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ABSTRACT

Introduction: The phosphoinositide 3-kinase (PI3K) pathway plays critical roles in diverse cellular processes,
including differentiation, proliferation, motility, survival, and growth. PI3K3, comprised of the catalytic subunit
p1108 and regulatory subunit p85«, is essential for normal lymphocyte and myeloid development and function.
Gain-of-function mutations in PIK3CD (encoding p1108) cause a combined immunodeficiency known as
activated PI3K& syndrome (APDS), in which patients frequently present with recurrent respiratory infections,
severe recurrent (or persistent) infections with herpes family viruses, and lymphadenopathy.

Aim: To describe the clinical presentation, immune evaluation, and genetic work-up of 2 patients (daughter and
mother) with recurrent sinopulmonary, soft tissue, and skin infections.

Results: Both daughter and mother presented with recurrent sinopulmonary and soft tissue infections. Immune
evaluation of the daughter revealed intermittent hypogammaglobulinemia and abnormal specific vaccine
responses, while immune parameters of her mother were normal. Whole exome sequencing identified a novel
mutation in PIK3CD (NM_005026), c.C719T, resulting in p.T240M. Western blot analysis of downstream AKT
levels revealed increased basal phosphorylation, in line with gain-of-function mutations of PIK3CD.

Conclusion: The novel missense mutation in PIK3CD occurs in the region encoding the Ras-binding domain
(RBD) of p1108, and likely alters the structural configuration of the domain. To date, pathogenic mutations target-
ing the RBD of p1103 have not yet been described. Our results expand on the genotypic spectrum of APDS.

Statement of Novelty: We describe a novel mutation in the Ras-binding domain of PIK3CD leading to a presen-

tation of recurrent sinopulmonary and soft tissue infections in the context of APDS.

Introduction

Phosphoinositide 3-kinase (PI3K) activity is required
for normal immune cell development and function, and
plays essential roles in diverse cellular processes such as
differentiation, proliferation, motility, growth, and sur-
vival (Okkenhaug and Vanhaesebroeck 2003; Fruman
et al. 2017). The class I PI3K lipid kinases are hetero-
dimers comprising a catalytic subunit (p110a, p110p,

or p1103) and a regulatory subunit (p85a, p55a, p50a,
or p55y), and with the exception of p1109, are distrib-
uted broadly throughout tissues. Under resting condi-
tions, the regulatory subunit stabilizes the catalytic
subunit to inhibit downstream signaling activity.

The p110d subunit, encoded by PIK3CD, is expressed
by majority in lymphocytes and myeloid cells (Okkenhaug
and Vanhaesebroeck 2003; Fruman et al. 2017). Together
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with p85a, this heterodimer (termed PI3KS9) is critical f
or immune function, including B cell receptor (BCR)
and T cell receptor (TCR) signaling (Okkenhaug
2013). Within immune cells, antigen-, cytokine-, costimu-
latory-, and growth factor receptor-dependent engage-
ment and activation of tyrosine kinases recruits the p85a
subunit of PI3KS to the cell membrane, thus releasing
the inhibitory interaction with p1103 to form active
PI3KS. PI3KS9 catalyzes the phosphorylation of phosphati-
dylinositol (4,5)-bisphosphate (PIP2) to phosphoinositide-
3,4,5-trisphosphate (PIP3), which acts as a membrane
tether for signaling proteins with pleckstrin homology
(PH) domains. Downstream PI3KS signaling targets
include BTK (which promotes phospholipase C-depen-
dent responses), PDK1, and AKT (which activates
mTOR complex 1 to promote protein synthesis, T cell
activation, and differentiation of T cell effector pheno-
types, as well as regulating FOXO1-dependent migration
of T cells from lymph nodes to the circulation).
Dephosphorylation of PIP3 by phosphatase and tensin
homolog (PTEN) or inositol 5’-phosphatase terminates
the PI3KS signal.

