[O510 ) Journal of
D D Experimental

IV Medicine
ARTICLE

Activated PI3Kd breaches multiple B cell tolerance
checkpoints and causes autoantibody production
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Antibody-mediated autoimmune diseases are a major health burden. However, our understanding of how self-reactive B cells
escape self-tolerance checkpoints to secrete pathogenic autoantibodies remains incomplete. Here, we demonstrate that
patients with monogenic immune dysregulation caused by gain-of-function mutations in PIK3CD, encoding the p1106 catalytic
subunit of phosphoinositide 3-kinase (PI3K), have highly penetrant secretion of autoreactive IgM antibodies. In mice with the
corresponding heterozygous Pik3cd activating mutation, self-reactive B cells exhibit a cell-autonomous subversion of their
response to self-antigen: instead of becoming tolerized and repressed from secreting autoantibody, Pik3cd gain-of-function
B cells are activated by self-antigen to form plasmablasts that secrete high titers of germline-encoded IgM autoantibody and
hypermutating germinal center B cells. However, within the germinal center, peripheral tolerance was still enforced, and there
was selection against B cells with high affinity for self-antigen. These data show that the strength of PI3K signaling is a key
regulator of pregerminal center B cell self-tolerance and thus represents a druggable pathway to treat antibody-mediated
autoimmunity.

Introduction

During B cell development in the bone marrow (BM), random
recombination of genetic elements encoding the B cell antigen
receptor (BCR) leads to the generation of a large number of self-
reactive B cells (Wardemann et al., 2003). Multiple tolerance
checkpoints exist in the BM and periphery to prevent these
self-reactive B cells from becoming activated and producing
pathogenic autoantibodies. Thus, during development imma-
ture self-reactive B cells that encounter self-antigens can be
censored in the BM through receptor editing or clonal deletion
(Nemazee, 2017). If B cells escape these central tolerance
mechanisms, they can become functionally silenced or aner-
gized in the periphery to prevent them from forming antibody-

secreting plasma cells or germinal centers (GCs) in response to
self-antigen (Goodnow et al., 2005; Nemazee, 2017). However,
if these anergized self-reactive B cells encounter foreign mi-
crobial antigens that cross-react with their BCR and concom-
itantly receive TLR costimulatory signals and T cell help, they
can become activated to form GCs (Shlomchik, 2008). How-
ever, tolerance mechanisms also exist in the GC to ensure that
self-reactive cells, either recruited into the GC because of
cross-reactivity with foreign antigens or randomly generated
through somatic hypermutation (SHM), are purged from the
response, thereby preventing the secretion of high-affinity
autoantibodies (Brink and Phan, 2018).
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The high frequency of antibody-mediated autoimmune dis-
ease in humans (Hayter and Cook, 2012) demonstrates that these
processes are often dysregulated. However, it is still not clear
exactly how these self-tolerance checkpoints are normally
maintained and how they break down to precipitate autoim-
munity. For example, what are the critical signaling pathways
that distinguish recognition of self-antigens from foreign anti-
gens? Further, how do these different signaling pathways trigger
the inhibitory checkpoints needed to maintain self-tolerance,
versus the B cell proliferation, GC formation, affinity matura-
tion, and differentiation into antibody-secreting plasma cells
that are necessary for host defense?

Recently, patients with a monogenic immune dysregulation
condition caused by germline heterozygous, gain-of-function
(GOF) mutations in PIK3CD, which encodes the p1108 catalytic
subunit of phosphoinositide 3-kinase (PI3K), have been identi-
fied (Angulo et al., 2013; Coulter et al., 2017; Lucas et al., 2014).
This has been termed activated PI3K8 syndrome. PI3Ks are
lipid kinases that play numerous important roles in cell
growth, function, and survival. There are multiple classes of
PI3Ks (class IA, IB, II, and III); however, the class IA PI3Ks,
which include p1108, are particularly important in immune
signaling, where they are activated downstream of several
receptors including the BCR, T cell receptor, CD19, and TLRs
(Okkenhaug, 2013). Class IA PI3Ks are comprised of a p110
catalytic subunit (pl10a, p110B, or p1108), linked to a regu-
latory subunit (p85, p55, or p50). The pll10a and pl10B cat-
alytic subunits are ubiquitously expressed, whereas p1108
is highly expressed in leukocytes. Class IA PI3Ks phos-
phorylate phosphatidylinositol-4,5-bisphosphate to gener-
ate phosphatidylinositol-3,4,5-trisphosphate, which acts as
a second messenger molecule to further transduce signals to
downstream molecules such as Akt and mTOR.

