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Abstract
BThis porridge is too hot!^ she exclaimed. So, she tasted the porridge from the second bowl. BThis porridge is too cold,^ she
said. So, she tasted the last bowl of porridge. BAhhh, this porridge is just right,^ she said happily and she ate it all up.While this
describes the adventures of Goldilocks in the classic fairytale BThe Story of Goldilocks and the Three Bears,^ it is an ideal
analogy for the need for balanced signaling mediated by phosphatidylinositol-3-kinase (PI3K), a key signaling hub in immune
cells. Either too little or too much PI3K activity is deleterious, even pathogenic—it needs to be Bjust right^! This has been
elegantly demonstrated by the identification of inborn errors of immunity in key components of the PI3K pathway, and the impact
of these mutations on immune regulation. Detailed analyses of patients with germline activating mutations in PIK3CD, as well as
the parallel generation of novel murine models of this disease, have shed substantial light on the role of PI3K in lymphocyte
development and differentiation, and mechanisms of disease pathogenesis resulting not only from PIK3CDmutations but genetic
lesions in other components of the PI3K pathway. Furthermore, by being able to pharmacologically target PI3K, thesemonogenic
conditions have provided opportunities for the implementation of precision medicine as a therapy, as well as to gain further
insight into the consequences of modulating the PI3K pathway in clinical settings.
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Introduction

Phosphatidylinositol-3-Kinase (PI3K) Is a Key
Signaling Node in Immune Cells

PI3Ks are lipid kinases with critical roles in cell biology [1–3].
There are three classes of PI3K (Class IA, B; II; and III) with
Class IA PI3K being the predominant type involved in lym-
phocyte signaling [1–3]. Class IA PI3Ks (hereafter referred to
as PI3K) are heterodimers, comprising a regulatory (p85α,
p85β, p55) and catalytic (p110α, β or δ) subunit. While

p110α and β are ubiquitously expressed, p110δ is largely
restricted to leukocytes [1–3]. PI3K is activated following
engagement of the BCR and TCR, and can be enhanced by
co-engagement of other receptors. In B cells, CD19 is the
mainmediator of PI3K activity downstream of the BCR; how-
ever, BAFF-R and CD40 also induce or amplify PI3K signal-
ing [1–5]. Similarly, CD28 and ICOS are key co-receptors
involved in PI3K-mediated T cell activation [1, 6, 7].
Cytokines can also activate PI3K in lymphocytes [1, 8]. Just
like Newton’s Third Law of Physics, the action of PI3K is
antagonized by opposing forces in the form of the lipid phos-
phatases PTEN and SHIP [1–3]. Thus, the coordinated and
balanced functions of PI3K and PTEN regulate major signal-
ing pathways downstream of Ag and co-stimulatory receptors
in lymphocytes critical for survival, growth, differentiation,
and metabolism.

The Role of PI3K Signaling in B and T Cells: Evidence
from Gene-Targeted Mice

B Cells Analysis of mice that lack p85α or p110δ or express
catalytically inactive p110δ confirmed the importance of PI3K
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in B cell development and function. These mice have ~ 50%
fewer follicular B cells, and a severe reduction in marginal
zone (MZ) and B1 cells [9–14]. More striking though were
the dramatically reduced humoral immune responses follow-
ing immunizationwith T-dependent (TD) Ags, consistent with
impaired germinal center (GC) formation, proliferation, and
survival of mutant B cells [9–14]. Thus PI3K-dependent sig-
naling is required for B cell development, survival, and
eliciting Ab responses.

PTEN deficiency resulted in increased B cell numbers,
especially B1 and MZ cells, increased serum IgM, and
increased survival and proliferation in vitro [15, 16].
However, paradoxically, PTEN deficiency also resulted
in poor GC and TD Ab responses in vivo [15–18].
These mice also revealed that PI3K inhibits class switch
recombination (CSR) by suppressing induction of Aicda
[19, 20], encoding activation-induced cytidine deaminase
(AID), or Ig germline transcripts [17, 18]. The compara-
ble findings for reduced or heightened PI3K signaling
provided the first insights into the necessity for balanced
signaling via PI3K for qualitatively and quantitatively ro-
bust humoral immune responses.

T and NK Cells T cell development in mice lacking functional
p110δ or p85α is largely intact [10, 12]. However, prolifera-
tion and induction of Th1, Th2, and Th17 effector CD4+ T
cells were reduced in cells lacking functional p110δ [12] and
increased by deletion of PTEN [21–23]. T follicular helper
(Tfh) cell generation was also blocked in mice lacking
p110δ, or expressing a mutant form of ICOS unable to recruit
PI3K [7, 24]. Thus, PI3K is critical for CD4+ T cell differen-
tiation. NK cell development and cytotoxicity were also great-
ly impaired in the absence of p85 or p110δ [25, 26].
Collectively, PI3K is fundamental for the development, mi-
gration, expansion, survival, and differentiation of adaptive
immune cells.

