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Gain-of-function (GOF) mutations in PIK3CD, encoding the p110δ subunit of phosphatidylinositide 3-kinase (PI3K), cause 
a primary immunodeficiency. Affected individuals display impaired humoral immune responses following infection or 
immunization. To establish mechanisms underlying these immune defects, we studied a large cohort of patients with PIK3CD 
GOF mutations and established a novel mouse model using CRI​SPR/Cas9-mediated gene editing to introduce a common 
pathogenic mutation in Pik3cd. In both species, hyperactive PI3K severely affected B cell development and differentiation in 
the bone marrow and the periphery. Furthermore, PI3K GOF B cells exhibited intrinsic defects in class-switch recombination 
(CSR) due to impaired induction of activation-induced cytidine deaminase (AID) and failure to acquire a plasmablast gene 
signature and phenotype. Importantly, defects in CSR, AID expression, and Ig secretion were restored by leniolisib, a specific 
p110δ inhibitor. Our findings reveal key roles for balanced PI3K signaling in B cell development and long-lived humoral 
immunity and memory and establish the validity of treating affected individuals with p110δ inhibitors.
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Introduction
B cell development occurs in the bone marrow (BM) and in-
volves the progressive maturation of  pluripotent hemato-
poietic stem cells into populations of  progenitor (pro-B), 
precursor (preB), and immature B cells (Uckun, 1990; LeBien 
and Tedder, 2008). The early stages of B cell development also 
require the rearrangement of genes encoding the B cell anti-
gen (Ag) receptor (BCR), which is responsible for recognizing 
specific Ag (Uckun, 1990; LeBien and Tedder, 2008). Immature 
B cells that express a functional, nonself reactive BCR are then 
exported to the periphery as transitional B cells, where they 
undergo final maturation into immunocompetent naive B cells 

capable of surveying the host for the presence of foreign Ags 
(Goodnow, 2007).

While B cells play numerous roles in host defense against 
infection (LeBien and Tedder, 2008), their main function is to 
produce antibodies (Abs) that neutralize and clear invading 
pathogens from the host (Goodnow et al., 2010; Tangye et al., 
2013, 2015). Following Ag stimulation, naive B cells rapidly be-
come short-lived plasmablasts that localize to extrafollicular re-
gions of lymphoid tissues, or they seed germinal centers (GCs) 
in lymphoid follicles where, with help from CD4+ T cells, they 
undergo somatic hypermutation (SHM), affinity maturation, 
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and differentiation into long-lived memory and plasma cells 
(PCs; Goodnow et al., 2010; Tangye et al., 2013, 2015). These 
processes are controlled by signals received through the BCR, 
CD40, adhesion molecules, and receptors for cytokines and 
chemokines. A key effector downstream of these receptors is the 
phosphatidylinositide 3-kinase (PI3K) pathway (Okkenhaug and 
Vanhaesebroeck, 2003; Okkenhaug, 2013).

There are three classes of PI3K (Class IA, B; II; III) with Class IA 
PI3K being the predominant type involved in lymphocyte signal-
ing (Okkenhaug and Vanhaesebroeck, 2003; Okkenhaug, 2013). 
Class IA PI3Ks (hereafter referred to as PI3K) are heterodimers, 
comprising a regulatory and catalytic subunit. Several isoforms 
of the regulatory (p85α, p85β, and p55) and catalytic (p110α, 
β, or δ) subunits have been identified. While p110α and β are 
ubiquitously expressed, p110δ is largely restricted to leukocytes 
(Okkenhaug and Vanhaesebroeck, 2003; Okkenhaug, 2013). PI3K 
is activated following engagement of the BCR or CD40, and its 
activation can be enhanced by coengagement of other receptors, 
such as CD19, BAFF-R and cyto/chemokine receptors (Ren et al., 
1994; Aagaard-Tillery and Jelinek, 1996; Andjelic et al., 2000; 
Okkenhaug and Vanhaesebroeck, 2003; Okkenhaug, 2013). In B 
cells, PI3K becomes activated following p85-dependent recruit-
ment to CD19 or the intracellular adaptor BCAP. This interaction 
represses the inhibitory function of p85, allowing activation 
of catalytic p110. PI3K converts membrane phosphatidylinosi-
tol-(4,5)-bisphosphate (PIP2) to phosphatidylinositol-(3,4,5)-bi-
sphosphate (PIP3), which recruits TEC family kinases (ITK and 
BTK) and the serine/threonine kinase Akt to the inner plasma 
membrane of the cell. Anchoring of these kinases results in 
their activation, which then activate intracellular substrates 
and additional signaling pathways (Ras/MAPK, PKC, NFκB, and 
Akt/mTOR/FOXO1; Okkenhaug and Vanhaesebroeck, 2003; 
Okkenhaug, 2013). The action of PI3K is regulated by the lipid 
phosphatases PTEN (phosphatase and tensin homologue) and 
SHIP, which reduce PIP3 levels by converting it to PIP2 and phos-
phatidylinositol-(3,4)-bisphosphate, respectively (Okkenhaug 
and Vanhaesebroeck, 2003; Okkenhaug, 2013). Thus, produc-
tion of PIP3 by the balanced functions of PI3K and PTEN initiates 
activation of the major signaling pathways downstream of Ag, 
costimulatory and cytokine receptors in B cells that are critical 
for survival, growth, differentiation, and metabolism.

Analysis of genetically modified mice that lack p85α or p110δ, 
or express catalytically inactive p110δ, confirmed the importance 
of PI3K in B cell development and function. Compared with WT 
mice, these mutant mice have ∼50% fewer splenic follicular B 
cells, and a severe reduction in marginal zone (MZ) and B1 B cells 
(Fruman et al., 1999; Suzuki et al., 1999; Clayton et al., 2002; Jou et 
al., 2002; Okkenhaug et al., 2002; Srinivasan et al., 2009). More 
striking were the dramatically blunted Ab responses and gener-
ation of memory cells to T-dependent (TD) Ags, consistent with 
impaired GC formation in vivo and poor proliferation and sur-
vival of activated mutant B cells in vitro. PI3K also inhibits iso-
type switching by suppressing induction of Aicda (Omori et al., 
2006; Dengler et al., 2008), encoding activation-induced cytidine 
deaminase (AID), or Ig germline transcripts (Dominguez-Sola et 
al., 2015; Sander et al., 2015), which are required for class switch 
recombination (CSR). These findings illustrate that PI3K-depen-

dent signaling is required for B cell development, survival and 
eliciting TD Ab responses. Consistent with its role in restrain-
ing PI3K function, PTEN deficiency resulted in increased B cell 
numbers and serum IgM in vivo, and increased survival, prolif-
eration, and Akt activation in vitro in response to BCR, CD40, or 
TLR signaling (Anzelon et al., 2003; Suzuki et al., 2003). Para-
doxically, PTEN deficiency also resulted in poor GC and TD Ab re-
sponses and impaired CSR in vivo (Anzelon et al., 2003; Suzuki et 
al., 2003; Sander et al., 2015). Interestingly, conditional deletion 
of PI3K p110δ in CD4+ T cells recapitulated the defect in humoral 
immune responses in germline-targeted Pik3cd-deficient mice 
(Rolf et al., 2010), suggesting an additional key B cell extrinsic 
function for PI3K signaling in regulating TD B cell differentia-
tion. Thus, balanced signaling via PI3K is necessary for qualita-
tively and quantitatively robust humoral immune responses.

Recently, germline heterozygous gain-of-function (GOF) mu-
tations in PIK3CD, encoding catalytic p110δ, have been identified 
to cause a primary immunodeficiency (Jou et al., 2006; Angulo 
et al., 2013; Crank et al., 2014; Kracker et al., 2014; Lucas et al., 
2014a; Hartman et al., 2015; Elgizouli et al., 2016; Coulter et al., 
2017). Affected individuals present with recurrent sinopulmo-
nary infections, lymphadenopathy, splenomegaly, and viremia 
due to uncontrolled infection by human herpes viruses. While 
these patients have normal/elevated levels of IgM, variable levels 
of IgG and low/normal levels of IgA, Ag-specific Ab titres against 
protein- and polysaccharide-containing vaccines are consistently 
low (Jou et al., 2006; Angulo et al., 2013; Crank et al., 2014; Deau 
et al., 2014; Kracker et al., 2014; Lucas et al., 2014a; Hartman et 
al., 2015; Elgizouli et al., 2016; Coulter et al., 2017). Thus, PIK3CD 
GOF mutations underlie a novel human immunodysregulatory 
disorder thereby highlighting the complex regulation of PI3K 
signaling. Despite this, the mechanism(s) underlying the cellu-
lar defects due to PIK3CD GOF mutations remains unknown. To 
delineate requirements for p110δ in B cell function, we have now 
examined B cell development and differentiation in a large cohort 
of individuals with PIK3CD GOF mutations, as well as a corre-
sponding CRI​SPR/Cas9 gene-edited mouse model.

Results
Gain of function mutations in PIK3CD impede human B cell 
development and differentiation in vivo
Ex vivo analysis of B cells from PIK3CD GOF patients revealed ele-
vated levels of phosphorylated ribosomal S6 protein (pS6), which 
is downstream of mTOR, compared with B cells from healthy 
donors, confirming hyperactive PI3K signaling (Fig. S1 A). The 
key clinical features of patients with PIK3CD GOF mutations (re-
current respiratory tract infections, increased serum IgM, con-
comitant hypogammaglobulinemia, impaired humoral immune 
responses following infection or vaccination; Angulo et al., 2013; 
Lucas et al., 2014a; Coulter et al., 2017) point to a defect in B cell 
development and/or function. To investigate this, we assessed the 
proportions and phenotype of distinct B cell subsets in a large 
cohort of affected individuals. Our cohort comprised 39 patients 
from 27 different families. The mean age of the PIK3CD GOF pa-
tients was 18 yr (range: 6–65 yr), and 29/39 (∼74%) carried the 
common E1021K mutation. Analysis of the B cell compartment 
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revealed comparable frequencies of CD20+ B cells in PIK3CD 
GOF patients and healthy controls (Fig. 1 A; controls: 9.8 ± 0.8%, 
n = 45; patients: 11.5 ± 1.3%, n = 39; mean ± SEM). However, de-
lineation of circulating B cells into populations of transitional, 
naive, and memory B cell subsets (Cuss et al., 2006; Avery et al., 
2010; Suryani et al., 2010) revealed marked differences. Specif-
ically, the proportions of transitional B cells were significantly 
increased (controls: 13.5 ± 1.0%, n = 60; patients: 53.4 ± 3.1%, n 
= 38), while those of naive (controls: 62.9 ± 1.2%, patients: 38.7 
± 2.8%) and memory (controls: 21.5 ± 1.8%, patients: 6.3 ± 0.7%) 
B cells were significantly reduced in PIK3CD GOF patients com-
pared with healthy controls (Fig. 1 B). To extend the analysis of 
defects in B cell differentiation, we also determined proportions 
of class-switched memory B cells. In healthy donors, ∼20–25% 
of memory B cells express IgG or IgA (Avery et al., 2010; Fig. 1 C). 
In contrast, on average <10% of memory B cells in PIK3CD GOF 
patients expressed IgG or IgA (Fig. 1 C). Thus, PIK3CD GOF muta-
tions not only compromised the ability of affected individuals to 
generate a normal memory B cell pool, but also impaired isotype 
switching, yielding fewer class switched B cells.