Defects in components of the PI3Kd signaling
pathway cause significant functional deficits leading
to immunodeficiency and immune dysregulation
(Angulo et al. 2013; Lucas et al. 2014). Gain-of-
function mutations in PIK3CD and PIK3RI (encoding
the p85a subunit) that were first identified by next
generation sequencing techniques cause a combined
immunodeficiency known as activated PI3Kd syn-
drome (APDS, class 1 or class 2, respectively; OMIM
#615513) (Angulo et al. 2013; Lucas et al. 2014, 2016;
Crank et al 2014; Takeda et al. 2017; Heurtier et al.
2017; Rae et al. 2017; Wentink 2017; Dulau Florea et al.
2017). APDS is characterized by a wide spectrum of
clinical manifestations, although most affected patients
present with recurrent respiratory infections and asso-
ciated lung damage, severe recurrent (or persistent)
infections with herpes family viruses, and lymphad-
enopathy (Elgizouli et al. 2016; Elkaim et al. 2016;
Coulter et al. 2017). Individuals with APDS frequently
exhibit B and T cell dysfunction, autoimmunity, and
are at increased risk of B cell lymphoma (Coulter et al.
2017; Kracker et al. 2014); however, the outcome for
these patients vary widely from early death during
childhood to adults who remain asymptomatic.
Interestingly, rare loss-of-function mutations also
present with immunodeficiency (Conley et al. 2012;
Zhang et al. 2013).

Here, we describe 2 patients (a daughter and
mother) with recurrent sinopulmonary and soft
tissue infections in whom a novel missense mutation
in the Ras-binding domain (RBD) of PIK3CD was
identified.

Methods

Patients

Patient data were compiled prospectively and
retrospectively from medical records and entered into
the Canadian Centre for Primary Immunodeficiency
Registry and Tissue Bank, which has been approved by
the SickKids Research Ethics board (protocol No.
1000005598). Consent and assent from each patient
and parents were obtained for testing.

Lymphocyte proliferation

Lymphocyte proliferative responses to phytohemag-
glutinin (PHA) were evaluated. All assays were
performed in triplicate and were compared with simul-
taneously stimulated normal controls, as previously
described Sharfe et al. (2014).

Western blotting

Studies were performed on Ficoll-separated
peripheral blood lymphocytes. Both patient and control
cells were obtained, and either left unstimulated or
were stimulated with anti-CD3 antibody (5 pg for
4 x 10° cells) for 10 minutes at 37 °C. Cells were sub-
sequently lysed in 1% Triton X-100 vanadate lysis buffer
and protein expression assessed by Western blotting.
All blots were repeated at least twice. The primary anti-
bodies used for Western blotting were: Anti-pAKT
Ser473 (Invitrogen) and anti-GAPDH (Cell Signaling),
followed by appropriate horseradish peroxidase-
conjugated secondary antibody. Immunoreactive pro-
teins were visualized by enhanced chemiluminescence.

Whole exome sequencing and variant
calling

DNA from blood was submitted to The Centre for
Applied Genomics (TCAG), Toronto, Canada, for
exome library preparation and sequencing. DNA was
quantified by Qubit DNA HS assay (Life Technologies,
Carlsbad, CA) and 100 ng of input DNA was used for
library preparation using the Ion AmpliSeq Exome Kit
(Life Technologies) according to the manufacturer’s
recommendations. The Ampliseq Exome library was
immobilized on Ion PI"" Ton Sphere™ particles using
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the Ion PI Template OT2 200 Kit v3. Sequencing was
performed with the Ion PI Sequencing 200 Kit v3 and
Ion PI Chip v2 in the Ion Proton™ semiconductor
sequencing system following the manufacturer’s
recommendation.

Alignment and variant calling were performed using
Torrent Suite (v4.0) on the Ion Proton Server, using
the Ion Proton ampliseq germline low stringency setting
and the hgl9 reference genome. The variants were
annotated using an in-house annotation pipeline based
on Annovar (November 2014 version) (Wang et al.
2010) and RefSeq gene models (downloaded from
UCSC 01 August 2015).