Early Clues from Human: p85 Deficiency due
to Homozygous PIK3R1 Mutation

In 2012, the first report of human inborn errors in PI3K sig-
naling was described. Conley and colleagues identified one
patient with agammaglobulinemia, B cell lymphopenia, and
autoimmunity due to a homozygous nonsense mutation in
PIK3R1, encoding p85α, p55, and p50 [27] (Fig. 1). Since
p85 stabilizes p110δ, p85 deficiency greatly reduced levels of
p110δ [27]. Recently, another two patients (siblings) were
reported with recessive PIK3R1mutations who also presented
with agammaglobulinemia and B-lymphopenia [55]. In con-
trast to B cells, T cell development and differentiation were
unaffected by p85 deficiency [27, 55]. These findings demon-
strated the non-redundant function of PI3K in human B cell
ontogeny (Fig. 1).

Activating Mutations in PIK3CD Cause a Novel
Immune Dysregulatory Condition

In 2013 and 2014, groups from the UK/Europe and USA
independently identified germline heterozygous mutations
in PIK3CD, encoding the p110δ catalytic subunit of
PI3K, in 31 individuals from 14 unrelated families [56,
57]. Since then, > 200 patients with such PIK3CD muta-
tions have been identified [28–43]. Affected individuals
presented with recurrent sinopulmonary infections (mostly
due to S pneumonia and H influenza), lymphadenopathy,
splenomegaly, viremia (EBV, CMV, VZV), and EBV-
induced disease. Some patients also developed lympho-
proliferation, autoimmunity (cytopenias, colitis, enteropa-
thy, thyroiditis, arthritis), and/or B-lymphoma [28–43].
The condition presents initially with recurrent respiratory
tract infections, followed by lymphoproliferation, gastro-
intestinal disease, and then autoimmune manifestations
[38]. Patients also have lymphopenia, normal/elevated
levels of IgM, variable levels of serum IgG (characteristi-
cally reduced IgG2), and low-normal IgA. However, Ag-
specific Abs against polysaccharide-containing vaccines
were low/undetectable in all patients, while those against
protein Ags were reduced in ~ 50–70% of cases [28–43]
(Table 1, Fig. 1). Overall survival is ~ 80%, but event-free
survival is < 40% [32, 43].

Remarkably, the same mutation—c.3061G > A,
resulting in a p.E1021K substitution at a highly conserved
residue in the C-terminal lobe of p110δ—was found in all
patients reported by Angulo et al. [56] and 6/14 patients
reported by Lucas et al. [57]. Overall, ~ 80% of all pa-
tients identified harbor the E1021K mutant [28–43].
Importantly, mutations identified in either the C-terminal
lobe (E1025G) or other functional domains of p110δ
(E81K, G124D, N334K, R405C, C416R, E525K,
E525A, R929C) result in similar clinical features as
E1021K [28–43, 56–58] indicating limited if any
genotype/phenotype correlation.

Comparison of germline PIK3CD mutations to somatic
mutations identified in PIK3CA (encoding p110α) in different
cancers predicted them to be activating or gain of function
(GOF) [57]. This was confirmed by biochemical characteriza-
tion of PIK3CD mutations [39, 56–59]. Thus, PIK3CD GOF
mutations cause a novel human disorder of immune dysregu-
lation involving immunodeficiency, lymphoproliferation,
organomegaly, and autoimmunity (Table 1), thereby
highlighting the complexities of PI3K signaling. This condi-
tion has been termed activated PI3K delta syndrome 1
(APDS1).

From an historical perspective, it is worth noting that
the E1021K variant was actually first reported in 2006
in a single Taiwanese patient suffering from recurrent
upper respiratory tract infections, extensive varicella
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infection, pneumonia, bronchiectasis, B-lymphopenia,
and hypogammaglobulinemia [60]. While these investi-
gators predicted that this variant was likely pathogenic,
no studies were performed to determine the impact of
the E1021K substitution on PI3K function [60]. Despite
this, this report was clearly the first clinical description
of a patient with APDS1.