The proportion of transitional B cells in peripheral blood of 
healthy donors is highest at birth and rapidly declines within 
the first 5 yr, before continuing to decline at a slower rate over 
subsequent years (Sims et al., 2005; Cuss et al., 2006; Morbach 
et al., 2010). Conversely, memory B cells are absent from umbil-
ical cord blood, progressively increase over the first two decades 
of life, and then plateau after ∼25 yr of age (Agematsu et al., 
1997; Morbach et al., 2010). As ∼70% of our cohort of individ-
uals with PIK3CD GOF mutations were aged between 5 and 20 
yr, it was possible that the skewing in composition of the B cell 
compartment reflected differences in the mean age of the patient 
cohort compared with that of healthy controls (18.0 vs. 28.5 yr). 
To investigate this, we determined proportions of B cell subsets 
according to the age of individual donors and patients. This 
analysis indeed confirmed the reciprocal relationship between 
transitional and memory B cells with age in both healthy donors 
and PIK3CD GOF mutant patients (Fig. 1 D). However, it is clear 
that the average proportion of transitional B cells in the patients 
exceeded those in controls, while those of memory B cells in 
healthy donors were greater than in the patients, irrespective of 
age (Fig. 1 D). Similar findings were made when class switching 
in the memory B cell compartment was analyzed with respect to 
age (not shown). Thus, PIK3CD GOF mutations profoundly alter 
B cell development and differentiation.

PIK3CD GOF mutations result in the accumulation of early 
transitional B cells in the periphery
Analysis of the expanded population of transitional B cells in 
individuals with PIK3CD GOF mutations revealed increased sur-
face expression of CD10 compared with corresponding transi-
tional B cells from healthy donors (see contour plots in Fig. 1 B). 
As CD10 decreases on human progenitor cells as they progress 
through successive stages of B cell development (Uckun, 1990), 
we questioned whether transitional B cells in PIK3CD GOF pa-
tients were developmentally less mature than those detected in 
healthy donors. To address this, we determined expression of a 
suite of molecules that have previously been established to in-

crease or decrease as transitional B cells mature into naive B cells, 
which then differentiate into memory B cells (Sims et al., 2005; 
Cuss et al., 2006; Suryani et al., 2010). Consistent with previous 
studies, CD5 and CD38 were highly expressed on transitional B 
cells, and then greatly down-regulated on naive and memory B 
cells (Sims et al., 2005; Cuss et al., 2006; Suryani et al., 2010). 
IgM is also reduced as transitional B cells mature into naive B 
cells (not shown). In contrast, levels of CD44 and Bcl-2 increase 
as transitional B cells develop into naive B cells and subsequently 
differentiate into memory B cells. Levels of other surface recep-
tors such as CD21, CD23, CCR7, CXCR4, and CXCR5 also increase 
as transitional B cells develop into naive B cells, but are then 
down-regulated during naive→memory differentiation (Fig. 2).

Although the patterns of expression of these molecules by 
B cell subsets in PIK3CD GOF patients mirrored those of B cells 
from healthy controls, there were marked differences in the ab-
solute levels of expression. Thus, CD5 and CD38 were approx-
imately threefold higher on transitional and naive B cells from 
PIK3CD GOF patients than on controls, and remained detectable 
on PIK3CD GOF memory B cells (Fig. 2, A and B). IgM also re-
mained greatly increased (greater than threefold) on PIK3CD 
GOF transitional and naive B cells (not shown). CD21, CD44, 
Bcl-2, CCR7, CXCR4, and CXCR5 were up to threefold lower on 
B cell subsets from PIK3CD GOF patients compared with con-
trols (Fig. 2 C, E, G–I). CD23 was also reduced on PIK3CD GOF 
transitional and naive B cells, and failed to be down-regulated 
on memory B cells (Fig. 2 D). Since PI3K is activated downstream 
of CD19, and CD81 forms a complex with CD19 and other B cell 
coreceptors (Carter and Barrington, 2004), we also assessed ex-
pression of these molecules. CD19 was significantly reduced on 
naive B cells, while CD81 was significantly increased on transi-
tional B cells, from PIK3CD GOF patients compared with controls 
(Fig. 2 F; not shown).

There are at least two subsets of transitional B cells detectable 
in human peripheral blood (Anolik et al., 2007; Palanichamy et 
al., 2009; Suryani et al., 2010). Our previous studies delineated 
CD21lo and CD21hi subsets of transitional B cells, with the CD21lo 
subset being less mature and a precursor of the CD21hi subset 
(Suryani et al., 2010). The above phenotyping data revealed 
that the majority of transitional B cells in PIK3CD GOF patients 
corresponded to the CD21lo subset. They also suggested that 
CD20+CD10−CD27− B cells in PIK3CD GOF patients were less ma-
ture than corresponding naive B cells from healthy donors, since 
the former exhibited a phenotype more similar to that of normal 
transitional rather than naive B cells. To further investigate these 
B cell defects, we determined expression levels of genes differen-
tially expressed during peripheral B cell development. LEF1 and 
DTX1 are more highly expressed in CD21lo than in CD21hi tran-
sitional B cells (Suryani et al., 2010). Quantitative PCR (qPCR) 
analysis revealed DTX1 was expressed at 5- and 10-fold–higher 
levels in transitional and naive B cells, respectively, from PIK3CD 
GOF patients than in these cells from health donors (Fig. S1 B). 
Similarly, while LEF1 is expressed in transitional B cells and ex-
tinguished in naive B cells from healthy donors, it continued to 
be expressed in PIK3CD GOF naive B cells (Fig. S1 B). Thus, the 
circulating B cell compartment of patients with PIK3CD GOF mu-
tations is enriched for cells at early stages of B cell development.
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Figure 1. GOF mutations in PIK3CD arrest peripheral B cell development and differentiation. PBMCs from healthy donors (n = 45–60) and patients with 
PIK3CD GOF mutations (n = 21–39) were labeled with mAbs against CD20, CD10, CD27, IgG, or IgA. The proportions of (A) B (CD20+) cells within the lymphocyte 
gate, (B) transitional, naive, and memory cells within the B cell population, and (C) IgG+ and IgA+ cells within the memory population were determined by flow 
cytometry. Histogram and contour plots are representative of healthy donors or PIK3CD GOF patients. Each symbol in the summary graphs corresponds to an 
individual donor or patient; horizontal bars represent the mean. Significant differences were determined by unpaired Student's t tests. ****, P < 0.0001. (D) Pro-
portions of transitional (left panel) and memory (right panel) B cells in healthy donors (black) and PIK3CD GOF patients (red) were determined as a function of age.
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Figure 2. Peripheral B cells in PIK3CD GOF patients have an immature phenotype. Expression of (A) CD5, (B) CD38, (C) CD21, (D) CD23, (E) CD44, (F) 
CD19, (G) CCR7, (H) CXCR4, (I) CXCR5, or (J) BCL2 was determined on transitional, naive, and memory B cells in peripheral blood of healthy donors or patients 
with PIK3CD GOF mutations (n = 6–30). Histogram plots are representative of healthy donors (upper panels) or PIK3CD GOF patients (lower panels). The bar 
graphs depict the geometric mean fluorescence intensity (± SEM) of each indicated molecule. Significant differences were determined by unpaired Student's 
t tests. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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PIK3CD GOF mutations cause aberrant B cell development in 
the bone marrow
B cell development occurs in the BM, where hematopoietic stem 
cells undergo progressive steps to yield pro-B, pre-B, and im-
mature B cells before being exported to the periphery as tran-
sitional cells (Uckun, 1990). To further explore the nature of the 
defect in B cell development observed in the peripheral blood, 
we quantified the proportions of pro-B (CD19+CD34+CD10+CD20−

IgM−), preBI (CD19+CD34−CD10+CD20−IgM−), preBII (CD19+CD34−

CD10+CD20dimIgM−), immature (CD19+CD34−CD10+CD20+IgM+), 

and mature (CD19+CD34−CD10−CD20+) B cells in the BM (Uckun, 
1990; van Zelm et al., 2005) of PIK3CD GOF patients. Proportions 
of pro-B and preBI cells in controls and patients were similar 
(Fig. 3, A, B, and D). However, compared with BM from healthy 
donors, we found significantly increased proportions of preBII 
and immature B cells, and marked reductions in mature recir-
culating B cells (CD19+CD20+CD10−) in BM from PIK3CD GOF pa-
tients (Fig. 3, A, B, and D).

To extend the findings from analysis of peripheral blood, we 
enumerated naive and memory B cells in the BM. When CD19+ B 

Figure 3. PIK3CD GOF mutations block B cell development in the bone marrow at the pre-BII stage. BM aspirates from healthy donors (n = 6), patients 
with PIK3CD GOF mutations (n = 3), or one patient following hematopoietic stem cell transplant were labeled with mAbs against CD34, CD19, CD20, CD10, IgM, 
and CD27. Proportions of pro-B (CD19+CD34+CD10+CD20−IgM−), pre-BI (CD19+CD34−CD10+CD20−IgM−), pre-BII (CD19+CD34−CD10+CD20dimIgM−), immature 
(CD19+CD34CD10+CD20+ IgM+), and recirculating mature (CD19+CD34−CD10−CD20+) B cells were determined. (A–C) Contour plots in show CD34 versus CD10 
staining to identify pro-B cells, which were then further analyzed for pre-BI, pre-BII, immature, and recirculating mature according to differential expression of 
CD20 and CD10. (D) Mean ± SEM of the different subsets of B cells in the BM. (E) Representative contour plots showing CD10 versus CD27 staining on CD20+ 
B cells, and (F) mean ± SEM of CD10+CD27−, naive (CD20+CD10−CD27−) and memory (CD20+CD27+) B cells in the BM. Significant differences were determined 
by Student's t test. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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cells were defined according to differential expression of CD10 
and CD27, there were significant increases in CD10+ B cells and 
significant decreases in naive (CD10−CD27−) B cells in BM from 
PIK3CD GOF patients compared with healthy controls (Fig. 3, E 
and F). There was also a trend toward decreased proportions of 
memory (CD10−CD27+) B cells in PIK3CD GOF BM compared with 
healthy controls (6.2 ± 1.2 vs. 20.8 ± 10.0; Fig. 3, E and F). Upon 
analysis of BM from one PIK3CD GOF patient who had undergone 
hematopoietic stem cell transplant, these defects in B cell devel-
opment were corrected (Fig. 3, C, D, and F). Thus, the peripheral 
accumulation of immature transitional B cells in patients with 
PIK3CD GOF mutations results from perturbed B cell develop-
ment in the BM, with a block in the ability of pro-B, pre-B, and 
immature B cells to progress to the subsequent stages of B cell 
maturation. These defects are likely B cell intrinsic and can be 
corrected by hematopoietic stem cell transplant.

