(NM_181523.2:c.1425 + 1G > A) found in three prior reports [6–8]. All four had the Hyper 

IgM syndrome, lymphadenopathy and short stature, and one also had a clinical diagnosis of 

SHORT syndrome.

Petrovski et al. Page 2

J Clin Immunol. Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Patient, Materials and Methods

Patients

The patients from four unrelated families were referred to the Immunology Clinic at Duke 

University Medical Center (DUMC). All studies were performed with the approval of the 

DUMC Institutional Review Board and with the written informed consent of the patients' 

parents.

Patient 1—A 2.5 year old Caucasian male born to nonconsanguineous healthy parents 

began having recurrent otitis, sinusitis and dacryocystitis in early infancy. He also had 

problems with intermittent hypoglycemia. On examination, he was found to be 

symmetrically small with height and weight below the 5th percentile. He had enlarged 

tonsils and large cervical, axillary and inguinal lymph nodes. Family history was negative 

for immunodeficiency. On immune evaluation, he was found to have an IgG of 78, an IgA of 

0, an IgM of 155 and an IgE of <1 and was started on monthly intravenous immunoglobulin 

infusions (Table 1). He is currently alive but with recurrent respiratory infections and 

lymphadenopathy.

Patient 2—A 2.4 year old Caucasian female was born to nonconsanguineous healthy 

parents and was healthy until she began having recurrent otitis and pneumonia at 2.3 years 

of age. On examination, she was found to be symmetrically small with height and weight 

below the 10th percentile. She had large tonsils and massive cervical adenopathy and an 

elevated serum IgM of 209 mg/dl with very low levels of all of the other immunoglobulins 

(Table 1). She was started on monthly intravenous immunoglobulin infusions and is 

currently alive but with continued lymphadenopathy.

Patient 3—A 6 year old Caucasian male was born to nonconsanguineous healthy parents 

and began having recurrent otitis and dacryocystitis in infancy, followed by pneumonia on 

three occasions at age 4 years. On examination he was found to be symmetrically small, 

with height and weight below the 5th percentiles. Patient 3′s height was less than the fifth 

percentile for all visits; his mean parental height would predict that he should be at the 25th 

percentile for height as an adult. He had large tonsils, enlarged cervical, axillary and 

inguinal lymph nodes and splenomegaly. Immune evaluation at age 4 years revealed that he 

had undetectable serum IgA, IgG and IgE but an IgM of 529 mg/dl (Table 1). He is currently 

alive and receiving monthly IVIG with splenic peliosis but is otherwise well.

Patient 4—A 5 year old Caucasian female was born to nonconsanguineous healthy parents 

and began having recurrent pneumonias at age 3 years. She also had numerous bouts of otitis 

and had two sets of tympanostomy tubes. She has congenital dacryostenosis. She had large 

tonsils and adenoids and they were removed. Immune evaluation at age 5 years revealed 

undetectable serum IgA and IgE, an IgG of 68 mg/dl and an IgM of 197 mg/dl (Table 1). At 

age 12, she was diagnosed independently by the Genetics Division as having SHORT 

syndrome after ruling out multiple other genetic causes of short stature through whole 

exome sequencing in a commercial laboratory where the only abnormality detected was the 

PIK3R1mutation. Patient 4′s height was at the 0.01 percentile for all visits and her mean 
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parental height would predict that she should be at the 25th percentile as an adult. She has a 

triangular facial shape with a prominent forehead, deep set eyes, thin nostrils, a low-hanging 

columella, a downturned small mouth, a small chin, a conductive hearing loss, 

hyperextensibility of the joints, delayed eruption of the secondary teeth, lack of 

subcutaneous fat and a learning disability. She is currently alive and receiving monthly 

IVIG.

Immunologic Phenotype Analysis

Flow cytometry of peripheral blood leucocytes was performed with labeled Abs to CD3ε, 

CD4, CD8, CD10, CD14, CD16, CD20, CD22, CD24, CD25, CD27, CD38, CD45, 

CD45RA, CD45RO, CD56, CD57, IgD, IgM, CD62L, CD197, CD279, TCRαβ, and 

TCRγδ. Samples were collected on a BD FACSCanto II cytometer and data analyzed using 

FACSDiva software. Lymphocyte proliferation was assessed by measuring [3H]thymidine 

incorporation into mononuclear cells following culture with optimal concentrations of the 

indicated stimuli as previously described [17].