Treatment

Several therapeutic modalities have been employed to treat the
major symptoms of APDS1. Thus, patients have received Ig
replacement and antibiotics to control recurrent infections, and
immunosuppression (corticosteroids, azathioprine
mycophenylate) to treat autoimmune manifestations. B cell

Table 1 Clinical and immunologic features of patients harboring mutations that result in excessive PI3K signaling

Clinical/immunological feature Heterozygous PIK3CD GOF
mutations (APDS1)

Heterozygous PIK3R1
LOF mutations (APDS2)

Heterozygous
PTEN LOF mutations

Recurrent respiratory infections 98% 52/52 (100%) 7/15 (47%)

Bronchiectasis 60% 8/37 (22%) 1/9 (11%)

Lymphadenopathy 64% 42/52 (81%) 2/13 (15%)

Splenomegaly 58% 22/51 (43%) 1/13 (8%)

Severe or persistent EBV/CMV infection 49% 13/49 (27%) NR

Lymphoma 13% 11/52 (21%) 0/13 (0%)

Autoimmunity 42% 10/51 (20%) 0/6 (0%)

Developmental delays/abnormalities 19% 27/47 (57%) 8/15 (53%)

B cell lymphopenia 67% 88% 0/11 (0%)

Hypogammaglobulinemia ~ 45–50% > 80% 6/15 (40%)

↑ serum IgM 76% 28/46 (61%) 1/15 (7%)

↓ serum IgG/IgA IgG (43%) 43/47 (91%) 4/15 (27%)
IgA (50%)

Impaired responses to pneumococcal vaccines > 90% NR NR

Inverted CD4/CD8 ratio 65% 29/41 (71%) 1/15 (7%)

References [28–43] [44–52] [39, 53, 54]

NR not reported

PI3K activity

“Too cold” “Too hot”“Just right!”

GENE DEFECTS
PIK3CD GOF (AD)
PIK3R1 LOF (AD)
PTEN LOF (AD)

CLINICAL MANIFESTATIONS
recurrent infections

hypogamma/hyper-IgM
specific Ab responses

naive T cell lymphopenia

viremia (herpes viruses)

B-cell lymphoma

GENE DEFECTS
PIK3CD LOF (AR)
PIK3R1 LOF (AR)

CLINICAL MANIFESTATIONS
recurrent infections

severe B-cell deficiency
neutropenia (resolves with time)

Fig. 1 Strength of PI3K signaling impacts immunity: the BGoldilocks^
effect. Recessive loss of function mutations in PIK3R1 or PIK3CD that
attenuate PI3K signaling result predominantly in immune deficiency due
to impaired B cell development and agammaglobulinemia. Dominant
mutations in PIK3CD or PIK3R1 causing hyperactive PI3K signaling
result in immune dysregulation (immune deficiency, autoimmunity,

malignancy). Mutations in PTEN also manifest as immune
dysregulation but generally not as severe as dominant PIK3CD or
PIK3R1 mutations. See Table 1 for more detailed clinical information.
AR autosomal recessive, AD autosomal dominant, JIA juvenile
idiopathic arthritis, IBD inflammatory bowel disease, AIHA
autoimmune hemolytic anemia, ITP idiopathic thrombocytopenia
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depletion (Rituximab) and splenectomy have also been used
to manage autoimmune hemolytic anemia, splenomegaly, and
lymphoproliferation in some patients [32, 38, 42, 43].

A key downstream target of PI3K is Akt, which activates
mTOR [1–3]. The finding of hyper-active PI3K signaling in
APDS1 enabled gene-targeted therapy in the form of mTOR
inhibitors [57]. Rapamycin is effective at ameliorating disease
in > 65% of patients, resulting in moderate/good responses,
especially for lymphoproliferation [32, 35, 38, 61].
Importantly, rapamycin enabled a reduction in the dose of,
or need for treatment with, steroids [38]. However, gastroin-
testinal disease and cytopenias responded less well to
rapamycin, and treatment was discontinued in some patients
due to adverse events [32, 43]. Furthermore, a significant pro-
portion of patients experienced no benefit from rapamycin
therapy [38].

More recently, efficacy of targeted therapy by the p110δ-
specific inhibitor leniolisib has been trialed in six APDS1
patients [62]. Leniolisib was well tolerated over a 12-week
period, with no reports of significant adverse events [62].
Leniolisib greatly reduced lymphadenopathy and splenomeg-
aly, and ameliorated autoimmune cytopenias [62]. Cellular
immune dysregulation was also improved by leniolisib, with
reductions in proportions of transitional B cells and senescent
T cells, reduced levels of serum IgM and inflammatory medi-
ators (CXCL10, IFNγ, TNFα), and increased frequencies of
naïve B cells [62]. All of these readouts correlated with greatly
improved patient well-being, and a reduced requirement for Ig
replacement in three of the six treated patients. The effect of
leniolisib on B cell lymphoma in APDS1 patients is unknown.
Despite the limited trial and small number of patients tested,
this study established the potential of directly inhibiting p110δ
as precision medicine for APDS1. However, p110δ inhibitors
have been used to treat human B cell malignancies, and seri-
ous adverse events have been reported [3]. Thus, further trials
are needed to establish potential deleterious effects of p110δ
inhibitors in the treatment of APDS1.