PIK3CD mutations selectively compromise the differentiation 
of B cells into class switched Ig secreting plasmablasts
Impaired humoral immune responses following natural infection 
or immunization characterized by reduced levels of total and 
Ag-specific serum Ig are hallmarks of the immunodeficiency as-
sociated with PIK3CD GOF mutations (Angulo et al., 2013; Lucas 
et al., 2014a; Coulter et al., 2017). Data from mice indicated that 
germline targeting of Pik3cd, or conditional loss of Pten from B 
cells, compromised humoral immunity in response to TD and 
T-independent (TI) Ags (Clayton et al., 2002; Jou et al., 2002; 
Okkenhaug et al., 2002; Suzuki et al., 2003; Omori et al., 2006). 
Thus, regulated function of PI3K signaling is critical for generat-
ing robust and long-lived Ab responses.

To determine the impact of PIK3CD GOF mutations on the 
function of human B cells, transitional and naive B cells were 
sorted from the peripheral blood of healthy donors and patients 
and subjected to in vitro culture. Proliferation of naive PIK3CD 
GOF B cells, as determined by dilution of CFSE, in response to 
mimics of TD (e.g., CD40L ± cytokines) and TI (e.g., BCR and TLR 
engagement) stimulation was comparable to, or slightly greater 
than, that of naive B cells from healthy controls (Fig. S1 C). Thus, 
the paucity of class switched memory B cells and impaired hu-
moral immune responses in PIK3CD GOF patients cannot be ex-
plained by a proliferation defect in naive B cells.

Next, we assessed differentiation of naive B cells into plasmab-
lasts upon stimulation with CD40L and IL-21 for 5 d. This combi-
nation of stimuli is not only a potent means of inducing human B 
cell proliferation and differentiation (Moens and Tangye, 2014), 
but both CD40L (Ren et al., 1994; Aagaard-Tillery and Jelinek, 
1996; Andjelic et al., 2000) and IL-21 (Ostiguy et al., 2007; Zeng 
et al., 2007) individually activate PI3K. Indeed, CD40-induced 
proliferation and IL-21–induced up-regulation of CD86 are re-
duced or abolished in murine Pik3cd and Pik3r1 mutant B cells 
(Fruman et al., 1999; Suzuki et al., 1999; Clayton et al., 2002; Jou 
et al., 2002; Okkenhaug et al., 2002; Attridge et al., 2014). Under 
these culture conditions, comparable proportions (∼3–8%) of 
naive B cells from healthy controls or patients up-regulated ex-
pression of CD38 and CD27 and down-regulated CD20 (CD38hi 

CD27hiCD20lo), thereby acquiring a plasmablast phenotype 
(Avery et al., 2005; Fig. 4, A and B). Consistent with this, induc-

tion of PRDM1 mRNA (encoding Blimp-1; Fig. 4 C) as well as of 
Blimp-1 protein in plasmablasts (Fig. 4 D) was intact for patients’ 
naive B cells. As AID contributes to the B cell response by induc-
ing CSR (Durandy et al., 2007), we determined induction of AIC​
DA mRNA in activated naive B cells. While AIC​DA was induced in 
PIK3CD GOF naive B cells by CD40L/IL-21, it tended to be less than 
levels observed in naive B cells from healthy donors (Fig. 4 E).

To explore B cell differentiation in vitro in more detail, we 
determined the quality of the plasmablast response. Intracellular 
staining revealed that ∼60% of plasmablasts generated from nor-
mal naive B cells expressed IgG, with the remaining expressing 
IgM or IgA (∼20% of each; Fig. 4, F and G). Strikingly, the ma-
jority of plasmablasts generated from PIK3CD GOF naive B cells 
continued to express IgM, and only ∼10% had undergone CSR 
to IgG (Fig. 4, F and G). Remarkably, class switching by PIK3CD 
GOF naive B cells to IgA was intact (Fig. 4, F and G). Analysis of 
Ig secretion by in vitro stimulated naive B cells confirmed these 
findings, with a sharp reduction (∼10-fold) in levels of IgG, but 
normal levels of IgM and IgA (Fig. 4 H). The poor secretion of IgG 
by PIK3CD GOF naive B cells did not reflect delayed kinetics of 
differentiation into IgG-secreting cells, because this defect was 
also noted after 7 d of culture (Fig. 4 H).

We also tested the functionality of transitional cells, as these 
cells dominate the B cell population in PIK3CD GOF patients 
(Fig.  1  B). Similar to naive cells, induction of PRDM1 mRNA 
(Fig. 4 C) and production of IgM (Fig. 4 I) by PIK3CD GOF transi-
tional B cells in response to CD40L/IL-21 stimulation was intact. 
AIC​DA expression was also induced in activated PIK3CD GOF 
transitional B cells and modestly reduced compared with con-
trol transitional B cells (Fig. 4 E). Despite these findings, PIK3CD 
GOF transitional B cells were unable to produce normal amounts 
of IgG (>50-fold reduction compared with controls after 5 and 7 
d of in vitro culture; Fig. 4 I). Notably, PIK3CD GOF transitional 
B cells also exhibited a significant defect in switching to IgA at 
both time points examined (Fig. 4 I). Collectively, these findings 
establish that while hyperactive PI3K signaling has no effect on 
proliferation of human B cells, nor their initial differentiation 
into Ig-secreting cells, it impairs the ability of naive B cells to 
undergo class switching to IgG and of transitional B cells to pro-
duce IgG and IgA.

A gene set associated with plasmablast differentiation is 
poorly induced in PIK3CD GOF transitional B cells
To explore molecular defects underlying impaired differentiation 
of PIK3CD GOF B cells, we determined gene expression profiles of 
transitional B cell subsets from healthy donors and PIK3CD GOF 
patients following in vitro culture with CD40L alone or together 
with IL-21. Modulation of key genes involved in IL-21–mediated 
differentiation of human B cells into plasmablasts was largely 
unaffected by PIK3CD GOF mutations. Specifically, PRDM1, XBP1, 
IRF4, MZB1, and IL10 were induced, while CCR7 and BACH2 were 
down-regulated in control and PIK3CD GOF transitional B cells 
following culture with CD40L/IL-21 compared with cells cultured 
with CD40L alone (Fig. 5 A). In contrast, PAX5 was down-regu-
lated in control, but less so in PIK3CD GOF transitional B cells 
(Fig.  5  A; confirmed by qPCR, not shown). Unbiased analysis 
and comparison of transcriptomes from CD40L/IL-21–stimu-
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lated control and PIK3CD GOF transitional B cells identified 346 
differentially expressed genes (DEGs; absolute fold change >1.5, 
false discovery rate [FDR] <0.05; Fig. S2 A). Non-negative ma-

trix factorization (NMF; Brunet et al., 2004; Kim and Park, 2007) 
was performed on this set of DEGs to identify the key molecular 
drivers underlying differences in the gene expression profiles of 

Figure 4. Intact differentiation to plasmablasts but impaired class switching in PIK3CD GOF naive and transitional B cells. (A–G) Naive and/or transi-
tional B cells from healthy donors or PIK3CD GOF patients were cultured for 5 d with CD40L alone or together with IL-21. (A and B) Proportions of CD38hiCD27hi 
plasmablasts generated from naive B cells were determined by flow cytometry (n = 7–8). (C and D) Expression of Blimp-1 was determined by (C) qPCR in naive 
and transitional B cells cultured with CD40L or CD40L/IL-21 (n = 5) and (D) flow cytometry of activated B cell blasts (CD27−CD38-/lo) and plasmablasts generated 
from naive B cells cultured with CD40L or CD40L/IL-21 (n = 4–5). (E) Expression of AIC​DA was determined by qPCR in naive and transitional B cells cultured 
with CD40L or CD40L/IL-21 (n = 5). (F and G) Expression of intracellular IgM, IgG, and IgA by plasmablasts was determined by flow cytometry (n = 5–6). The 
FACS plots in A, D, and F are representative of cultured naive B cells from healthy donors or PIK3CD GOF patients; the graphs in B, C, E, and G depict the mean 
± SEM of independent experiments using naive B cells from different donors and patients. (H and I) Sort-purified naive (H; n = 9–12) and transitional (I; n = 
11–14) B cells from healthy donors or PIK3CD GOF patients were cultured for 5 or 7 d with CD40L and IL-21. Ig secretion was then determined. Values represent 
the mean ± SEM. Significant differences were determined by Student's t tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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normal and PIK3CD GOF activated transitional B cells (Fig. 5 B). 
Among the driver genes highly expressed by activated PIK3CD 
GOF relative to normal transitional B cells were SIG​LEC6, which 
is expressed on human B cells and inhibits their proliferation and 
differentiation (Patel et al., 1999; Kardava et al., 2011), MPEG1, 
KMO, the CD20-like gene MS4A7 (Fig. 5 B), as well as MSA4A1 
(CD20), CD72, CD22, CD84, FCGR2C, and CD24 (Fig. S2 A), which 
are all typically down-regulated as B cells differentiate into PCs 
(Ellyard et al., 2004; Avery et al., 2005; Jourdan et al., 2011). Ad-
ditionally, CD27 and SLA​MF7, which are highly expressed by 
primary human PCs (Jung et al., 2000; Ellyard et al., 2004; Good 
et al., 2009), were up-regulated in normal, but not PIK3CD GOF, 
transitional B cells following in vitro stimulation with CD40L/
IL-21 compared with culture with CD40L alone (Fig. 5 B).

We adopted several approaches to confirm these findings 
relating to differential gene expression in activated control and 
PIK3CD GOF transitional B cells. First, to ascertain the biolog-
ical and physiological relevance of the pattern of differentially 
expressed genes between PIK3CD GOF and control transitional 
B cells, we performed RNA-seq on B cell subsets isolated from 
human tonsils. Analysis of this dataset clearly revealed that the 
genes identified from the microarrays to be highly expressed in 
activated PIK3CD GOF transitional B cells, but down-regulated 
in control transitional B cells, are characteristic of resting naive 
and memory tonsil B cells (i.e., KMO, MPEG1, MS4A7, PTP​RJ, RAP​
GAP12, and SIG​LEC6; Fig. S2 B). In contrast, genes up-regulated 
in normal, but not PIK3CD GOF, transitional B cells following in 
vitro culture with CD40L/IL-21 were expressed at the highest lev-
els in primary human PCs (i.e., CD27, SLA​MF7, ZNF251, SLC29A1, 
MYO1D, and BEX5; Fig. S2 C; Jung et al., 2000; Ellyard et al., 2004; 
Good et al., 2009). The RNA-Seq data were next confirmed by 
qPCR analysis of gene expression in tonsil naive, memory, GC 
cells, and PCs isolated from a second cohort of individuals un-
dergoing tonsillectomy. This established that KMO, MS4A7, PTP​
RJ, RAP1GAP2, and SIG​LEC6 are more highly expressed in naive 
and/or memory B cells, while SLA​MF7, ZNF215, GPR15, MYO1D, 
and BEX5 are highly expressed in PCs (Fig. 5, C and D). Flow cy-
tometric analysis of tonsil B cell subsets confirmed increased 
expression of Siglec-6 on memory B cells, and reduced expres-
sion on PCs (Fig. S2 D), but increased expression of CRA​CC (SLA​
MF7) and CD27 on PCs compared with naive, memory and GC 
B cells (Fig. S2, E and F). Consistent with this, Siglec-6 was ex-
pressed at higher levels on in vitro–activated B cells compared 
with plasmablasts following culture with CD40L/IL-21, while 
CRA​CC and CD27 were induced on plasmablasts generated in 
vitro from naive B cells in the same cultures (Fig. S2 G). Third, 
gene set enrichment analysis indicated that activated PIK3CD 
GOF transitional B cells exhibit gene expression profiles that are 
more consistent with naive or memory B cells rather than PCs, 
which, akin to the phenotype of cultured PIK3CD GOF transi-
tional B cells, contrasts with activated transitional B cells from 
healthy controls (Fig. S2 H). Fourth, we directly measured the 
ability of PIK3CD GOF transitional B cells to differentiate into 
plasmablasts in vitro. Strikingly, these B cells failed to give rise to 
CD38hiCD27hi plasmablasts following culture with CD40L/IL-21 
(Fig. 5 E). This starkly contrasted the response of transitional B 
cells from healthy donors (Fig. 5 E), as well as naive B cells from 

healthy donors and PIK3CD GOF patients (Fig. 4, A and B). To ex-
tend these observations, and validate the differential expression 
of several of the genes identified by microarray, qPCR was per-
formed using cDNA from activated control and PIK3CD GOF tran-
sitional B cells. This revealed markedly increased expression of 
KMO, MS4A7, PTP​RJ, and SIG​LEC6, but decreased expression of 
SLA​MF7 and MYO1D by in vitro CD40L/IL-21–activated PIK3CD 
GOF transitional B cells compared with controls (Fig. 5 F). These 
data underscore the findings from the microarray, phenotypic, 
and functional analysis of PIK3CD GOF B cells and collectively es-
tablish that induction of a plasmablast transcriptional signature 
is compromised in PIK3CD GOF transitional B cells, even though 
these cells can exhibit some features of early differentiation to 
the Ig-secreting cell lineage.