Next Generation Sequencing, Alignment and Variant Calling

Next generation sequencing was carried out on the HiSeq2000 within the Genomic Analysis 

Facility in the Center for Human Genome Variation (Duke University). DNA samples from 

Patients 1 and 2 were analyzed using whole exome sequencing and from Patient 3 by whole 

genome sequencing. For the exome sequenced samples, sequencing libraries were prepared 

from primary DNA extracted from leukocytes of patients using either the KAPA Biosystem's 

(patient 1) or Illumina TruSeq (patient 2) library preparation kit following the manufacturer's 

protocol. For patient 1 and his parents, the Nimblegen SeqCap EZ V3.0 Enrichment kit 

(Roche NimbleGen, Madison, WI) was used to selectively amplify the coding regions of the 

genome according to the manufacturer's protocol. For patient 2, the 65-Mb Illumina TruSeq 

Exome Enrichment Kit (Illumina, San Diego, CA) was used to selectively amplify the 

coding regions of the genome according to the manufacturer's protocol. Patient 3 was whole-

genome sequenced. Whole exome sequencing was performed initially at a commercial 

CLIA-certified laboratory for patient 4, and the mutation was confirmed by the authors.

Alignment of the sequenced DNA fragments to the Human Reference Genome (NCBI Build 

37) was performed using the Burrows–Wheeler Alignment Tool (BWA) (version 0.5.10). 

The reference sequence used is identical to the 1000 Genomes Phase II reference and it 

consists of chromosomes 1–22, X, Y, MT, unplaced and unlocalized contigs, the human 

herpesvirus 4 type 1 (NC_007605), and decoy sequences (hs37d5) derived from HuRef, 

Human Bac and Fosmid clones and NA12878.

After alignments were produced for each individual separately using BWA, variant and 

genotype calling was performed using the Genome Analysis Tool Kit (GATK, version 1.6–

11-g3b2fab9). SnpEff (version 3.3) was used to annotate the variants according to Ensembl 

(version 73) and consensus coding sequencing (CCDS release 14) and limited analyses to 

protein-coding or essential splice site (2 base pairs flanking an exon) mutations.

The sequence data for patients 1–3 were analyzed using established protocols that identify 

qualifying variants forming genotypes not observed in an in-house control database of 2357 

Petrovski et al. Page 4

J Clin Immunol. Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



samples or 60,706 sequenced samples made available by the Exome Aggregation 

Consortium (ExAC), Cambridge, MA (URL: http://exac.broadinstitute.org (accessed Jan., 

2015, release 0.3). The PIK3R1 essential splice site de novo mutations were independently 

validated with Sanger sequencing for each trio.

Establishment of EBV Cell Lines and Cell Growth

Cyclosporine A, B95.8 culture EBV supernatant, and media (RPMI 1640 + PenStrep + L-

glu + Hepes + 20%FBS) were added to 10 million peripheral blood leucocytes [18]. EBV-

immortalized B-cell lines from patients and controls were cultured in RPMI 1640 medium 

(Sigma-Aldrich) supplemented with 20 % FBS (HyClone), 100 U/mL penicillin G, 100 

U/mL streptomycin, 292 μg/mL of L-glutamine and 10 mM HEPES (N-2-

hydroxyethylpiperazine-N′-2-ethanesulfonic acid; pH 7.4). To determine cell expansion, 2 × 

104 of EBV-transformed B-cell lines were plated in a 96-well plate in 0.2 mL media. Cell 

numbers were counted after cultured for 24, 48 and 72 h.

Immunoblot Analysis

EBV-transformed B cells were rested in PBS for 30′ at 37 °C followed by stimulation with 

an anti-CD40 antibody for 10 or 30 min or with human insulin (Sigma-Aldrich) for the 

indicated times and subsequently lysed in 1 % Nonidet P-40 lysis buffer containing freshly 

added protease and phosphatase inhibitor cocktails. Cell lysates were subjected to 

immunoblotting analysis using anti-p85α, phosphor-S6, S6 protein, phosphor-Akt serine 

473, and β-actin antibodies according to published protocols [19].

RT-PCR and DNA Sequencing

Total RNAs from PBMCs lysed in the Trizol reagent were isolated according to the 

manufacturer's protocol. The first strand cDNA was made using the iScript Select cDNA 

Synthesis Kit (Bio-Rad). PIK3R1 cDNAwas amplified using primers huPIK3R1F 5′-

TGGGAAATATGGCTTCTCTGA-3 and huPIK3R1R 5′-

TCTTTCTCATTGCCTTCACG-3′ aligning to exon 10 and 12, respectively. PCR products 

were separated and visualized by agarose gel electrophoresis and further sequenced to 

identify aberrant splicing.