While these interventions can treat symptoms of APDS1,
the only cure is hematopoietic stem cell transplant (HSCT). To
date, two studies have provided detailed reports on outcomes
of HSCT in 20 APDS1 patients [42, 43]; outcomes for an
additional 13 patients have been included in cohort reports
[32, 38]. Indications for HSCT were lymphoproliferation
and recurrent infections. Survival post-HSCT for all patients
was ~ 80%; this was accompanied by significantly reduced
infections, lymphoproliferation, hypogammaglobulinemia,
enteropathy and cytopenias, and cessation of immunosuppres-
sion and Ig replacement [32, 38, 42, 43]. While these findings
are similar to those for HSCT in other PIDs, HSCTwas asso-
ciated with complications, including frequent graft failure,
variable donor chimerism, and hemophagocytic syndrome,
in ~ 90% of APDS1 patients [42, 43]. Despite this, most pa-
tients achieved donor engraftment. Thus, HSCT represents a

promising cure for APDS1; however, studies detailing out-
comes from more transplanted patients will enable optimiza-
tion of conditioning regimes to improve survival rates and
reduce post-HSCT complications.

Cellular Defects in Humans due to PIK3CD GOF
Mutations

To provide a cellular basis for immune dysregulation in
APDS1, several studies have examined the impact of
PIK3CD GOF mutations on the development and function
of B cells, T cells, and NK cells.

B Cells B cells egress from the bone marrow (BM) as transi-
tional cells and undergo further maturation in the periphery to
become naïve B cells, which can then differentiate into mem-
ory and plasma cells. Peripheral blood of APDS1 patients
contains low/normal proportions of circulating B cells; how-
ever, there is an accumulation of transitional B cells [28, 35,
36, 39, 56, 57, 63], predominantly of a very immature pheno-
type [63]. Naïve B cells in these patients also appear to be at a
less mature stage of development than naïve B cells in healthy
donors, suggestive of a defect in B cell development [63].
Indeed, analysis of BM from PIK3CD GOF patients revealed
significant increases in pre-BII and immature B cells, and
fewer circulating mature B cells, compared to healthy donors
[36, 41, 63]. PIK3CD GOF patients also have few memory B
cells [28, 35, 36, 39, 56, 57, 63], and the contracted memory
population lacked IgG+ and IgA+ cells [36, 57, 63]. Interestingly,
despite the reduction in CSR, somatic hypermutation (SHM)
was largely normal [36, 56], suggesting that the role of AID in
CSR versus SHM is differentially influenced by the magnitude
of PI3K signaling. Thus, hyperactive PI3K signaling not only
impacts B cell development in the BM, arresting development at
the pre-B II/immature→ transitional stage, but also impedes the
generation of total and class switched memory B cells in re-
sponse to infection or vaccination (Fig. 2a).

Defects in generating memory cells and poor humoral im-
munity inPIK3CDGOF patients could result from cell intrinsic
or extrinsic defects. To test this, we examined responses of
PIK3CD GOF B cells to in vitro stimulation. While prolifera-
tion was normal [57, 63], generation of IgG-secreting cells
from naïve B cells, and IgG- and IgA-secreting cells from tran-
sitional B cells, was greatly reduced by PIK3CD GOF muta-
tions [57, 63]. PIK3CDGOF transitional B cells were unable to
acquire expression of a suite of genes associated with plasma
cell differentiation [63], suggesting that hyperactive PI3K sig-
naling intrinsically interferes with the molecular machinery re-
quired for terminal B cell differentiation (Fig. 2a).