Patients with PIK3CD GOF mutations present with several
clinical manifestations, including recurrent respiratory tract
infections, hyper IgM, susceptibility to infection with herpes
family viruses, bronchiectasis, hepatosplenomegaly, and in-
creased rates of lymphoma (Coulter et al., 2017; Lucas et al.,
2014; Maccari et al., 2018). Interestingly, ~40% of PIK3CD GOF
patients also develop clinically relevant autoimmune disease,
including autoimmune cytopenias, glomerulonephritis, and au-
toimmune thyroiditis (Coulter et al., 2017; Lucas et al., 2014;
Maccari et al., 2018). Several recent studies have explored the
pathogenesis of the immunodeficiency in these patients (Avery
et al., 2018; Bier et al., 2019; Cannons et al., 2018; Cura Daball
et al., 2018; Edwards et al., 2019; Preite et al., 2018; Preite et al.,
2019; Ruiz-Garcia et al., 2018; Stark et al., 2018; Wentink et al.,
2017; Wentink et al.,, 2018; Wray-Dutra et al., 2018). These
studies have revealed defects in B cells and CD4* T cells, thereby
elucidating mechanisms for poor antibody responses and sus-
ceptibility to respiratory infections, and altered natural killer
and CD8* T cell function, which provide an explanation for the
viral susceptibility and possibly malignancy. However, far less is
known about how these mutations cause autoimmunity.

To investigate this, we examined both patients with PIK3CD
GOF mutations and a novel mouse model that carries an analo-
gous pathogenic Pik3cd GOF mutation. Our analyses revealed a
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B cell-specific break in self-tolerance at the pre-GC stage with
production of germline autoreactive IgM antibodies. In contrast,
PI3K overactivation did not affect tolerance within the GC, es-
tablishing that distinct signaling pathways operate at different
stages of antigen-induced B cell activation to ensure that toler-
ance is maintained.

Results

Patients with GOF mutations in PIK3CD have high levels of
IgM autoantibodies

We first analyzed sera from PIK3CD GOF patients by autoanti-
body array. This revealed high levels of self-reactive IgM anti-
bodies against diverse self-antigens, including those commonly
seen in patients with systemic lupus erythematosus (SLE; Fig. 1 A
and Fig. S1 A). In contrast, while there appeared to be IgG anti-
bodies in patient sera that bound to some self-antigens, none of
these IgG autoantibodies were found to be significantly dif-
ferent from those in healthy donors (Fig. S1 B), consistent with
reduced isotype switching and decreased serum IgG levels in
these patients (Angulo et al., 2013; Avery et al., 2018; Coulter
et al., 2017; Lucas et al., 2014).

To more precisely track the breakdown of tolerance in these
patients and the B cells that produce it, we focused on antibodies
that used the IGHV4-34 variable element. Use of this Ig variable
element confers potentially pathogenic binding of the resulting
secreted antibodies to N-linked N-acetyllactosamine determi-
nants expressed by the I/i blood group antigens on erythrocytes,
as well as other cell surface glycoproteins such as CD45R/B220
on B cells (Cappione et al., 2004).

To measure the relative levels of self-reactive serum VH4-34
antibodies, we incubated B cells from healthy donors with
control or PIK3CD GOF patient serum and detected VH4-
34-containing antibody bound to the surface using the anti-
idiotype monoclonal antibody 9G4, which binds VH4-34
(Potter et al., 1993). Compared with serum from healthy donors,
serum from PIK3CD GOF patients resulted in 10 times higher
staining with 9G4 on normal transitional B cells (Fig. 1, B and C).
A similar pattern was observed for binding to normal naive and
memory B cells, although the intensity of staining was reduced
(data not shown), consistent with lower levels of the CD45R/
B220 isoform recognized by the VH4-34 antibody on memory
B cells (Bleesing and Fleisher, 2003; Cappione et al., 2004). Since
~60% of the PIK3CD GOF patients in our cohort had clinically
defined autoimmune manifestations at the time of serum
collection, these results reveal a much more highly penetrant
failure of self-tolerance to ubiquitous autoantigens in pa-
tients with germline PIK3CD GOF mutations than previously
appreciated.

Patients with PIK3CD GOF mutations have increased
frequencies of B cells that use the autoreactive IGHV4-34
variable region

In the B cell repertoire of healthy donors, ~5-10% of newly
formed B cells display IgM antibodies on their surface that use
the IGHV4-34 variable element (Pugh-Bernard et al., 2001).
These VH4-34* B cells, however, are restrained by tolerance
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Figure 1. PIK3CD GOF patients have auto-
reactive serum antibodies. (A) Heatmap
showing relative binding of serum IgM from
healthy controls (Ctrl; n = 2), PIK3CD GOF
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mechanisms and thus persist as desensitized or anergic cells in
the periphery (Goodnow et al., 2005; Nemazee, 2017; Pugh-
Bernard et al., 2001). To determine if the increased serum
VH4-34 antibodies were associated with alterations in the pro-
portions of B cells expressing VH4-34 BCRs, we stained B cells
from healthy donors or PIK3CD GOF patients with the 9G4 anti-
idiotype antibody that recognizes VH4-34 and quantified ex-
pression levels by flow cytometry (Fig. 2 A). In the patients we
observed a shift in 9G4 staining for the entire B cell population,
likely representing painting of B cells with serum VH4-34 an-
tibodies, while the very brightly stained population is likely
B cells expressing endogenous VH4-34 BCR (Fig. 2 A). PIK3CD
GOF patients had an increased percentage of these VH4-34
B cells in all subsets (transitional, naive, and memory; Fig. 2 B),
suggesting they had increased proportions of autoreactive
B cells.