Glucose Uptake

To measure glucose uptake, cells were washed and resuspended in Krebs-Ringer-HEPES (at 

pH 7.4, 136 mM NaCl, 4.7 ml KCl,1.25 mM CaCl2,1.25 mM MgSO4, and 10 mM HEPES). 

2-Deoxy-D-H3 glucose (2 μCi/reaction) was added, and the cells were incubated for 10 min 

at 37 °C The reactions were quenched by the addition of ice-cold 200 μM phloretin 

(Calbiochem, Gibbstown, NJ) followed by centrifugation through an oil layer (1:1 Dow 

Corning 550 Silicon fluid from Motion Industries, Birmingham, AL; and dinonyl phthalate 

from Sigma-Aldrich). The cell pellets were washed and solubilized in 1 M NaOH, and 

radioactivity was measured using a scintillation counter.
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Results

Patients

All four patients have had recurrent upper and/or lower respiratory infections from early 

childhood, but only one had a history of viral infections and only with viral agents that cause 

upper respiratory illnesses (Table 1). They have not had recurrent fungal infections nor have 

they had opportunistic infections. Three have had recurrent bacterial dacryocystitis, and one 

has had intermittent hypoglycemia. All four are symmetrically small: three had heights and 

weights below the 5th percentile and patient 2′s height was below the 10th percentile. Three 

of the patients have had peripheral lymphadenopathy and the fourth had very large tonsils 

and adenoids that were removed. The lymph nodes are generally very large and are often 

soft and movable. Three patients have had lymph nodes excised and no lymph node has been 

found to be malignant. Lymph node histology in the three for whom it is available revealed 

hyperplastic lymphoid follicles with attenuated mantle zones (Fig. 1). Only one has 

splenomegaly and that is complicated by peliosis. None of the patients has autoimmunity or 

allergy. Only one patient is lymphopenic. Two of them have low numbers of B cells, and all 

have very low percentages of memory B cells and class-switched memory B cells. One of 

them has an elevated percentage and number of transitional B cells. They all have normal 

numbers of natural killer cells, although one has only 16 such cells. Their T cell counts are 

all within the normal range, but two of them have inverted CD4:CD8 ratios. All of them 

have low percentages of naïve CD4+ T cells, and two have low percentages of naïve CD8+ 

T cells. One of the patients has elevated CD8 senescent T cells (Table 1). T cell functional 

studies in the four patients suggest some T cell impairment in that two had low responses to 

PHA, three had low responses to immobilized anti-CD3 and three had no response to 

candida (Table 1).

Mutation

Whole exome sequencing of patient 1 and his parents identified a putative de novo mutation 

in an essential donor splice site of PIK3R1 (NM_181523.2:c.1425 + 1G > A) 

(Supplementary Fig. 1). Among our set of 50 patients who have undergone next generation 

sequencing for immunodeficiency of unknown molecular type, we identified three other 

patients, patients 2, 3 and 4, with the exact same de novo PIK3R1 essential donor splice site 

mutation (NM_181523.2:c.1425 + 1G > A) (Supplementary Fig. 1). Variation at this 

essential splice site was not observed among 2357 samples sequenced for various projects at 

the Institute for Genomic Medicine, Columbia University (formerly the Center for Human 

Genome Variation, Duke University); nor was it observed among 59,413 samples among the 

ExAC consortia dataset that had at least 10-fold coverage at this precise site. For patients 1–

3, the parents were also Sanger sequenced for the mutation and it was confirmed that the 

mutation arose de novo in those patients. For patient 4, who was clinically whole exome 

sequenced initially by a commercial CLIA-certified laboratory, the variant was Sanger 

confirmed in the child and confirmed to be absent in mother, but her father was unavailable 

(Supplementary Fig. 1). It is likely these de novo mutations arose in the germline cells; 

however, we have not ruled out the possibility that the mutations may be post-zygotic—

limited to the hematopoietic system. In our patient population, we have not yet observed 
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instances of the other two described PIK3R1 essential splice variants at the same site: 

NM_181523.2:c.1425 + 1G > C or NM_181523.2:c.1425 + 1G > T [6, 7].