CD4+ T Cells Approximately 50% of PIK3CD GOF patients
have CD4+ T cell lymphopenia due to marked reductions in
naïve cells [31, 32, 56, 57]. Within the memory population,
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there is a selective increase in circulating Tfh (cTfh) cells,
defined by a CD4+CD45RA−CXCR5+PD1hi phenotype [31,
39, 64] (Fig. 2b). However, the distribution of cTfh subsets is
skewed in PIK3CD GOF patients, with a disproportionate
increase in CXCR3+CCR6− Th1-type and a corresponding
decrease in CCR6+CXCR3− Th17-type Tfh cells [31, 64].
Functional analysis confirmed exaggerated IFNγ and reduced
Th17 cytokine production by PIK3CD GOF cTfh cells com-
pared to healthy donors [31]. CCR6+ cTfh cells are the pre-
dominant B-helper cTfh subset, while CXCR3+ Tfh cells are
poor inducers of B cell differentiation [65–67]. Thus, while
the observation of increased cTfh cells in PIK3CD GOF pa-
tients contradicts the clinical findings of B cell immunodefi-
ciency, this discrepancy can be explained by the

predominance of IFNγ+ cTfh cells, which are less effective
at promoting B cell function, and the diminution in Bhelpful^
Th17-cTfh cells. Thus, impaired humoral immunity in
APDS1 patients due to intrinsic B cell defects would be
compounded by expansion of dysfunctional Tfh cells incapa-
ble of supporting the generation of memory and plasma cells
responsible for long-lived serological memory (Fig. 2b).

PIK3CD GOF memory CD4+ T cells and cTfh cells also
exhibited marked elevations in IL-4, IL-5, and IL-13 produc-
tion compared to healthy donors [31] (Fig. 2b). Interestingly,
~ 25–50% of patients displayed Th2-related pathologies (asth-
ma, eosinophilic esophagitis, eczema/atopic dermatitis, urti-
caria, rhinoconjunctivitis; Table 1); these were not accompa-
nied by increased IgE or allergies [31, 38]. These findings
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suggest that dysregulated Th2 cytokine production by
PIK3CD GOF CD4+ T cells, together with previous findings
that PI3K signaling inhibits IgE production by B cells [68],
explains the high incidence of non-IgE-mediated Th2-type
diseases in APDS1 (Fig. 2b). These functional aberrations in
PIK3CD GOF CD4+ T cells provide mechanisms to explain
hypogammaglobulinemia, impaired Ab responses to infection
and vaccination, a lack of memory B cells, and Th2-type pa-
thologies in APDS1 (Figs. 1 and 2a, b; Table 1).

Cytotoxic Lymphocytes The chronic viremia, increased EBV-
induced disease, and B cell malignancy in APDS1 patients
would predict defects in cytotoxic lymphocytes. PIK3CD
GOF patients lack naïve CD8+ T cells and have increased
TEM and TEMRA cells [33, 35, 37, 56, 57]. Lucas et al. origi-
nally noted that a large proportion of CD8+ Tcells in PIK3CD
GOF patients expressed CD57, leading to the proposal that
hyperactive PI3K signaling promotes Tcell senescence, there-
by compromising CD8+ Tcell function [57]. Subsequent stud-
ies found that, in addition to CD57, a substantial proportion of
PIK3CD GOF CD8+ T cells co-express elevated levels of
receptors associated with senescence/exhaustion, such as
2B4, PD1, and KLRG1 [33, 37, 69]. Functional analysis re-
vealed reduced proliferation and IL-2 production, but in-
creased apoptosis of PIK3CD GOF CD8+ T cells [33, 56,
57, 69]. These defects—accelerated T cell senescence, limited
effector function, increased death—likely reflect the altered
metabolic state of CD8+ T cells due to constitutive activation
of the PI3K pathway, thereby culminating in CD8+ T cell
dysfunction [70] (Fig. 2c).

Susceptibility of APDS1 patients to herpes virus infections
[32, 35, 56, 57, 60] suggests an inability to generate functional
virus-specific CD8+ T cells. However, frequencies of EBV-
specific CD8+ T cells were normal/increased in PIK3CD
GOF patients compared to healthy donors [33, 37, 57].
Furthermore, most EBV-specific CD8+ T cells in PIK3CD
GOF patients exhibited a CD45RA−CCR7− TEM phenotype
typical to that of EBV-specific CD8+ T cells in healthy donors
[33, 37]. Thus, there is no major defect in generating memory-
type EBV-specific cells in these individuals. Despite this,
PIK3CD GOF EBV-specific CD8+ T cells acquire a severely
senescent/exhausted state [33] and have impaired cytotoxicity
against autologous B cells [33, 69]. Collectively, co-
expression of high levels of regulatory receptors associated
with terminal differentiation and exhaustion, predisposition
to apoptosis and impaired cytotoxicity provide cellular mech-
anisms for the inability of PIK3CD GOF CD8+ T cells to
contain EBV infection, resulting in EBV viremia (Figs. 1
and 2c; Table 1).