Sanger sequencing

Patient genomic DNA was extracted from peripheral
blood lymphocytes using the Geneaid Genomic DNA
Mini Kit. Genomic DNA was amplified by PCR with
specific primers designed upstream and downstream
of the PI3KCD gene. Sequencing was done using
GenomeLab Dye Terminator Cycle Sequencing
(DTCS) Quick Start Kit (Beckman Coulter) and
analyzed on CEQ 8000 Genetic Analysis System
(Beckman Coulter).

Results
Patient 1

The proband presented to medical attention at the
age of 4 years. At the time, she presented with recurrent
sinopulmonary infections (most notably acute otitis
media and sinusitis), and 3 episodes of dental abscesses
secondary to caries. She later developed a peri-orbital
abscess following traumatic injury, as well as skin
infections caused by atypical bacteria (Vagococcus
fluvialis and Acinebacter Iwoffii). Additionally, she suf-
tered from Haemophilus Influenzae vulvovaginitis
requiring treatment with IV antibiotics. Past medical
history for this patient included an unremarkable preg-
nancy with normal prenatal follow-up, term vaginal
delivery, a normal neonatal course, and no other medi-
cal history. She had been on no medications. Her family
history was notable for a mother with recurrent infec-
tions (see “Patient 2” below), and a healthy father and
brother. There is a history of maternal grandfather with
Crohn’s disease, and a paternal grandfather passed away
from gastric cancer. There is no history of any other
immune disorders in the family.

Physical examination demonstrated a well-grown and
developing child, with no dysmorphic features, hair,
nail or skin abnormalities beyond the reported skin
infections, normal tonsillar tissues and lymph nodes, a
normal cardiorespiratory exam and no organomegaly.
Immune evaluation (Table 1) revealed intermittent
hypogammaglobulinemia and abnormal specific
vaccine responses, although she has not required
immunoglobulin supplementation given spontaneous
resolution of sinopulmonary infections with age.

Patient 2

Patient 2, the proband’s mother, is a 42-year-old
female with a long-standing history of sinopulmonary
infections starting in her early 20s. She suffered
frequent sinus and ear infections requiring multiple
courses of antibiotics, an episode of facial abscess/
cellulitis which progressed to bacteremia, and an epi-
sode of dental abscess. She had not suffered from any
skin infections as identified in her daughter. She had
no other infectious, autoimmune or inflammatory
history. As noted above, she had a father with
Crohn’s disease but no other notable family history.
Her immune evaluation has been unremarkable
(Table 1), with normal immunoglobulin levels and
vaccine responses.

Genetics

Genetic testing was done via a Primary
Immunodeficiency Panel Plus (Blueprint Genetics), fol-
lowed by research whole exome sequencing. Testing of
the proband identified a heterozygous missense variant
in PIK3CD (NM_005026), c.C719T, resulting in
p.-T240M. The substitution of amino acid residue threo-
nine (T) to methionine (M) at position 240 is predicted
in-silico to be deleterious or borderline deleterious,
resulting in loss of polarity and a longer side chain,
and likely altering the structural configuration of the
RBD. Targeted sequencing of PIK3CD revealed the
identical missense variant in her mother but not her
father or brother.

Cell signaling

Peripheral blood lymphocytes (PBL) from patient 2
and a healthy control were stimulated with anti-CD3
antibodies. Western blot analysis showed an increase
in basal phosphorylated AKT (pAKT) levels in the
patient, consistent with APDS (Figure 1). Levels of
pAKT following cell stimulation did not increase
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Table 1: Immune evaluation of patients 1 and 2.