Detection of Aberrant Splicing of Mutant mRNA

To determine if the mutation results in skipping of exon 11, we amplified PIK3R1 cDNA 

from total RNAs from patient 1 and his parents PBMCs using primers corresponding to exon 

10 and 12 of the gene (transcript NM_181523.2). Both parents generated a single normal 

399 base-pair (bp) band. The patient sample, however, produced both a 399 bp band and a 

unique 273 bp band (Fig. 2). Further sequencing of the PCR products revealed that the 273 

bp band was produced by direct exon 10 to 12 splicing.

Effects of p85αΔ434_475 Mutation on Signaling

To examine how p85αΔ434_475 mutation might affect p85α, we generated EBV-

immortalized B cell lines from patient 1 and his parents. As shown in Fig. 2d, patient EBV-B 

cells expressed lower level of p85α compared with parent control. In addition, a small 

protein band of about 30 kDa was only observed in the patient's B cells but not parents. 

Thus, the mutant protein might be less stable than the WT protein. An important 

downstream event of PIK3 signaling is the activation of mTOR. Activated mTOR 

phosphorylates and activates S6 K1, leading to subsequent phosphorylation of the ribosomal 

protein S6. After resting in PBS at 37 °C for 30 min, EVB-B cells from both parents of 

patient 1 did not contain obvious S6 phosphorylation (mTOR complex 1 dependent event), 

Akt phosphorylation at serine 473 (mTOR complex 2 dependent event), and Akt 

phosphorylation at threonine 308 (PI3K/PDK1 dependent event). However, a low level but 

noticeable phosphorylation of these molecules was observed in patient 1′s EBV-B cells, 

suggesting constitutive activation of PI3K-mTOR signaling (Fig. 2e). Following anti-CD40 

stimulation, patient 1′s EBV-B cells displayed a higher level of S6 and Akt phosphorylation 

than controls, suggesting elevated PI3K/PDK1 and mTOR signaling downstream of CD40. 

The same was true when they were stimulated with insulin for both patient 1 (top panel, Fig. 

3a) and patient 4 (bottom panel, Fig. 3a). Moreover, patient EBV-B cells had increased 

uptake of 3H-2-deoxy-glucose following 1 h of stimulation with insulin, and were more 

responsive to insulin than the parent/control EBV-B cells (Fig. 3b). Altogether, these 

observations suggest that amino acids 435–474 in PIK3R1 are important for its stability and 

also restrain PI3K activity. Its deletion may lead to constitutive activation of PI3K/Akt/

mTOR signaling, which is consistent with recent reports of patients with similar mutations 

[6–8].

Discussion

Including the 12 patients in the three earlier reports [6–8] all sixteen known cases of PIK3R1 
immunodeficiency have had mutations at this essential donor splice site (NM_181523.2:c.

1425 + 1G > A/C/T). Despite this apparent limited allelic heterogeneity for PIK3R1 
immunodeficiency, the findings in the four patients presented here continue to highlight the 

heterogeneity of the clinical and immunologic abnormalities of the patients who have 

PIK3RI Δ434_475 essential splice mutations [6–8]. The clinical features of the four patients 

reported here are uniform and similar to some but not all of those described by Deau et al. 
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[6] and Lucas et al. [7]. This could possibly be due to the younger ages of our patients when 

compared with those of Lucas et al. [7], but the ages at presentation of our patients were 

similar to three of the four patients described by Deau et al. [6] and all of the patients 

reported by Lougaris et al. [8] All four of our patients had short stature; poor growth was 

noted in the patients reported by Lucas et al. [7] and Lougaris et al. [8] but in only one of 

those reported by Deau et al. [6] Lymphadenopathy and/or tonsillar hypertrophy were noted 

in all four of our patients and in the four reported by Lucas et al. [7], and in three of the four 

reported by Lougaris et al. [8] but in only one of those reported by Deau et al. [6] None of 

our patients has had a diagnosed malignancy as yet and none has had problems with CMVor 

EBV. Our patients were each diagnosed clinically as having the Hyper IgM syndrome, but 

none of them had any of the known gene mutations reported in the Hyper IgM syndrome. 

Patient 1 had been found to have a common CD40L polymorphism, but his CD4+ Tcells 

displayed functional CD40L after activation [20]. Patient 4, with her diagnosis of SHORT 

syndrome, appears to be a unique case compared to other patients with this same mutation. 

While there may exist another mutation in Patient 4 that makes the presentation unique, it 

was not found in chromosomal microarray studies, fragile X studies, whole exome sequence 

analysis in the commercial lab setting, subsequent Sanger sequencing of PIK3R1 exon 14, or 

in deletion testing of the mitochondrial genome.