NK cells also play important roles in anti-viral immunity.
NK cells and subsets are generated in normal numbers in
PIK3CD GOF patients [33, 71]. However, PIK3CD GOF
NK cells also had an altered phenotype and an inability to kill

specific target cells [33, 71]. Decreased cytotoxicity of
PIK3CD GOF NK cells was attributed to impaired synapse
formation between NK and target cells, as well as reduced
mobilization of the lytic machinery to the immune synapse
in NK cells [71].

Overall, PIK3CD GOF mutations significantly impact the
development, differentiation, and/or effector function of all
populations of human lymphocytes. These defects operate in-
trinsically, as well as combinatorially, to manifest as the pre-
dominant clinical features of APDS1 patients: impaired hu-
moral immunity (defective B cells, skewed/dysfunctional Tfh
cells), allergic disease (aberrant Th2 skewing), and viral sus-
ceptibility and B cell lymphoma (impaired CD8 Tcell and NK
cell cytotoxicity; senescence) (Figs. 1 and 2; Table 1).

Modeling PIK3CD GOF Mutations and Disease in Mice

Findings from Pten-deficient mice have yielded important in-
formation regarding the impact of excessive PI3K signaling
on immunity [15, 16, 19, 21, 72–74]. However, this is not an
ideal model for PIK3CD GOF because it is not clear whether
PTEN deficiency results in the same temporal and quantitative
changes in PI3K signaling. Furthermore, PTEN regulates
p110δ, as well as p110α and p110γ [1, 3]. For these reasons,
four groups recently and independently generated strains of
gene-edited mice that express the common E1021K (E1020 in
mice) mutation in one allele of Pik3cd [63, 64, 75, 76]. These
studies have complemented analyses of PIK3CD GOF pa-
tients and provide an excellent model to elucidate lineage-
specific mechanisms of disease pathogenesis in vivo, indepen-
dent of chronic infection or various therapies that are routinely
used to treat the patients.

B Cells Analysis of BM from Pik3cd GOF mice revealed a
decrease in absolute B cell number, a relative increase in
pro-B, and significant decrease in mature recirculating B cells.
Mutant mice also displayed increases in peritoneal and splenic
B1a cells, implicating PI3K in promoting innate B cell expan-
sion. Splenic transitional andMZB cell populations were also
increased, at the expense of follicular B cells [63, 64, 75, 76]
(Fig. 2a).

Unimmunized Pik3cd GOF mice displayed an increased
number of GC and plasma cells [64, 76]. Interestingly, follow-
ing immunization with specific Ag, little if any increase in
GCs was seen from Pik3cd GOF B cells [63, 64, 76].
However, the structure of the GCs was disordered [64, 76],
and Pik3cd GOF murine B cells had substantial defects in
CSR in vivo and in vitro [63, 64, 76]. In contrast, affinity
maturation was unaffected [63, 64]. Importantly, the in vitro
CSR defect could be corrected by the p110δ-specific inhibitor
leniolisib [63]. This rescue in CSR directly correlated with
increased levels of expression of Aicda by activated murine
Pik3cd GOF B cells [63]. These findings provided additional
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evidence that suppression of CSR by excessive PI3K activity,
as previously observed in Pten mutant mice [19, 20], results
from repressing induction of Aicda.

CD4+ T Cells Similar to APDS1 patients, Pik3cd GOF mice
have decreased frequencies of naïve CD4+ T cells and a con-
current increase in memory cells, becoming more pronounced
over time [31, 64, 75]. In vitro cultures of naïve CD4+ T cells
revealed that Pik3cd GOF increases Th1 and Th2 differentia-
tion but inhibited Th17 differentiation [31], suggesting the
increased Th2 disease seen in PIK3CD GOF patients is T cell
intrinsic.

Unimmunized Pik3cd GOF mice have increased Tfh cells
in peripheral lymphoid organs [31, 64, 75], mirroring that
observed in the blood of patients [31, 39, 64]. Immunization
could increase the numbers of Tfh cells in Pik3cd GOF mice
in an ICOS-independent manner [64], inferring that PI3K hy-
peractivation overcomes the requirement for ICOS-ICOSL
interactions needed to generate Tfh cells [7, 24]. However,
other studies did not find increased Tfh cells following immu-
nization [31] or infection [77]. These data suggest that the
threshold for generating Tfh cells from Pik3cd GOF CD4+ T
cells is lower than for wild-type CD4+ T cells; however, once
there is sufficient signal for wild-type CD4+ T cells to differ-
entiate, the outcome is comparable to Pik3cd GOF CD4+ T
cells [31, 64, 75].