Development of a mouse model of Pik3cd GOF
To further explore how PI3K overactivation alters B cell develop-
ment and function we used CRI​SPR/Cas9 gene editing to intro-
duce a heterozygous E1020K mutation in Pik3cd in the germline 
of C57BL/6 mice. This is the orthologue of the most common mu-
tation found in the human PIK3CD gene (E1021K). We assessed 
PI3K activity in these animals by staining splenocytes for phos-
phorylated Akt (T308 and S473). B cells in these mice displayed 
significant increases in basal levels of phosphorylation of both 
T308 and S473 (Fig. 6 A and Fig. S3 A). pS6 protein was similarly 
increased in B cells of Pik3cdE1020K GOF mice compared with WT 
mice (Fig. 6 A and Fig. S3 A), consistent with our observations 
of PIK3CD GOF human B cells (Fig. S1 A). Mice homozygous for 
the Pik3cdE1020K GOF mutation showed even greater activation of 
these signaling pathways (Fig. 6 A), indicating a dose-dependent 
effect of the activating mutation. Importantly, similar to human 
lymphocytes (Rao et al., 2017), increased levels of pAkt and pS6 
in Pik3cdE1020K GOF murine B cells could be reduced by preincu-
bation with leniolisib, a p110δ-specific inhibitor (Fig. S3, A and B; 
Hoegenauer et al., 2017) demonstrating that heightened activa-
tion of these signaling components was PI3K dependent.

Pik3cdE1020K GOF mice allowed us to investigate the effect of 
overactive PI3K on B cell development in multiple lymphoid or-
gans without any complications of ongoing infections or prior/
current treatments. Analysis of BM revealed an increase in 
pro-B cells and a decrease in mature recirculating IgDhi cells in 
Pik3cdE1020K GOF mice compared with WT controls (Fig. 6 B). 
Analysis of mixed BM chimeras demonstrated that these effects 
on B cell development in the BM were cell intrinsic (not shown).

Given the decrease in mature B cells in the BM we also exam-
ined B cells in the periphery. Spleens of Pik3cdE1020K GOF mice 
had increased cellularity over WT spleens, which was at least 
in part due to an increase in total numbers of B cells (data not 
shown). Staining with CD93 allowed us to identify transitional 
B cells. This revealed an overall increase in absolute number of 
transitional B cells (data not shown), which was due to an almost 
threefold increase in the number of T1 B cells (Fig. 6 C). Interest-
ingly we observed a significant down-regulation of IgM on T1 B 
cells from Pik3cdE1020K GOF mice compared with those from WT 
controls (Fig. 6 C). We also noted an increased number of cells 
that down-regulated IgM within the CD23+ T2/T3 gate, consis-
tent with increased numbers of anergic T3 cells (Fig. 6 C). The 
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mature (CD93−) B cell pool in Pik3cdE1020K GOF mice was also 
expanded, with a striking increase in MZ cells. In contrast fol-
licular B cells were only slightly increased (Fig. 6 D). We also ob-
served an increase in B1 cells in the spleen, particularly B1a cells 
(Fig. 6 E). Mixed BM chimeras established that these changes in B 
cell maturation within the spleen were cell intrinsic (not shown). 
Analysis of B cell populations in the circulation revealed compa-
rable proportions of total B cells in Pik3cdE1020K GOF mice, but 
increased proportions of B1 and transitional B cells and decreased 
proportions of mature B cells compared with WT mice (Fig. S3, 
C–F). This is consistent with our observations of spleens from 
Pik3cdE1020K GOF mice (Fig. 6) and the blood of PIK3CD GOF pa-
tients (Figs. 1 and 2).

Pik3cd GOF B cells have impaired Ig class switching in vitro
Analysis of human B cells showed decreased class switched 
memory cells in vivo and decreased production of switched 
plasmablasts and secretion of IgG in vitro. To determine whether 
PI3K overactivation lead to a decrease in switching to distinct 
IgG subclasses in response to different stimuli, we sorted follic-
ular B cells from the spleens of WT or Pik3cdE1020K GOF mice and 
stimulated them with anti-CD40 + IL-4, LPS, or LPS + TGF-β to 
induce CSR to IgG1, IgG2b, or IgG3, respectively (Hodgkin et al., 
1996; Hasbold et al., 1998, 2004; Deenick et al., 1999). After 4 d, 
50% fewer Pik3cdE1020K GOF follicular B cells were positive for 
these switched isotypes following culture under the three dif-
ferent conditions compared with B cells from WT mice (Fig. 7, 
A–C). This was not due to switching to alternative isotypes, as 
we saw no increases in expression of other IgG subclasses or IgA 
(data not shown).

As class switching is division linked (Hodgkin et al., 1996; 
Hasbold et al., 1998, 2004; Deenick et al., 1999), we also labeled 
B cells with CFSE to determine the percentage of switched cells 
in each division. The proportion of WT B cells undergoing CSR 
sharply increased after three divisions, and this continued to 
increase with subsequent divisions (Fig.  7, A–C), consistent 
with previous findings (Hodgkin et al., 1996; Hasbold et al., 
1998, 2004; Deenick et al., 1999). Pik3cdE1020K GOF B cells also 
underwent CSR in a division-linked manner, however the per-
centage of switched cells in each division remained approxi-
mately half of that seen for WT cells (Fig. 7, A–C). Thus, similar 
to our observations for human B cells, activating mutations in 
PI3K p110δ impede Ig class switching, but not proliferation, by 
murine B cells.

Analysis of Pik3cd GOF B cell responses in vivo revealed 
decreased Ig class switching but normal expansion and 
affinity maturation
A benefit of a mouse model is that it allows us to track the ac-
tivation and differentiation of B cells in vivo. Thus, we crossed 
the Pik3cdE1020K GOF mice to transgenic mice expressing a BCR 
recognizing hen egg lysozyme (HEL), hereafter referred to as 
SWHEL mice (Brink et al., 2015). To determine the intrinsic effect 
of overactive PI3K on B cell responses, we transferred WT or 
Pik3cdE1020K GOF SWHEL cells to congenic WT recipients which 
were then immunized with SRBC conjugated to a lower affinity 
variant of HEL (HEL-2x)(Brink et al., 2015). When tracked over a 
10-d period, expansion of the Pik3cdE1020K GOF B cells was com-
parable to WT B cells (Fig. 8 A). Similarly we saw no difference 
in the percentages of SWHEL B cells that became plasmablasts 
or GC cells (Fig. 8 B), suggesting PI3K activity does not control 
the decision between plasmablast and GC fates. In this SWHEL/
SRBC system a large proportion of responding B cells switch to 
IgG1 (Brink et al., 2015). Analysis of B cell subsets revealed that 
∼50% fewer Pik3cdE1020K GOF plasmablasts and GC B cells had 
switched to IgG1 compared with WT B cells (Fig. 8 C). Again, this 
was not due to an increase in switching to alternative isotypes, 
as ∼2-fold more Pik3cdE1020K GOF B cells continued to express 
IgM (Fig. 8 C). To determine how this affected production of 
Ag-specific antibodies we measured serum levels of anti-HEL 
antibody of various isotypes 5 d after immunization. Mice that 
received Pik3cdE1020K GOF SWHEL B cells had a fivefold increase 
in the levels of anti-HEL IgM antibody (Fig. 8 D), consistent with 
the hyper-IgM phenotype often observed in PIK3CD GOF pa-
tients (Coulter et al., 2017). Despite the decreased percentage of 
switched IgG1+ cells we saw no significant decrease in serum IgG1 
in Pik3cdE1020K GOF compared with WT mice (Fig. 8 D). We also 
measured levels of serum IgG2a, IgG2b, and IgG3. There were 
trends for increased IgG3 and decreased IgG2b, but no significant 
change in IgG2a (Fig. 8 D; not shown). Similar results were also 
seen 10 d after immunization (not shown).

An important function of the GC is affinity maturation of 
the Ab response. To determine whether Pik3cdE1020K GOF dis-
rupts this process within the GC, we sorted IgG1+ SWHEL B cells 
from mice 10 d after immunization and sequenced the BCR to 
identify somatic mutations. The average number of mutations 
per sequence was similar between WT and Pik3cd GOF IgG1+ 
SWHEL B cells (2.6 vs. 2.5, n = 84 or 91), indicating that PI3K GOF 
did not affect the overall rate of SHM. Affinity maturation in 