PIK3R1 is an established pleiotropic gene. In addition to immunodeficiency, 

SHORTsyndrome has been reported to be caused by dominant de novo mutations in exon 14 

of PIK3R1 [11–16]. Immunologic studies were not reported on in those earlier SHORT 

syndrome publications. Thus, our Patient 4 with SHORT syndrome having the same 

mutation at this essential donor splice site (NM_181523.2:c.1425 + 1G > A/C/T) in intron 

11 as well as the same immunologic findings as the other patients with PIK3R1 
immunodeficiency, provides an important link within PIK3R1 mediated disease. The 

commercial lab reported Patient 4 as negative for additional PIK3R1, or other SHORT 

syndrome disease gene, variants. We also subsequently Sanger sequenced PIK3R1 exon 14 

in our research lab setting and confirmed that both Patient 4 and her mother were not carriers 

of variants in exon 14. We performed glucose uptake studies because some but not all 

patients with SHORT syndrome have been insulin resistant. However, in keeping with the 

fact than none of the four patients reported here were clinically insulin resistant, the glucose 

uptake studies were normal (Fig. 3).

Our data suggest that p85αΔ434–475 mutation leads to elevated PI3K activity. The 

immunodeficiency observed in our patients is similar to those with gain-of-function 

mutations in PIK3CD, suggesting that this PIK3R1 mutation might cause elevated PIK3CD 

activity [21]. At present, it is still unclear how the p85αΔ434_475 mutation causes increased 

PI3K activity. Normal p85α stabilizes the p110 catalytic subunit but inhibits its lipid kinase 

activity in unstimulated cells. Under stimulating conditions, p85α recruits p110 to activated 

receptors or adaptor molecules via its SH2 domain, leading to activation of its kinase activity 

[22, 23]. Because the inter-SH2 domain of p85α is involved in p85α - p110 

heterodimerization [24], it is possible that the p85αΔ434_475 mutant inefficiently inhibits its 

cognate partner p110 (p110δ in the hematopoietic cells and p110α in muscle and other 

tissues), leading to elevated PI3K signaling. Additionally, p85αΔ434_475 was under-presented 
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compared with WT p85α in patients' samples, indicating that amino acids absent in the 

mutant in the inter-SH2 domain are important for its stability.

The concomitant observation of SHORT syndrome in patient 4 is interesting in that it 

confirms PIK3R1 as a hot spot of mutation for this syndrome. It also suggests that the 

p85αΔ434_475 mutation may affect other catalytic PI3K sub-units such as PIK3CA that are 

known to be important for insulin receptor signaling [25]. It is important to note that some 

SHORT syndrome patients with mutations in exon 14 [11–14] and a murine model 

mimicking one of the PIK3R1 mutations [26] displayed impaired PI3K signaling. Studies 

have demonstrated that chronic overactivation of signal pathways can lead impairment of 

receptor induced signaling [27]. It is possible that chronic overactivation of the PI3K 

pathway might trigger a negative feedback mechanism(s) that prevents normal insulin 

receptor signaling in some tissues, although we did not find abnormal signaling in patient 

4′s blood lymphocytes.

The immunologic abnormalities in our patients were similar in many but not all respects to 

those previously reported [6–8]. Three of our patients have low numbers of B cells, and all 

have very low percentages of memory B cells and class-switched memory B cells. IgM was 

elevated in all four of our patients, in three of the four patients reported by Deau et al. [6], all 

of the patients reported by Lougaris et al. [8] but in only one of the patients reported by 

Lucas et al. [7] Most of our patients have low percentages of naïve CD4+ and CD8+ T cells, 

but only one had elevated CD8 senescent T cells as reported by Lucas et al. [7] T cell 

functional studies in our patients suggest some T cell impairment but this was not 

commented on in the three prior reports [6–8]. T cell dysfunction would not be unexpected, 

since PI3K signaling is required for the differentiation of T cells into subsets [1].

PIK3R1 has been identified as a gene intolerant to functional variation in the general human 

population. The Residual Variation Intolerance Score (RVIS) for PIK3R1 is −0.76, which 

corresponds to a ranking of 13.5 % most intolerant genes, genome wide (http://

igm.cumc.columbia.edu/GenicIntolerance/). The intolerance of a gene to functional variation 

among the human population has been demonstrated to be highly predictive of disease-

causing genes, particularly those causing disease through a dominant model [28]. Existing 

mouse knock-out work has also shown that disruptions to Pik3r1 result in a wide range of B 

cell phenotypes [29]. Moreover, Pik3r1 is considered an ‘essential’ gene, with mouse knock-

outs resulting in complete perinatal lethality and partial postnatal lethality [29]. We have 

previously shown that the bioinformatics signature of a disruptive de novo mutation in an 

intolerant gene that is also known to be essential is highly linked to pathogenicity among 

children with undiagnosed genetic disorders [30].