Interestingly, the generation of Tfh cells from wild-type
CD4+ T cells was increased in the presence of Pik3cd GOF
cells [31]. This suggests that altered activation of non-T cells
is an important driver of the increased Tfh cells seen in pa-
tients. Despite the generation of Ag-specific Tfh cells from
Pik3cd GOF CD4+ T cells, their ability to support B cell re-
sponses is significantly impaired [31]. Pik3cd GOF Tfh cells
were found to express high levels of FasL and IFNγ, which
impaired GC formation and alter class switching, respectively
[31].

CD8+ T Cells These mouse models also supported cell intrinsic
effects of hyperactive PI3K signaling on CD8+ T cells with a
slight reduction in the CD8+ T cell compartment within the
thymus [31, 75] and significantly decreased naïve, and in-
creased memory, CD8+ T cells in the periphery [33, 75].
In vitro cultures of naïve PI3K GOF CD8+ T cells yielded
increased expression of IFNγ and TNFα [33]. These changes
in cytokine expression occurred independent of infections or
immunizations, therefore being exclusively driven by the
Pik3cd GOF mutation in CD8+ T cells [33].

Thus, hyperactive PI3K signaling in these mouse models
recapitulated the phenotype of APDS1 with (1) defective cen-
tral and peripheral B cell development, and impaired B cell
responses to specific Ags, (2) naïve CD4+ T cell lymphopenia
but increased generation of Tfh cells, albeit dysfunctional, and
Th2 cells, and (3) aberrant differentiation of CD8+ T cells

(Figs. 1 and 2). These mice also developed splenomegaly
and autoAbs, further underscoring their utility as models of
disease due to PIK3CD GOF mutations in humans.

Related Clinical Phenotypes Resulting fromMutations
in the PI3K Pathway

Since the discoveries of recessive PIK3R1 [27, 55] and het-
erozygous PIK3CD GOF [56, 57, 60] mutations as causes of
novel inborn errors of immunity, immune dysregulatory con-
ditions resulting from monoallelic or biallelic mutations in
these and other genes encoding key components of the PI3K
signaling pathway have been identified.

Heterozygous PIK3R1 LOF Mutations

In 2014, heterozygous germline mutations in PIK3R1 were
found to cause a complex immune dysregulatory disorder re-
markably similar to PIK3CD GOF patients [44, 45] (Fig. 1;
Table 1). To date, > 50 patients with heterozygous PIK3R1
mutations have been identified. Remarkably, all patients have
mutations that affect a donor or acceptor splice site resulting in
skipping of exon 11 and subsequent in-frame deletion of ami-
no acids 434–475 [44–52]. This region of p85 is immediately
proximal to the amino acid sequence that binds p110 to regu-
late its catalytic activity [44, 45, 59]. Consequently, the inabil-
ity of mutant p85 to regulate p110δ activity directly, or indi-
rectly through a failure to interact with PTEN, results in ex-
cessive PI3K p110δ function and signaling [44, 45, 59]. Thus,
PIK3R1 LOF splicing mutations functionally mimic
PIK3CD GOF mutations, resulting in a common biochemical
phenotype despite distinct pathological molecular lesions
(Fig. 1; Table 1).

Consistent with the biochemistry, PIK3R1 LOF patients
phenocopy PIK3CD GOF patients clinically (recurrent respi-
r a t o r y t r a c t i n f e c t i o n s , l ymphop r o l i f e r a t i o n ,
hypogammaglobulinaemia, EBV/CMV viremia, lymphade-
nopathy, B cell malignancy, autoimmunity) and immunologi-
cally (memory B cell deficiency, increased transitional B cells,
normal/elevated serum IgM, reduced naïve CD4+ and CD8+ T
cells, increased senescent CD8+ T cells; Fig. 1; Table 1)
[44–52]. This condition has been termed APDS2.

Despite many similarities between APDS1 and APDS2
patients, a key difference is the high frequency of dysmorphic
and developmental abnormalities in patients withPIK3R1mu-
tations [46, 51](Table 1). Interestingly, some PIK3R1 LOF
patients were initially diagnosed with SHORT (Short stature,
Hyper-extensible joints, Ocular depression, Rieger anomaly,
Teething delays) syndrome [47, 49], which is also associated
with partial lipodystrophy, insulin resistance, and diabetes.
The genetic lesions in SHORT syndrome are heterozygous
mutations in distal exons of PIK3R1 [78–80]. These dispar-
ities between the PIK3R1 LOF and PIK3CDGOF phenotypes
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could be explained by (1) ubiquitous expression of p85 com-
pared to mainly leukocyte-restricted p110δ, (2) p110δ-
independent functions of p85, or (3) involvement of PI3K
catalytic isoforms other than p110δ in the disease pathology.