Figure 5. PIK3CD GOF transitional B cells have impaired molecular responses to IL-21. (A and B) Transitional B cells from healthy donors and PIK3CD 
GOF patients were cultured with CD40L alone or together with IL-21 and gene expression profiles for each were obtained by microarray. (A) Heat map of 
log2-transformed expression values for genes induced by IL-21 and involved in plasmablast generation. (B) Heat map of log2-transformed expression values for 
key driver genes that distinguish CD40L/IL-21–treated transitional B cells from healthy donors and PIK3CD GOF patients identified by NMF. (C and D) qPCR 
analysis of human tonsil B cell subsets (N, naive; M, memory; GC, germinal center; PC, plasma cells) showing differential expression of genes identified in B 
that are down-regulated (C) or up-regulated (D) in human PCs relative to other B cell populations. Values represent the mean ± SEM of experiments using 
tonsils from 4 different donors. (E and F) Transitional B cells from healthy donors or PIK3CD GOF patients were cultured with CD40L alone or together with 
IL-21 for 5 d. (E) Proportions of CD27hiCD38hi plasmablasts generated in these cultures were determined by flow cytometry. Contour plots are representative 
of data obtained from two to three independent experiments using transitional B cells isolated from different healthy donors or PIK3CD GOF patients. (F) 
Relative expression levels of the indicated genes were determined in transitional B cells by qPCR. Data are expressed as mean fold change (±SEM; n = 3) of 
gene expression in transitional B cells stimulated with CD40L/IL-21 relative to transitional B cells stimulated with CD40L alone. The dashed line represents a 
fold-change of 1.0, indicating no change in the presence versus the absence of IL-21 by CD40L-stimulated transitional B cells.
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Figure 6. Mice with overactive PI3K show aberrant B cell development. (A) B cells were stained intracellularly for phosphorylated Akt (T308 and 
S473) and S6 (S235/236). Histograms show representative staining from WT (black), Pik3cdE1020K heterozygous (Pik3cdGOF, red), or Pik3cdE1020K homozygous 
(Pik3cdhomGOF blue) mice and graphs give MFI relative to WT controls (mean ± SEM, n = 5). (B–D) BM and spleens from WT and Pik3cdE1020K heterozygous 
GOF mice aged 8–12 wk were stained to identify different B cell populations. (B) B cell development in the BM. Flow cytometry plots showing representa-
tive staining of IgD versus IgM on B220+ cells. Numbers are percent IgM−IgD−, IgMhi, and IgDhi cells. IgM−IgD− cells were further gated on CD24 and CD43 
to identify pre-pro–, pro- and pre-B cells. Graphs give mean ± SEM (n = 9–12). (C) Transitional cells in the spleen. Flow plots show IgM versus CD23 on 
B220+CD93+ cells. Graphs show absolute numbers of T1 and T2/T3 cells as well as the percentage of each population that is IgMhi (mean ± SEM, n = 9–12). 
(D) Percentages of follicular (CD23+CD21lo) and MZ (CD21hiCD23lo) B cells were determined in the mature B cell population (CD93−) of the spleen. Flow plots 
show representative staining of CD21 versus CD23. Graphs show absolute numbers of follicular and MZ cells (mean ± SEM, n = 10–13). (E) Percentages of 
B1a (CD19+B220loCD5+) or B1b (CD19+B220loCD5−) cells were determined. Flow plots show representative staining of B220 versus CD19 gated on CD19+ 
cells (upper panel) and CD19 versus CD5 gated on CD19+B220lo cells (lower panel). Graphs show absolute numbers of B1a and B1b cells in the spleen (mean 
± SEM, n = 6–8). Significant differences were determined by unpaired Student's t tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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SWHEL B cells responding to HEL-2x is associated with a Y53D 
mutation, which greatly increases affinity of the receptor for 
the mutant HEL (Brink et al., 2015). By day 10, >50% of WT cells 
acquired the Y53D mutation (Fig. 8 F). A similar percentage of 
Pik3cdE1020K GOF B cells were also found to have the Y53D mu-
tation, indicating that increased PI3K activity did not affect af-
finity maturation.

Thus despite the many reported roles of PI3K in controlling 
B cell function, as revealed by germline modification of genes 
encoding p110δ, p85, or PTEN (Fruman et al., 1999; Suzuki et al., 
1999, 2003; Clayton et al., 2002; Jou et al., 2002; Okkenhaug et 
al., 2002; Anzelon et al., 2003; Omori et al., 2006; Dengler et al., 
2008; Srinivasan et al., 2009), we found that during an in vivo TD 
response the primary defect was in switching to IgG. In contrast, 
other functions such as expansion, GC formation and affinity 
maturation remained intact.

Inhibition of hyperactive PI3K signaling partially overcomes 
defects in B cell differentiation
Inhibitors of p110δ have been developed and used to treat sev-
eral human B cell malignancies (Hewett et al., 2016; Fruman et 
al., 2017). Leniolisib is a recently developed specific inhibitor 
of p110δ (Hoegenauer et al., 2017) and has shown safety and 
clinical efficacy in treating six patients with PIK3CD GOF muta-
tions, including partial corrections of B cell subsets and serum 
IgM levels (Rao et al., 2017). However it is unknown whether 
the favorable clinical outcome on humoral immunity results 
from a direct effect on B cells or is secondary to effects on other 
immune cell types, such as CD4+ T cells (Rolf et al., 2010). To 
explore this in more detail, we determined whether leniolisib 
could improve the function of human and murine B cells with 
hyperactive PI3K signaling. We examined Ig secretion and class 
switching by B cells following in vitro stimulation, as defects in 
these processes were the most robust phenotype observed (Figs. 
4 and 7). The concentrations of leniolisib tested were optimized 
to have a minimal effect on B cell proliferation and survival (not 
shown). When transitional B cells from healthy donors were 
cultured with CD40L/IL-21, leniolisib resulted in a concentra-
tion-dependent decrease in secretion of IgM and IgG, but had no 
effect on IgA (Fig. 9, A–C). In contrast, leniolisib had no effect on 
IgM secretion by PIK3CD GOF transitional B cells, but resulted in 
significant increases in secretion of the class switched isotypes 
IgG and IgA (Fig. 9, A–C).

To more directly assess CSR, we cultured murine B cells with 
anti-CD40/IL-4 and various doses of leniolisib. Leniolisib in-
creased the percentage of IgG1+ cells generated from both WT 
and Pik3cdE1020K GOF B cells (Fig.  9  D). Importantly, the class 
switch defect in Pik3cdE1020K GOF murine B cells was completely 
restored by inhibiting p110δ (Fig. 9 D). Division analysis revealed 
that this was due to a dramatic increase in switching in the ear-
lier divisions such that, at the higher dose of leniolisib, >20% of 
both WT and Pik3cdE1020K GOF B cells that had undergone one 
division had switched to IgG1 compared with <2% in control cul-
tures (Fig. 9 E). Interestingly, while similar switching was ob-
served between WT and GOF cells at the higher dose of leniolisib, 
at the lower dose there remained a difference between WT and 
Pik3cdE1020K GOF B cells, indicating a dose-dependent relation-
ship between PI3K activation and switching.

To gain insight into the molecular mechanism for reduced 
CSR due to PI3K p110δ GOF, we performed qPCR on WT and 
Pik3cdE1020K GOF B cells to establish expression levels of genes 
involved in regulating B cell differentiation. Bcl6 and Prdm1 
were expressed at normal levels in activated Pik3cdE1020K GOF 
murine B cells (not shown). However, induction of Aicda was 
significantly impaired in Pik3cdE1020K GOF murine B cells fol-
lowing stimulation with anti-CD40L/IL-4 (Fig. 9 F). Strikingly, 
treatment of Pik3cdE1020K GOF B cells with leniolisib restored 
Aicda expression to levels observed in WT B cells (Fig. 9 F). No-
tably, Aicda was also increased in leniolisib-treated WT B cells, 
consistent with increased class switching to IgG1 by these B 
cells in the presence of increasing doses of this p110δ inhibitor 
(Fig. 9 D, E). Indeed, plotting Aicda expression versus IgG1+ B 

Figure 7. Pik3cd GOF B cells show a division-related decrease in switch-
ing to multiple IgG isotypes. (A–C) Follicular B cells (B220+CD93−CD23+C-
D21lo) were sorted from the spleens of WT or Pik3cdGOF mice. Cells were 
labeled with CFSE and stimulated with anti-CD40 + IL-4 (A), LPS + TGF-β (B) 
or LPS alone (C) for 4 d after which they were stained for IgG1, IgG2b and IgG3 
as shown. Left panels show total percentage of cells of each isotype. Right 
panels show the percentage of switched cells in each division as determined 
by CFSE. Plots show mean ± SEM, n = 4–6. Significant differences were deter-
mined by paired t tests. **, P < 0.01; ***, P < 0.001.
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Figure 8. Pik3cd GOF B cells show defective switching but normal expansion and affinity maturation in vivo. WT or Pik3cdGOF SWH​EL cells were trans-
ferred to WT congenic hosts, which were then immunized with HEL-2x-SRBC. (A) The expansion of SWHEL cells was tracked over time (mean ± SEM, n = 3–4 
mice per group, representative experiment shown). (B) Percentage of cells with a plasmablast or GC phenotype was determined. (C) Percentage of cells that 
switched to IgG1 or were unswitched (IgM+) was determined in the plasmablast and GC populations. (D) Levels of HEL-specific serum Ig of various classes at 
day 5.5 were determined by ELI​SA. (B–D, each linked point shows mean ± SEM [n = 3–5] of single experiment). (E) Donor GC IgG1+ cells were sorted on day 10 
and sequenced to identify mutations. Significant differences were determined by paired t tests. **, P < 0.01.
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cells for WT and Pik3cdE1020K GOF B cells in the absence and 
presence of leniolisib revealed a very strong positive correla-
tion (Fig. 9 G). Together, these data reveal that activating muta-
tions in PI3K p110δ impede Ig CSR by reducing AID expression 

in B cells. Furthermore, pharmacological targeting of the PI3K 
pathway with leniolisib corrects defects in B cell differentiation 
by relieving the inhibitory effect of hyperactive PI3K signaling 
on AID expression.

Figure 9. A p110δ inhibitor partially alleviates the defects in B cell differentiation due to hyperactive PI3K signaling. (A–C) Sort-purified transitional 
B cells from healthy donors or PIK3CD GOF patients (n = 5) were cultured for 5 d with CD40L plus IL-21 in the absence or presence of the PI3K p110δ inhibitor 
leniolisib. Secretion of (A) IgM, (B) IgG, and (C) IgA was then determined. Data are expressed as mean percentage of Ig secreted (± SEM) by B cells stimulated 
with CD40L/IL-21. (D–G) Follicular B cells (B220+CD93−CD23+CD21lo) were sorted from the spleens of WT or Pik3cdGOF mice. Cells were labeled with CFSE and 
stimulated with anti-CD40 + IL-4 in the absence or presence of leniolisib for 4 d. (D and E) Cells were stained for expression of IgG1 and the total percentage 
of IgG1+ B cells detected (D) and the % of IgG1+ B cells in each division as determined by CFSE dilution (E) were determined. (F) Expression of Aicda in WT 
or Pik3cdGOF B cells cultured with anti-CD40 + IL-4 was determined by qPCR. Plots show mean ± SEM, n = 3. (G) Plot of Aicda expression versus percentage 
IgG1+ cells generated following culture of WT or Pik3cdGOF B cells with anti-CD40 + IL-4 in the absence or presence of leniolisib. Significant differences were 
determined by two-way ANO​VA. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Discussion
Signaling via PI3K plays a fundamental role in immune function, 
immune regulation, and humoral immunity. This is evidenced 
from phenotypes arising in mice with germline deletion or in-
activation of the p110δ or p85 subunits of PI3K (Fruman et al., 
1999; Suzuki et al., 1999; Clayton et al., 2002; Jou et al., 2002; 
Okkenhaug et al., 2002; Srinivasan et al., 2009), or of PTEN 
(Anzelon et al., 2003; Suzuki et al., 2003; Sander et al., 2015) 
which antagonizes PI3K signaling. More strikingly, homozygous 
mutations in PIK3R1 prevented B cell development in humans 
(Conley et al., 2012; Tang et al., 2018), while heterozygous ger-
mline mutations in PIK3CD, PIK3R1, or PTEN result in immune 
dysregulation evidenced by immunodeficiency, autoimmunity, 
and B cell malignancy (Jou et al., 2006; Angulo et al., 2013; Crank 
et al., 2014; Deau et al., 2014; Kracker et al., 2014; Lucas et al., 
2014a,b; Hartman et al., 2015; Driessen et al., 2016; Elgizouli et 
al., 2016; Elkaim et al., 2016; Tsujita et al., 2016; Coulter et al., 
2017). These observations from mice and humans underscore the 
critical requirement for regulated PI3K signaling for immune ho-
meostasis and function. However, mechanisms underlying dis-
ease pathogenesis in humans remain incompletely determined.