Available mTOR inhibitors as well as non-selective PI3K inhibitors approved for use in 

other conditions already exist. A range of next generation PI3K inhibitors, which are highly 

selective for the delta isoform, are under development. These drugs could offer a 

pharmacological solution for these patients where existing treatment options are very limited 

and include extreme therapies such as bone marrow transplantation. The availability of 

highly selective orally available PI3Kdelta inhibitors has the potential to normalize the 

pathological mechanism in these patients.
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Conclusions

Together, these observations suggest that amino acids 435–474 in PIK3R1 are important for 

its stability and also its ability to restrain PI3K activity. Deletion of exon 11 leads to 

constitutive activation of PI3K signaling. The clinical and immunologic manifestations of 

patients with dominant splice site mutations in PIK3R1 have been variable, with all having 

very low percentages of memory B cells and class-switched memory B cells and reduced 

percentages of naïve CD4+ and CD8+ T cells. The clinical manifestations in our patients 

were uniform, with all having the Hyper IgM syndrome, short stature and lymphadenopathy, 

except that one also had a clinical diagnosis of SHORT syndrome. This is the first report of 

immunologic abnormalities and this precise mutation in a patient ascertained for SHORT 

syndrome. The elucidation of the molecular mechanism in these patients results in the 

opportunity for new and potentially transformative therapeutic options.
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Fig. 1. 
Histopathology of cervical lymph node biopsy of Patient 1. a A low magnification 

demonstrates reactive follicular hyperplasia with expanded germinal centers and attenuated 

mantle zones, as indicated by the arrows. Note the polarity of well-defined germinal centers. 

H&E stain, ×40. b Immunohistochemical stain for CD20 highlights well defined germinal 

centers with diminished mantle zones or absence of mantle zones, as indicated by the 

arrows. Note an apparently naked germinal center without mantle zone in upper left, as 

indicated by the arrowhead, and increased B-cells in the interfollicular area. Anti-CD20 

stain, ×40
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Fig. 2. 
a–c Aberrant splicing in PIK3R1 mRNA in patient 1. a Detection of mutant form of PI3K1R 
mRNA by RT-PCR. b Sequence of normal and mutant allele cDNA. c Chromatographs 

showing aberrant exon 10 to 12 splicing in patient 1′s mutant PIK3R1 allele. d Detection of 

p85α (PIK3RI) protein in lysates from EBV-immortalized B cells from patient 1 and his 

parents. In the patient sample, the intensity of the band corresponding to p85α is decreased 

and there is a weak band (blue arrow) that could be vaguely seen right beneath the p85α 
band, which is likely the exon 11 deletion mutant of p85α. The band indicated with a red 
arrow is only seen in patient, which is likely a degraded product of the mutant p85α. The 

identities of the other two bands indicated by *, whether they are non-specific proteins 

detected by the anti-p85α antibody or degradation products of p85α, are unknown at 

present. e Assessment of S6 and Akt phosphorylation in EBV-B cells following anti-CD40 

stimulation. EBV-B cells from patient 1 and her parents were rested in PBS at 37 °C for 30′ 
and then stimulated with an anti-CD40 antibody (10 μg/ml) for 10 or 30 min. Cell lysates 

were subjected to immunoblotting analysis with the indicated antibodies
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Fig. 3. 
a Assessment of S6 phosphorylation in EBV-B cells following anti-CD40 stimulation. EBV-

B cells from patients 1 and 4 and their mothers were rested in PBS at 37 °C for 30′ and then 

either unstimulated or stimulated with insulin (1 μM) for the indicated minutes. Cell lysates 

were subjected to immunoblotting analysis with the indicated antibodies. b Assessment of 

glucose uptake before and after insulin stimulation: EBV-transformed B cells from 

Patients1, 2 and 4 their parents (controls) were rested in PBS for 30 min followed by culture 

in the presence or absence of 1–2 μM insulin for 30–60 min. Glucose uptake was determined

Petrovski et al. Page 15

J Clin Immunol. Author manuscript; available in PMC 2017 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Petrovski et al. Page 16