Heterozygous PTEN LOF Mutations

Heterozygous PTEN mutations have long been associated
wi th PTEN ha rma toma tumor synd romes , and
neurodevelopmental delay [81]. However, PTEN deficiency
has recently also been associated with an APDS-like clinical
phenotype, including autoimmunity, lymphoid hyperplasia,
hypogammaglobulinemia, reduced responses to vaccinations
and recurrent infections, CD4+ Tcell lymphopenia, transition-
al B cell accumulation, and reduced memory B cells [39, 53,
54, 82] (Fig. 1; Table 1). The underlying biochemical defect in
these patients is likely to be similar to PIK3CD GOF and
PIK3R1 LOF individuals, as PTEN mutations also result in
enhanced PI3K signaling [39, 53]. However, more detailed
analysis of immune defects in individuals with PTEN muta-
tions is required to determine whether the severity and pene-
trance of their clinical feature are as dramatic as those ob-
served in individuals with PIK3CD GOF or PIK3R1 LOF
mutations (Fig. 1; Table 1).

Autosomal Recessive p110δ Deficiency

Three kindreds comprising four individuals have been identi-
fied with recessive LOF mutations in PIK3CD that greatly
reduce or completely abolish p110δ expression and/or activity
[83–85]. PIK3CD LOF patients had a history of recurrent
sinopulmonary infections, hypogammaglobulinemia, and au-
toimmune complications (e.g., inflammatory bowel disease).
Immune phenotyping revealed dramatically reduced frequen-
cies of peripheral B cells in three patients (normal frequencies
in one), with low/normal frequencies of T and NK cells,
though the T cells were mostly naïve [83–85] (Fig. 1). These
findings resemble patients with recessive mutations in
PIK3R1 [27, 55] (Fig. 1). Functional analysis revealed intact
T cell proliferation but impaired NK cell cytotoxicity [83–85].
One patient died of sepsis at age 13 years [84]. Notably, a
sibling also died of sepsis at 6 months of age [85]. While this
preceded genetic diagnosis, it is likely that this individual was
also p110δ-deficient [85].

Interestingly, two siblings with recessive PIK3CD LOF
mutations have been reported who also harbor a homozygous
mutation in KNSTRN, encoding small kinetochore-associated
protein (SKAP), which is involved in regulating microtubule
dynamics during mitosis [86]. These patients not only gener-
ally shared the immune and clinical features of PIK3CD LOF
patients detailed above, but also exhibited dysmorphic fea-
tures and developmental delay [86]. These latter features are
probably due to SKAP-deficiency, while the immune

pathology likely results from the PIK3CD lesion but may also
be exacerbated by SKAP-deficiency in immune cells. Overall,
the discovery of humans with p110δ deficiency, coupled with
the striking similarities to p85-deficient humans [27, 55] and
p110δ-mutant mice [11–13, 25, 26], reinforces the non-
redundant role for PI3K catalytic activity in the human im-
mune response.

Conclusions

In the few short years since the seminal finding of GOF mu-
tations in PIK3CD [56, 57], we have witnessed substantial
advances in our understanding of the critical and balanced
roles that PI3K plays in immune regulation, and how aberra-
tions to this balance can manifest as complex immune dis-
eases. While several key findings had been proposed from
studies of gene-targeted mice, analysis of humans and corre-
sponding mice harboring specific pathogenic mutations has
provided opportunities to substantially extend these discover-
ies into novel facets of immunology, including human B cell
development and function, Th2 cell differentiation, Tfh effec-
tor function, and immune cell senescence. However, many
areas remain to be explored, such as regulatory T cells, innate
lymphoid cells, and innate immune responses. The generation
of E1020K mice has yielded an in vivo model that recapitu-
lates many aspects of the human condition. This will enable
the discovery of additional mechanisms of disease pathogen-
esis without the complication of infection and/or therapeutic
intervention, and logistical challenges inherent in studying
humans, the impact of PI3K GOF in other immune cell line-
ages, and the pre-clinical testing of off-label or novel therapies
as the next-generation treatment of APDS. Such therapies will
potentially have application in immune dysregulatory condi-
tions that phenocopy APDS but have unknown genetic etiol-
ogy. Thus, while APDS is relatively rare, studies to date again
underscore the power of combining well-curated patient co-
horts, next-generation sequencing, and in vitro and in vivo cell
and molecular biology to make fundamental breakthroughs in
basic, clinical, and translational immunology. Ongoing inves-
tigation of these and related patients can only accelerate fur-
ther discoveries that will ultimately improve patient outcomes
and human health.
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