By analyzing a large cohort of patients (n = 39) with activat-
ing mutations in PIK3CD and developing a novel mouse model 
of Pik3cdE1020K GOF by CRI​SPR/Cas9-mediated genome editing, 
we have now revealed key functions for PI3K in B cell develop-
ment and differentiation. B cell development in human BM was 
perturbed at the pre-BII and immature stages, with an aberrant 
accumulation of these cells and corresponding reductions in 
recirculating mature B cells. This extends a previous study that 
examined B cell development according to proportions of stage I, 
stage II, and stage III hematogones within all CD10+ B cell precur-
sors (Dulau Florea et al., 2017). Our finding that BM transplant 
corrected B cell development in PIK3CD GOF revealed that he-
matopoietic cell intrinsic defects were responsible for aberrant 
B cell development. Defective B cell development was also clear 
from our analysis of peripheral blood, as proportions of CD21lo 
early transitional B cells (Suryani et al., 2010) were greatly in-
creased in the patients, and these cells exhibited phenotypic 
and molecular features consistent with being less mature than 
CD21lo transitional cells in healthy donors. This defect in B cell 
development was also observed in Pik3cdE1020K GOF mice where 
increases in immature B cells were observed not only in the BM, 
but also in peripheral lymphoid organs and the circulation. Pik-
3cdE1020K GOF mice also had increased numbers of B1 and MZ B 
cells, akin to B cell specific PTEN-deficient mice (Anzelon et al., 
2003; Suzuki et al., 2003). Thus, mutations that result in PI3K 
p110δ GOF strongly compromise successful B cell development 
in the BM and periphery leading to a skewed B cell compartment.

PI3K p110δ GOF also resulted in several functional B cell de-
fects. Memory B cells were reduced in PIK3CD GOF patients. 
Among the contracted population of memory B cells, the pro-
portions that had undergone Ig isotype switching were signifi-
cantly reduced. By studying our Pik3cdE1020K GOF mouse model 
we confirmed that this in vivo defect in switching was B cell in-
trinsic and affected all IgG subclasses. Activated PI3K p110δ GOF 
B cells from humans and mice exhibited defective class switching 
and secretion of IgG and IgA. Murine PI3K p110δ GOF B cells ex-

pressed lower levels of Aicda mRNA than WT B cells. Importantly, 
the p110δ inhibitor leniolisib improved secretion of IgG and IgA 
by PIK3CD GOF human B cells, and completely restored not only 
CSR but also Aicda expression in Pik3cdE1020K GOF murine B 
cells. Indeed, manipulating PI3K function either by introduction 
of the GOF allele or inhibition with leniolisib revealed a strong 
correlation between PI3K activity, AID expression, and IgG class 
switching. Thus, the molecular mechanism underlying impaired 
CSR due to PI3K GOF most likely results from reduced expression 
of AID. This conclusion concurs with previous studies suggesting 
PI3K regulates CSR in murine B cells by repressing AID (Omori 
et al., 2006; Dengler et al., 2008; Compagno et al., 2017). Further 
analysis of the microarray data using the REA​CTO​ME database 
revealed significantly greater expression of components of path-
ways involved in DNA damage responses in activated transitional 
B cells from healthy donors than from PIK3CD GOF patients 
(Table S1). The DNA damage response is required to maintain 
genomic stability and is induced in response to the AID-mediated 
DNA breaks that are necessary for CSR (Daniel and Nussenzweig, 
2013). This is further evidence of reduced AID function due to 
hyperactive PI3K p110δ, which underlies impaired CSR in these 
B cells. Alternatively, decreased expression of molecules involved 
in the DNA damage response and AID-mediated mismatch repair, 
such as EXO1 (Table S1; Eccleston et al., 2011) may themselves 
compromise CSR. It is also possible that B cell extrinsic defects 
arising from PI3K p110δ GOF, such as compromised function of 
CD4+ T cells, especially Tfh cells (Rolf et al., 2010), compound 
these B cell intrinsic defects in effector function. This is currently 
being investigated.

In contrast to decreased CSR, SHM (which is also dependent 
on AID; Durandy et al., 2007) was intact in murine PI3K p110δ 
B cells, suggesting that the decrease in AID expression detected 
was insufficient to ablate the function of AID in SHM. This is 
consistent with impaired class switching (Fig. 1), but intact SHM 
(Angulo et al., 2013), in memory B cells from PIK3CD GOF in-
dividuals, and also the discovery of some patients with biallelic 
mutations in the C-terminal domain of AIC​DA whose B cells 
are unable to undergo CSR but exhibit normal levels of SHM 
(Durandy et al., 2007).

Although PIK3CD GOF B cells exhibited hallmarks of Ig-se-
creting cell differentiation in vitro (IgM secretion and BLI​MP-1 
expression), the magnitude and quality of this process was com-
promised, particularly in transitional B cells. These differences 
in Ig secretion by transitional B cells from controls and PIK3CD 
GOF patients may reflect differences in the composition of the 
transitional B cell populations being compared. However, this is 
unlikely because we previously showed that CD21lo and CD21hi 
transitional B cell subsets from healthy donors produce compa-
rable amounts of IgM, IgG, and IgA in vitro (Suryani et al., 2010). 
Rather, this defect arose from the inability of PIK3CD GOF tran-
sitional B cells to acquire or maintain a plasmablast phenotype 
and gene signature following in vitro activation. Indeed, PIK3CD 
GOF transitional B cells were impaired in generating CD38hi 

CD27hi plasmablasts in vitro. Here, the detected IgM secreted 
by these cells is likely produced by preplasmablasts that have 
not yet acquired the phenotype and transcriptional profile of 
plasmablasts (Avery et al., 2005; Jourdan et al., 2011). The finding 
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that PAX5 was down-regulated less in activated PI3K p110δ GOF 
human transitional B cells compared with normal B cells may 
contribute to the altered gene expression profile and impaired 
Ig secretion by these cells, since loss of PAX5 function is a pre-
requisite for the differentiation and commitment of B cells to the 
PC fate (Kallies et al., 2007). Thus, it would be expected that the 
increased numbers of immature transitional cells and their de-
creased function, coupled with impaired survival and trafficking 
due to poor expression of Bcl2 and homeostatic chemokine re-
ceptors, would combine to greatly impact the level of functional 
antibody produced in PI3K GOF patients. Interestingly, our mi-
croarray analyses revealed increased IL10 expression by PIK3CD 
GOF transitional B cells compared with controls. Human transi-
tional B cells have been proposed as being a rich source of IL-10 
(Blair et al., 2010). But this is not unique to transitional cells, be-
cause naive, memory and GC B cells can all secrete IL-10 following 
in vitro stimulation (Burdin et al., 1996; Good et al., 2006). Inter-
estingly, IL-10 is a growth and differentiation factor for human B 
cells, and endogenous IL-10 contributes to B cell differentiation 
induced by CD40L/BCR engagement (Moens and Tangye, 2014). 
However, despite the ability of IL-10 to promote B cell differ-
entiation, the potential elevated expression of IL10 by PIK3CD 
GOF transitional B cells was insufficient to rescue the defect in 
CD40L/IL-21–mediated differentiation of these cells in vitro.

The PI3K/AKT/mTOR pathway is activated in 40–50% of cases 
of diffuse large B cell lymphoma (Xu et al., 2013). Furthermore, 
PI3K p110δ inhibitors have been used to treat human B cell ma-
lignancies (Hewett et al., 2016; Fruman et al., 2017). Thus, it is 
possible that PIK3CD GOF mutations intrinsically contribute to 
B cell lymphomagenesis, which occurs in ∼20% of PIK3CD GOF 
patients (Coulter et al., 2017). However, PI3K inhibitors increase 
AID expression and activity in murine and human B cells, caus-
ing increased genomic instability in vitro and lymphomagenesis 
in vivo (Compagno et al., 2017). Our finding of reduced levels of 
AID in PI3K p110δ GOF B cells could infer that PIK3CD activating 
mutations are not directly oncogenic. Rather, B cell lymphoma 
may result from impaired effector function of PIK3CD GOF NK 
and CD8+ T cells (Edwards et al., 2018; Ruiz-García et al., 2018). 
The etiology and mechanisms underlying lymphoma develop-
ment in PIK3CD GOF patients is an area requiring further inves-
tigation. Determining whether PI3K p110δ inhibitors (Rao et al., 
2017) influence the incidence of B cell lymphoma may provide 
valuable insight into these outstanding questions.

Collectively, these data provide significant insight into the 
pathological mechanisms underlying hyper-IgM, hypogamma-
globulinemia, and impaired long-lived humoral immune re-
sponses in PIK3CD GOF patients (Jou et al., 2006; Angulo et al., 
2013; Lucas et al., 2014a; Elgizouli et al., 2016; Coulter et al., 2017). 
Our data also identify putative regulatory networks in B cells that 
are controlled by PI3K signaling and may play a role in PC differ-
entiation. Importantly, the impairment in secretion of switched 
Ig isotypes by human PIK3CD GOF transitional B cells, and in class 
switching and Aicda expression by Pik3cdE1020K GOF murine B 
cells, could be greatly improved by the PI3K p110δ inhibitor leni-
olisib. Based on these results leniolisib may improve the ability of 
patients to generate effective switched Ab responses, eventually 
resulting in a requirement for Ab replacement therapy, which 

is currently used in >80% of patients (Coulter et al., 2017). The 
efficacy of leniolisib in treating PIK3CD GOF patients (Rao et al., 
2017), and our demonstration that it improves B cell function in 
vitro, suggests p110δ inhibitors could be suitable therapeutics for 
other immune dysregulatory conditions due to defects in PI3K 
signaling. These include individuals not only with PIK3CD GOF 
mutations, but also those with inactivating mutations in PIK3R1 
(Deau et al., 2014; Lucas et al., 2014b; Elkaim et al., 2016) or PTEN 
(Driessen et al., 2016; Tsujita et al., 2016), or even patients with 
clinical features overlapping these conditions but with hitherto 
unknown genetic diagnoses (Deenick et al., 2018). However, such 
treatment will need to be monitored carefully to mitigate the po-
tential risk of accelerating or exacerbating lymphoma develop-
ment in these patients.

Overall, our detailed analysis has provided insight into the 
pathophysiology of disease due to PIK3CD GOF mutations. Fur-
thermore, our observations that the Pik3cdE1020K GOF mutation 
in murine B cells mirrored the effects of PIK3CD GOF mutations 
in humans underscores the utility of this mouse model to in-
vestigate the consequences of hyperactive PI3K signaling and 
to dissect mechanisms of disease pathogenesis in humans with 
corresponding mutations. Thus, these mice represent a valuable 
preclinical model to screen new or alternative pharmacological 
or biological inhibitors of the PI3K pathway as novel therapeutics 
for humans with PIK3CD GOF mutations.