Lab parameters Patient 1 Reference range Patient 2 Reference range
WBC 5.73 4.23-9.99 (10° cells/L) 6.55 4.37-9.6 (10° cells/L)
Neutrophils 2.84 1.45-6.75 (10° cells/L) 3.9 1.45-6.75 (10° cells/L)
Lymphocytes 2.34 1.34-4.12 (10° cells/L) 2.01 1.16-3.18 (10° cells/L)
Eosinophils 0.06 0.06-0.97 (10° cells/L) 0.11 0.03-0.27 (10° cells/L)
Platelets 309 203-431 (10° cells/L) 300 186-353 (10° cells/L)
Hemoglobin 130 106-132 g/L 145 106-135 g/L
CD3+ 1582 12392611 (10° cells/L) 1613 700-2100 (10° cells/L)
CD19+ 24.7 12-24 (10° cells/L) 154 100-500 (10° cells/L)
CD3+/CD4+ 1006 646-1515 (10° cells/L) 1136 300-1400 (10° cells/L)
CD3+/CD8+ 473 365-945 (10° cells/L) 441 200-900 (10° cells/L)
NK 136 120-483 (10° cells/L) 316 90-600 (10° cells/L)
IgG 5.8 6.6—15.3 (g/L) 10.8 5.5-16.3 (g/L)
IgA 0.2 0.5-2.2 (g/L) 1.2 0.7-4.2 (g/L)
IgM 14 0.5-1.9 (g/L) 0.9 0.3-2.9 (g/L)
PHA stimulation index (SI) 2306 >400 (>50% of ctrl) 1848 >400 (>50% of ctrl)
Anti-tetanus serology 0.29 >0.1 IU/mL 2.84 >0.1 IU/mL
Diphtheria serology 0.08 >0.1 IU/mL 0.05 >0.1 IU/mL
Measles, mumps, Non-reactive Protective

rubella serologies to all to all

Control Patient
- 4 - 4 o-CD3

e pAKT

T— R s s NKT

e —— s> (GAPDH
PBL

Figure 1: Western blot analysis of
downstream AKT phosphorylation in
patient carrying a gain-of-function
PIK3CD missense variant. Peripheral
blood lymphocytes from Patient 2 and
a healthy control were stimulated
with anti-CD3 for 10 minutes. Western
blot analysis was performed to
determine levels of phosphorylated
AKT (pAKT), a downstream binding
partner activated by PI3K3 signaling.
Levels of pAKT expression were
higher at baseline in the patient
compared to control.

further following stimulation, compared with a typical
increase in the control sample (Figure 1).

Discussion

We describe here a mother and daughter with a novel
mutation in the RBD of PIK3CD. Their clinical mani-
festations were typical of APDS, including recurrent

sinopulmonary infections, soft tissue and dental
abscesses, cellulitis, and humoral deficiency (in the
proband) (Coulter et al. 2017).

APDS is caused by gain-of-function mutations in
PIK3CD, coding for the p110d subunit, which is com-
prised of an adaptor-binding domain (ABD) responsible
for binding p85«, a Ras-binding domain (RBD), a C2
domain, a helical domain, and a lipid kinase domain
(N-lobe and C-lobe) (Figure 2). Previously reported
mutations affected the C2, helical and lipid kinase
domains of p1109, which are the inhibitory contact points
for the p85a regulatory subunit (Lucas et al. 2016; Coulter
et al. 2017), as well as the ABD and ABD-RBD linker
region, responsible for proper ABD orientation (Takeda
et al. 2017). These variants lead to overactivation of
PI3KS3, by preventing binding of p1108 with p85a or
enhancing the mobilization of p110d to the cell
membrane and increasing the catalytic activity.

To our knowledge, this is the first variant in the
RBD leading to APDS. Our functional assessment
has determined this variant to result in a gain-of-
function phenotype, as basal AKT phosphorylation
was elevated Mandola et al. (2020), with essentially
no further phosphorylation noted following stimula-
tion, as frequently seen in gain-of-function mutations
affecting other signaling molecules (Sharfe et al.
2015). It is possible that the mutated protein results
in enhanced or prolonged binding of Ras-superfamily
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Figure 2: Schematic diagram of structural domains of p1108 encoded by PIK3CD.
The p1108 subunit is comprised of an adaptor-binding domain (ABD) responsible for
binding p85«, a Ras-binding domain (RBD), a C2 domain, a helical domain, and a
lipid kinase domain (N-lobe and C-lobe). Previously reported mutations are noted in
black. The mutation reported in this study, affecting the RBD, is highlighted in red.

GTPases to the RBD; however, the precise mechanism
leading to this gain-of-function remains to be eluci-
dated. Overall, this report enhances the genotypic
spectrum of APDS and proposes a broader range of
gain-of-function mutations in PIK3CD underlying
this disease.
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