Ta
b

le
 1

C
lin

ic
al

 a
nd

 I
m

m
un

ol
og

ic
 F

in
di

ng
s 

in
 t

he
 P

at
ie

nt
s

Pa
tie

nt
1

2
3

4

G
en

de
r

M
al

e
Fe

m
al

e
M

al
e

Fe
m

al
e

A
ge

 a
t P

re
se

nt
at

io
n 

(y
r)

1 
7/

12
2 

5/
12

2
5 

1/
2

G
ro

w
th

 P
er

ce
nt

ile
<5

th
<1

0t
h

5t
h

⋘
5t

h

V
ir

al
 I

nf
ec

tio
ns

–
–

R
SV

, H
1N

1 
Pa

ra
in

fl
ue

nz
a

–

Ly
m

ph
op

ro
lif

er
at

io
n

3+
3+

3+
2+

A
ut

oi
m

m
un

ity
–

–
–

–

A
lle

rg
y

–
–

–
–

R
es

pi
ra

to
ry

 I
nf

ec
tio

ns
E

ar
, S

in
us

T
hr

oa
t, 

L
un

g
E

ye
, E

ar
, L

un
g

E
ye

, E
ar

, L
un

g

O
th

er
 F

ea
tu

re
s

–
–

–
A

bn
or

m
al

 f
ac

ie
sa

Ig
 R

ep
la

ce
m

en
t

+
+

+
N

or
m

al
 R

an
ge

s

Ig
G

b  
m

g/
dl

 (
A

ge
 in

 y
r)

78
 (

1 
7/

12
)

47
 (

2 
5/

12
)

<6
0 

(4
 1

/1
2)

68
 (

5 
½

)
39

1–
10

47

Ig
A

b  
m

g/
dl

 (
A

ge
 in

 y
r)

6 
(1

 7
/1

2)
8 

(2
 5

/1
2)

<1
6 

(4
 1

/1
2)

0 
(5

 ½
)

15
–9

5

Ig
M

b  
m

g/
dl

 (
A

ge
 in

 y
r)

15
5 

(1
 7

/1
2)

20
9 

(2
 5

/1
2)

52
9 

(4
 1

/1
2)

19
7 

(5
 ½

)
49

–2
02

Ig
E

b  
I.

U
./m

l (
A

ge
 in

 y
r)

<1
0 

(1
 7

/1
2)

8 
(2

 5
/1

2)
<1

0 
(4

 1
/1

2)
1 

(5
 ½

)
0–

15
0

Ly
m

ph
oc

yt
e 

St
ud

ie
s 

(Y
r)

13
 1

/4
10

 3
/4

10
 1

/3
13

 1
/1

2

A
bs

ol
ut

e 
Ly

m
ph

oc
yt

e 
C

t
12

80
14

76
77

0
12

54
10

00
–4

80
0

C
D

3+
 T

 c
el

ls
/μ

l
89

1
12

31
70

8
11

57
63

1–
41

42

C
D

3+
 C

D
4 

+
 T

 c
el

ls
/μ

l
32

1
34

4
32

4
65

8
34

0–
27

46

C
D

3+
 C

D
8 

+
 T

 c
el

ls
/μ

l
39

2
77

3
18

1
43

3
15

4–
17

76

N
aï

ve
c  

C
D

4 
+

 T
 c

el
ls

 (
%

)
14

.2
31

.1
11

.1
14

.2
i  3

5.
6–

72
.5

N
aï

ve
d  

C
D

8 
+

 T
 c

el
ls

 (
%

)
14

.2
5.

4
41

.2
39

.4
i  3

6.
1–

74
.2

e  
C

D
3 

+
 C

D
8 

+
 P

D
-1

+
/μ

l
56

32
5

20
22

12
–1

41

C
D

19
+

 B
 c

el
ls

/μ
l

18
2

38
16

29
51

–8
21

f  T
ra

ns
iti

on
al

 B
 c

el
ls

 (
%

)
52

.7
 %

 (
10

2 
ab

s)
4.

02
 %

 (
0 

ab
s)

48
.8

 %
 (

5 
ab

s)
14

.2
 %

 (
4 

ab
s)

j  2
.9

 %
–2

3.
8 

%
 (

12
–3

5 
ab

s)

g  
M

em
or

y 
B

 c
el

ls
 (

%
)

3.
3 

%
 (

6 
ab

s)
11

.9
 %

 (
1 

ab
s)

4.
4 

%
 (

0 
ab

s)
1.

2 
%

 (
0 

ab
s)

1.
4–

27
.6

 %
 (

4-
16

8a
bs

)

h  
Sw

itc
he

d 
M

em
or

y 
B

 (
%

)
8.