Materials and methods
Human blood and bone marrow samples
Buffy coats from healthy donors were purchased from the Aus-
tralian Red Cross Blood Service. Pediatric blood samples were 
collected from individuals either attending clinic for nonimmu-
nological conditions, or for genetic testing due to a family his-
tory of disease, but were found to be mutation negative. BM was 
obtained from individuals undergoing lymphoma staging, and 
was found to be uninvolved. Peripheral blood and BM samples 
were also collected from patients with GOF mutations in PIK3CD. 
Human tonsils were obtained from healthy donors undergoing 
routine tonsillectomy (Mater Hospital, North Sydney). Approval 
for this study was obtained from the human research ethics 
committees of St. Vincent’s Hospital (Sydney, Australia), Syd-
ney South West Area Health Service (Sydney, Australia), Royal 
Children’s Hospital Melbourne (Melbourne, Australia), and the 
National Institute of Allergy and Infectious Diseases Intramural 
Institutional Review Board (Bethesda, MD); informed consent 
was obtained from all participants for human experiments de-
scribed in this study.

Human antibodies
The following mAbs were used: FITC-anti CD20, PE-Cy7-an-
ti-CD27, APC-anti-CD10, PE-anti-CD5, APC-anti-CD38, BV421-an-
ti-CD21, biotin anti-CD44, BV711-anti-CD19, FITC anti-CCR7 
(CD197), PE anti-CXCR4 (CD184), biotin anti-CXCR5 (CD185), 
PE-anti-IgM, BV605-anti-IgG, biotin-anti-IgA, PE-anti-Bcl-2, PE-
anti-Blimp-1, Streptavidin-BV605, and Streptavidin-PerCP-Cy5.5 
(all from Becton Dickinson); PE-anti-CD23 and FITC-anti-CD38 
(eBioscience); and biotin-anti-IgD (Southern Biotech).
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Human lymphocyte phenotyping
PBMCs were incubated with mAbs against CD20, CD27, and 
CD10 with mAb specific for CD5, CD38, CD21, CD23, CD44, 
CD19, CCR7, CXCR4, CXCR5, and Bcl-2. The proportions of 
CD20+CD27−CD10+ (transitional), CD20+CD27−CD10− (naive), 
and CD20+CD27+CD10− (memory) B cells, as well as the expres-
sion of these molecules on these subsets, was determined by 
flow cytometry (LSR​II SORP; Becton Dickinson) and analyzed 
using FlowJo software (Tree Star; Cuss et al., 2006; Suryani 
et al., 2010). BM aspirates were incubated with mAbs against 
CD34, CD19, CD20, CD10, IgM, and CD27. Populations of pro-B 
(CD19+CD34+CD10+CD20−IgM−), preBI (CD19+CD34−CD10+CD20−

IgM−), preBII (CD19+CD34−CD10+CD20dimIgM−), immature 
(CD19+CD34−CD10+CD20+IgM+), and recirculating mature 
(CD19+CD34−CD10−CD20+) B cells were quantified (Uckun, 1990; 
van Zelm et al., 2005).

Isolation and in vitro activation of human B cell subsets
PBMCs were labeled with mAbs against CD20, CD27, and CD10 
and transitional (CD20+CD10+CD27−) or naive (CD20+CD10−

CD27−) B cells were then sorted using a FAC​SAria III (Becton 
Dickinson; Cuss et al., 2006; Suryani et al., 2010). Purity of 
the recovered populations was >98%. Transitional and naive 
B cells were then cultured in 96-well U-bottom plates (Falcon; 
20–40 × 103/200  µl well) for 4–5 d to determine proliferation 
and gene expression by qPCR and microarray analysis, or 5 × 
103/200 µl well for 5–7 d to determine Ig secretion. B cells were 
stimulated with 200 ng/ml CD40L cross-linked to 50 ng/ml HA 
Peptide mAb (R&D Systems) alone or together with 100 U/ml 
IL-4, 100 U/ml IL-10 (provided by R. de Waal Malefyt, DNAX 
Research Institute, Palo Alto, CA), 50 ng/ml IL-21 (PeproTech), 
2.5 µg/ml F(ab’)2 fragment of goat anti-IgA/IgG/IgM (H+L; 
Jackson ImmunoResearch), 1 µg/ml CpG 2006 (Sigma-Aldrich), 
and varying doses of the PI3K p110δ specific inhibitor leniolisib 
(Hoegenauer et al., 2017; Rao et al., 2017; Novartis Pharma), and 
equivalent doses of DMSO.

Analysis of human B cell Differentiation in vitro.
B cell viability was determined using the Zombie Aqua Viability dye 
(BioLegend) and proliferation determined by CFSE (eBioscience) 
dilution after 4–5 d of in vitro culture (Avery et al., 2010). Differ-
entiation of B cells to plasmablasts was assessed by determining 
the frequency of transitional or naive B cells acquiring a CD38hi 

CD27hi phenotype during in vitro culture (Avery et al., 2005, 2010). 
To determine expression of intracellular Ig and Blimp-1, cells were 
initially labeled with mAbs to CD27 and CD38, then fixed and per-
meabilized (Foxp3/Transcription Factor Staining Buffer; eBiosci-
ence). Permeabilized cells were then incubated with a cocktail of 
mAbs to IgG, IgM, IgA, and Blimp-1 and expression of these proteins 
in plasmablasts was determined by flow cytometry (LSR​II SORP; 
Becton Dickinson) and analyzed using FlowJo software (Tree Star).

qRT-PCR
Total RNA was isolated from unstimulated FACS-sorted tran-
sitional and naive B cells from normal donors or PIK3CD GOF 
patients using an RNeasy Mini Kit (QIA​GEN). PCR primers (In-
tegrated DNA Technologies) were designed using the Roche UPL 

primer design program. Primer sequences and Roche UPL probes 
are as follows: GAP​DH, UPL probe 60, forward 5′-CTC​TGC​TCC​
TCC​TGT​TCG​AC-3′; reverse 5′-ACG​ACC​AAA​TCC​GTT​GAC​TC-3′; 
RPL13A (Ribosomal Protein L13a), UPL probe 28, forward 5′-CAA​
GCG​GAT​GAA​CAC​CAAC-3′, reverse 5′-TGT​GGG​GCA​GCA​TAC​CTC-
3′, LEF1 (Lymphoid enhancing binding factor-1), UPL probe 17, 
forward 5′-CAG​ATG​TCA​ACT​CCA​AAC​AAGG-3′, reverse 5′-GGA​
GAC​AAG​GGA​TAA​AAA​GTA​GGG-3′; DTX1 (Deltex-1), UPL probe 
57, forward 5′-GGG​GCA​GAA​CAA​CCT​CAAC-3′, reverse 5′-CAA​GTT​
CTT​CAC​CGG​GAG​TG-3′ (Suryani et al., 2010).

To assess gene expression in activated B cells, total RNA was 
isolated from B cells cultured with CD40L ± IL-21 for 4–5 d. Primer 
sequences and Roche UPL probes were: PRDM1 (PR Domain Zinc 
Finger Protein 1), UPL probe 67, forward 5′- ACG​TGT​GGG​TAC​GAC​
CTTG-3′, reverse 5′-CTG​CCA​ATC​CCT​GAA​ACCT-3′; AIC​DA (Activa-
tion-Induced Cytidine Deaminase), UPL probe 69, forward 5′-GAC​
TTT​GGT​TAT​CTT​CGC​AAT​AAGA-3′, reverse 5′-AGG​TCC​CAG​TCC​
GAG​ATG​TA-3′; MS4A7, UPL probe 31, forward 5′-GGA​TCC​AGT​AAT​
GCC​AAA​ACA-3′, reverse 5′-CCT​ACC​CCT​CCC​ACT​TCA​AT-3′; PTP​RJ, 
UPL probe 6, forward 5′-TTG​ACT​AAT​TCC​AAC​AAG​CTT​CAG-3′, re-
verse 5′-CAG​CAA​GCT​GAC​TCC​AAC​TG-3′; GPR15, UPL probe 77, for-
ward 5′-GTC​CAA​TTT​AGA​GCC​CAG​TAT​GA-3′, reverse 5′-GGG​CCT​
TTC​CTC​TCT​CAA​AA-3′; SIG​LEC6, UPL probe 8, forward 5′-CTC​
CCA​GGA​CAC​CAC​CAG-3′, reverse 5′-GCT​CCC​TGC​AAA​TCT​CTC​TG-
3′; ZNF215, UPL probe 82, forward 5′-TTA​AGT​GGC​AAA​TGA​TGA​
ACA​AA-3′, reverse 5′-GCT​CCC​TTC​ACT​GTC​CAA​GA-3′; MYO1D, 
UPL probe 2, forward 5′-TTC​TGA​ACC​TCC​TTG​GAG​TAGC-3′, re-
verse 5′-AGA​AAA​GTC​TCG​AGT​GAT​TGT​GC-3′; KMO, UPL probe 
90, forward 5′-AAA​AAG​AGT​CCT​TTG​TTT​ATC​ACC​TT-3′, reverse 
5′-CCA​TCG​ACC​TTT​ATC​CCT​CTC-3′; SLA​MF7, UPL probe 67, for-
ward 5′-TTT​AGG​CTT​TGA​CAG​GTG​CTC-3′, reverse 5′-TCT​ACT​ATG​
TGG​GGA​TAT​ACA​GCT​CA-3′; BEX5, UPL probe 44, forward 5′-GCA​
CAA​ACG​CAC​TTA​AAG​ACC-3′, reverse 5′-CTC​GCT​GTT​GCC​CTG​
AAG-3′; RAP1GAP2, UPL probe 38, forward 5′-CGC​TCA​TGT​ACC​
GTC​TTC​AG-3′, reverse 5′-TTG​ATC​CTG​TCC​GTC​AAG​TG-3′; CD27, 
UPL probe 30, forward 5′-TGG​CCT​CCA​GCA​TCT​CAC-3′, reverse 
5′-CCT​ACC​CCT​CCC​ACT​TCA​AT-3′; MS4A7, UPL probe 31, forward 
5′-GGA​TCC​AGT​AAT​GCC​AAA​ACA-3′, reverse 5′-TCC​AAA​CCC​TTC​
GCT​GAC-3′. All amplification reactions were performed using the 
Roche LightCycler 480 Probe Master Mix and System (Roche Diag-
nostics) with the following conditions: denaturation at 95°C for 10 
min; amplification, 45 cycles at 95°C for 10 s, 65°C for 30 s, and 72°C 
for 5 s, and cooling at 40°C for 30 s. All reactions were standardized 
to the housekeeping gene RPL13A (Avery et al., 2010).

Microarray analysis
RNA was extracted from transitional and naive B cells, cultured 
for 4 d with CD40L alone or together with IL-21, and transcribed 
into cDNA. Raw gene expression data were obtained using the 
human Clariom S Assay microarray platform. All preprocess-
ing and analyses were performed using Bioconductor packages 
implemented in the R statistical computing environment, ver-
sion 3.4.1. The datasets were merged and batch corrected using 
ComBat of the sva package. Differential gene expression analy-
sis was assessed using limma. Heat maps were generated using 
the pheatmap package. Unsupervised dimension reduction and 
metagene extraction was performed with the NMF package, as 
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previously described (Brunet et al., 2004; Kim and Park, 2007). 
Gene set enrichment analysis was performed using the gene set 
enrichment analysis module of GenePattern, hosted by the Broad 
Institute. Pathway analysis was performed using the Reactome 
FI plugin in Cytoscape 3.5.1. The microarray data are available on 
GEO under deposit number GSE116999.

RNA-seq analysis
Naive, memory, GC, and plasma cells were sorted from tonsils 
from healthy donors and subjected to RNA sequencing. RNA-
seq reads were aligned to the GRCh37/hg19 build of the human 
genome using the Subread aligner (Liao et al., 2013). Genewise 
counts were obtained using featureCounts (Liao et al., 2014). 
Reads overlapping exons in annotation build 37.2 of NCBI RefSeq 
database were included. Genes were excluded from downstream 
analysis if they failed to achieve a CPM (counts per million 
mapped reads) value of 1 or greater in at least three libraries. 
Counts were converted to log2-CPM, quantile normalized and 
precision weighted with the voom function of the limma package 
(Law et al., 2014; Ritchie et al., 2015). A linear model was fitted to 
each gene, and empirical Bayes moderated t-statistics were used 
to assess differences in expression (Smyth, 2004).

Human Ig ELI​SAs
Secretion of IgM, IgG and IgA by in vitro cultured human transi-
tional and naive B cells was determined using Ig heavy-chain spe-
cific ELI​SAs, as described previously (Avery et al., 2005, 2010).

Mice
Pik3cdE1020K GOF mice were produced by the Mouse Engineering 
Garvan/ABR (MEGA) Facility using CRI​SPR/Cas9 gene targeting in 
C57BL/6J mouse embryos following established molecular and ani-
mal husbandry techniques (Yang et al., 2014). The single guide RNA 
(sgRNA) was based on a target site in the final exon of Pik3cd (GAG​
CTT​CGT​TGA​ACT​TCA​CCCGG; protospacer-associated motif = PAM 
italicized and underlined) and was microinjected into the nucleus 
and cytoplasm of C57BL/6J zygotes together with polyadenylated 
Streptococcus pyogenes Cas9 mRNA and a 66 base single-stranded, 
anti-sense, deoxy-oligonucleotide homologous recombination 
substrate carrying the E1020K (GAA>AAA) mutation and a 
PAM-inactivating silent mutation in the F1014 codon (TTC>TTT; 
underlined nucleotides indicate those targeted by CRI​SPR and the 
subsequent change). A male founder mouse heterozygous for both 
substitutions was obtained and backcrossed with C57BL/6J female 
mice to establish the Pik3cdE1020K GOF line. For some experiments 
these Pik3cdE1020K GOF mice were then crossed with SWHEL mice 
(Brink et al., 2008, 2015) to generate SWHEL.Pik3cdE1020K GOF mice. 
Donor cells were adoptively transferred into C57Bl/6 (CD45.1 con-
genic) mice purchased from Australian BioResources. All experi-
ments were approved by the Garvan Institute–St. Vincent’s Animal 
Ethics Committee. Mice were bred and housed in SPF conditions 
at Australian BioResources (Moss Vale) and the Garvan Institute 
Biological Testing Facility.

In vitro culture of murine B cells
Spleens of Pik3cdE1020K GOF or WT mice were harvested and 
prepared into single-cell suspensions. B cells were isolated using 

Miltenyi Biotec B cell isolation Kit and separated using Automacs 
Pro separator. Recovered B cells were then labeled with mAb 
against B220, CD23, CD21/35, and CD93 and follicular B (FOB) 
cells (B220+CD23+CD21intCD93−) were then sorted using a FAC​
SAria III (Becton Dickinson). Purity of the recovered populations 
was typically >98%. Follicular B cells were labeled with CFSE as 
previously described (Deenick et al., 1999; Avery et al., 2010) and 
then cultured in 24- or 48-well plates in RPMI1640 (Life Technol-
ogies) supplemented with 10% heat inactivated FCS (Life Tech-
nologies), 5 × 10−5 M 2-ME, 0.1 mM nonessential amino acids, 
1 mM sodium pyruvate, 10 mM Hepes, 100 U/ml penicillin, 100 
µg/ml Streptomycin, 100 µg/ml Noromycin (all from Sigma) at 
a density of 0.5 x 106 cells/ml. B cells were stimulated with 10 
µg/ml anti-CD40 clone FGK4.5 (Enzo Live Sciences) alone or in 
combination with 10 ng/ml IL-4 (R & D Systems), or 10 µg/ml LPS 
(Sigma) alone or together with 0.5 ng/ml TGFβ (Peprotec) and 
varying doses of leniolisib or equivalent doses of DMSO. After 
4 d, cells were harvested and washed and stained with Zombie 
Aqua Viability dye (BioLegend). B cells were surface stained with 
B220. Cells were then fixed with 2% formalin, permeablized with 
saponin, and stained with mAbs to IgG1, IgG2b, and IgG3 and 
analyzed by flow cytometry. Some cultures were harvested and 
RNA prepared using an RNeasy Mini Kit (QIA​GEN). PCR primers 
(Integrated DNA Technologies) were designed using the Roche 
UPL primer design program. Primer sequences and Roche UPL 
probes are as follows: Aicda UPL probe 71, forward 5′-TCC​TGC​
TCA​CTG​GAC​TTCG-3′, reverse 5′-GCG​TAG​GAA​CAA​CAA​TTC​CAC-
3′; cAlpha UPL probe 1329, 5′-TAG​GGA​TAA​CAG​CGC​AAT​CC-3′, 
reverse 5′-GAC​TTT​AAT​CGT​TGA​ACA​AAC​GAAC-3′. B-actin was 
quantified as a Roche Mouse Reference Gene UPL.

SWHEL adoptive transfers
Donor SWHEL Pik3cdE1020K GOF or WT spleen cells containing 3 
x 104 HEL-binding B cells were injected i.v. into CD45.1 congenic 
C57BL/6 recipient mice along with 2 × 108 SRBCs conjugated to 
HEL2X (Brink et al., 2015). Recipient spleens and sera were har-
vested at the time points described. Recombinant HEL proteins 
(HEL2X and HEL3X) were produced as previously described (Brink 
et al., 2015). HELWT was purchased from Sigma-Aldrich. Anti-HEL 
antibody levels of the various Ig subclasses in the sera of recip-
ient mice were analyzed by ELI​SA. 96-well ELI​SA plates were 
coated with WT HEL and bound serum Ig was detected using Ig 
heavy chain isotype specific Ab (BD Biosciences; biotinylated an-
ti-IgG1 [A85-1], biotinylated anti-IgG2a/c [R19-15], biotinylated 
anti-IgG2b [R12-3], biotinylated anti-IgG3 [R40-82], biotinylated 
anti-IgM [R6-60.2]). Ig levels for each class were quantified 
against recombinant HyHEL10 standards (Brink et al., 2015).

Single-cell sorting and SHM analysis
Recipient spleens were prepared and stained for flow cytomtery. 
Donor derived IgG1 switched GC B cells were identified using anti 
CD45.2 PeCy7, anti-CD45.2 PerCp Cy5.5, anti-B220 PE, anti-CD38 
FITC, anti IgG1-biotin, and SA-PB. Single cells were sorted 
using FAC​SAria (BD Biosciences). The variable region exon of 
the SWHEL Ig (HyHEL10) heavy chain regions was amplified by 
PCR and sequenced. The final product was sequenced by GEN​
EWIZ and analyzed.
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Flow cytometry of mouse cells
The following were purchased from BD Biosciences: an-
ti-CD45R/B220 FITC, PE, BV786 and PerCp Cy5.5, anti-CD24 PE 
(M1/69), anti-CD19 BV510 (1D3), biotinylated anti-CD43 (S7), 
biotinylated anti-IgG1(A85-1), biotinylated anti-IgG2a/c (R19-
15), biotinylated anti-IgG2b (R12-3), biotinylated anti-IgG3 
(R40-82), biotinylated anti-IgM (AF6-78), anti-CD16/CD32 Fc 
block (2.4G2), Streptavidin-BV605, Streptavidin-BV711, and 
Streptavidin-BUV395. The following were purchased from 
eBiosciences: anti-CD5 APC (53–7.3), anti-CD38 FITC (90), 
anti-CD45.2 PerCP-Cy5.5 (104), anti-CD45.1 PeCy7 (A20), an-
ti-CD23 PeCy7 (B3B4), biotinylated anti-CD93 (AA4.1). The 
following was purchased from Invitrogen: Streptavidin-PB. 
The following was purchased from Life Technologies: Strepta-
vidin-A647. The following were purchased from Biolegend: 
anti-IgD A647 (11-26c.2a), anti-CD93 PerCP-Cy5.5 (AA4.1), an-
ti-IgM FITC (AF6-78), and anti-CD21/35 PB (7E9). The following 
were purchased from Cell Signaling Technology: anti-phos-
pho-Akt A488 (Ser473) and PE (Thr308), anti-phospho-S6 
A488 (Ser235/236).

BM and spleens of WT or Pik3cdE1020K GOF mice, and spleens 
of recipient mice in adoptive transfer studies were harvested at 
the indicated time points, prepared and stained for flow cytome-
try as previously described (Chan et al., 2009). For intracellular 
staining of phospho-Akt or phospho-S6 cells were stained di-
rectly ex vivo for B220 then fixed in 2% formaldehyde, permea-
bilized in 90% methanol, and labeled with anti-phosphospecific 
antibodies (Avery et al., 2010). Data were acquired on either (LSR​
II SORP or FOR​TES​SA; Becton Dickinson) and analyzed using 
FlowJo software (Tree Star). All data are representative of two or 
more experiments as indicated.

Statistical analysis
Significant differences were determined using Prism (GraphPad  
Software).

Online supplemental information
Fig. S1 shows increased phosphorylation of S6 in total B cells, in-
creased expression of DTX and LEF1 in transitional and naive B 
cells from patients with PIK3CD GOF mutations (red histograms/
graphs) compared healthy donors (black histograms/graphs), 
and intact proliferation in vitro of control (black histograms) and 
PIK3CD GOF (red histograms) naive B cells in response to vari-
ous stimuli. Fig. S2 shows differentially expressed genes in acti-
vated transitional B cells from healthy donors and patients with 
PIK3CD GOF mutations, differential expression of the indicated 
genes in human naive, memory, GC, and PC isolated from tonsils 
obtained from healthy donor, as determined by RNA Seq; differ-
ential expression of Siglec-6, CRA​CC, and CD27 on the surface 
of human tonsillar naive, memory, GC, and PC, as determined 
by immunofluorescent staining and flow cytometric analysis; 
differential expression of Siglec-6, CRA​CC, and CD27 on the sur-
face of activated (i.e., CD20+CD38−) B cells and plasmablasts (i.e., 
CD20dimCD38hi), present in cultures of naive B cells from healthy 
donors cultured with CD40L/IL-21. Fig. S3 depicts increased ex-
pression of pAKT and pS6 in Pik3cdE1020K GOF murine B cells and 
correction of elevated levels by the p110d inhibitor leniolisib, and 

proportions of total, B1, transitional, and mature B cells in the 
blood of WT and Pik3cdE1020K GOF mice.
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