5 
%

 (
16

 a
bs

)
11

.9
 %

 (
1 

ab
s)

3.
7 

%
 (

0 
ab

s)
2.

4 
%

 (
1 

ab
s)

3.
0–

32
.9

 %
 (

13
-1

05
ab

s)

C
D

3-
C

D
56

+
 N

K
 c

el
ls

/μ
l

17
5

15
5

16
36

12
–8

64

J Clin Immunol. Author manuscript; available in PMC 2017 November 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Petrovski et al. Page 17

PH
A

 S
tim

ul
at

ed
 C

el
ls

 (
cp

m
)

64
,8

53
 (

14
83

)
14

4,
07

3 
(2

81
2)

11
5,

45
6 

(9
81

)
13

7,
27

6 
(1

91
4)

11
7,

51
2–

23
5,

79
2

A
nt

i-
C

D
3 

St
im

ul
at

ed
 (

cp
m

)
53

,3
66

 (
14

83
)

13
3,

16
6 

(2
81

2)
33

,4
15

 (
98

1)
27

,7
82

 (
15

28
)

59
,8

08
–1

86
,0

06

C
an

di
da

 S
tim

ul
at

ed
 (

cp
m

)
14

15
 (

88
8)

41
,5

66
 (

14
50

)
61

49
 (

40
76

)
49

5 
(5

45
)

64
60

–6
0,

02
8

A
bn

or
m

al
 v

al
ue

s 
ar

e 
in

 b
ol

d 
fo

nt

a T
ri

an
gu

la
r 

sh
ap

e,
 d

ee
p-

se
t e

ye
s,

 th
in

 n
os

tr
ils

, l
ow

-h
an

gi
ng

 c
ol

um
el

la
, d

ow
nt

ur
ne

d 
sm

al
l m

ou
th

, s
m

al
l c

hi
n 

an
d 

pr
om

in
en

t f
or

eh
ea

d

b N
or

m
al

 r
an

ge
s 

fo
r 

im
m

un
og

lo
bu

lin
s 

ar
e 

fo
r 

2 
ye

ar
 o

ld
 C

au
ca

si
an

s

c N
aï

ve
 C

D
4+

 T
 c

el
ls

 a
re

 C
C

R
7 

+
 C

D
45

R
A

+
/C

D
4+

/C
D

3+

d N
aï

ve
 C

D
8+

 T
 c

el
ls

 a
re

 C
C

R
7 

+
 C

D
45

R
A

+
/C

D
8+

/C
D

3+

e Se
ne

sc
en

t C
D

8+
 T

 c
el

ls
 a

re
 C

D
57

 +
 (

PD
-1

)+
/C

D
8+

/C
D

3+

f T
ra

ns
iti

on
al

 B
 c

el
ls

 a
re

 C
D

24
+

+
C

D
38

+
+

/I
gD

 +
 C

D
27

-/
C

D
19

+

g U
ns

w
itc

he
d 

m
em

or
y 

B
 c

el
ls

 a
re

 I
gD

 +
 C

D
27

+
/C

D
19

+

h C
la

ss
 s

w
itc

he
d 

m
em

or
y 

B
 c

el
ls

 a
re

 C
D

27
 +

 I
gD

-/
C

D
19

+

i R
ef

er
en

ce
 r

an
ge

 p
ro

vi
de

d 
by

 D
r. 

A
la

n 
K

ir
k 

of
 D

ep
ar

tm
en

t o
f 

Su
rg

er
y,

 D
uk

e 
U

ni
ve

rs
ity

 M
ed

ic
al

 C
en

te
r

j R
ef

er
en

ce
 r

an
ge

 f
ro

m
 R

. v
an

 G
en

t e
t a

l.:
 C

lin
. I

m
m

un
ol

. 1
33

: 9
5–

10
7,

 2
00

9

J Clin Immunol. Author manuscript; available in PMC 2017 November 16.


	Abstract
	Introduction
	Patient, Materials and Methods
	Patients
	Patient 1
	Patient 2
	Patient 3
	Patient 4

	Immunologic Phenotype Analysis
	Next Generation Sequencing, Alignment and Variant Calling
	Establishment of EBV Cell Lines and Cell Growth
	Immunoblot Analysis
	RT-PCR and DNA Sequencing
	Glucose Uptake

	Results
	Patients
	Mutation
	Detection of Aberrant Splicing of Mutant mRNA
	Effects of p85αΔ434_475 Mutation on Signaling

	Discussion
	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Table 1