To confirm this and assess the immunoglobulin repertoire at
the global level, we sorted transitional or naive B cells from
healthy donors and PIK3CD GOF patients and performed deep
sequencing of the IgM transcripts (Fig. 2 C and Fig. S2). The
repertoires of transitional and naive B cells for PIK3CD GOF
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HC PIK3CD GOF
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patients showed the use of diverse IGHV gene segments (Fig. S2).
However, consistent with our FACS staining (Fig. 2 B), there was
an over-representation of BCRs using IGHV4-34 in the patients
compared with healthy donors for both the transitional and
naive compartments (Fig. 2 C and Fig. S2). This increased IGHV4-
34 utilization was accompanied by a decrease in the usage of
IGHV3-23, the most frequently rearranged IGHV gene segment in
healthy donors, in patients (Fig. S2). Thus, patients with muta-
tions that cause increased PI3K signaling displayed an increase
in B cells expressing autoreactive receptors and in serum
autoantibodies.

Development of self-reactive Pik3cd GOF B cells in the BM

To establish the basis for this failed self-tolerance in humans
with activated PI3K, we used a CRISPR/Cas9-generated mouse
line (Avery et al, 2018) carrying the murine equivalent
(E1020K) of the most common human PIK3CD GOF mutation
(E1021K; Coulter et al., 2017), and crossed it with SWyg BCR
knock-in mice expressing the HyHEL1O0 BCR that recognizes
hen-egg lysozyme (HEL; Phan et al., 2003). We then generated
BM chimeras in which these SWiyyp B cells developed in the
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Figure 2. B cells expressing autoreactive BCRs are increased in PIK3CD
GOF patients. (A and B) B cells from healthy controls or PIK3CD GOF pa-
tients were stained with the anti-idiotypic antibody 9G4, which binds the
VH4-34 heavy chain. The general increase in 9G4 staining on B cells likely
represents binding of serum VH4-34 antibodies to B cells, while the very
brightly staining population corresponds to B cells endogenously expressing
surface VH4-34 antibodies. (A) Representative staining on total B cells is
shown. (B) Percentage of VH4-34" cells in each B cell population, as de-
termined by flow cytometry. Each point represents an individual healthy
control (HC; n = 31) or patient (n = 18-19). (C) mRNA was prepared from
sorted transitional or naive B cell populations, and IGHM cDNA was amplified,
deep-sequenced, and analyzed to calculate the percentage of unique clones
that used the IGHV4-34 element. Each point represents an individual healthy
control (n = 8-9) or patient (n = 6); line shows mean. Significant differences
were determined by Mann-Whitney (B) or ANOVA Tukey (C) test. **** P <
0.0001; **, P < 0.01. See also Fig. S2.

presence of membrane-bound HEL?* (mHEL?%, a mutant of HEL
engineered to bind the HyHEL1O BCR with low affinity; Paus
et al., 2006) expressed as a ubiquitous self-antigen (Burnett
et al., 2018; Chan et al,, 2012; Fig. 3 A).

In this system, the lower-affinity cell surface antigen does not
provide a sufficiently strong signal to completely purge SWygy,
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cells from the developing B cell repertoire. Consequently, self-
reactive WT SWyg;, B cells reach the periphery (Burnett et al.,
2018). Thus, equal numbers of WT SWyg; pre-pro-B, pro-B, pre-
B, and immature B cells were observed irrespective of the pres-
ence of self-antigen (Fig. 3, B-D). In contrast, a significant
reduction in the number of mature recirculating self-reactive WT
SWir B cells was observed (Fig. 3, C and D). The stronger PI3K
signaling in Pik3cdS°F SWyg; B cells resulted in slightly altered
B cell development in the BM, with increased percentages of pro-
and pre- and decreased immature Pik3cdSCF SWyg B cells ob-
served regardless of self-reactivity (Fig. 3, B-D). This is consistent
with previous observations of increased pro- and pre-B cells in the
endogenous repertoire of Pik3cdSCF mice, as well as of pre-B and
immature B cells in the BM of patients with PIK3CD GOF mutations
(Avery et al., 2018; Preite et al., 2018; Stark et al., 2018; Wray-
Dutra et al., 2018). As with WT cells, we observed dramatically
reduced proportions of mature self-reactive Pik3cd®CF SWygy
B cells (Fig. 3, B-D). Thus, increased PI3K signaling did not greatly
alter the development of low-affinity self-reactive cells in the BM.

Pik3cd GOF self-reactive B cells escape peripheral tolerance
and acquire a mature phenotype

Following development in the BM, WT low-affinity self-reactive
SWygy B cells migrate to the spleen as CD93* transitional B cells,
which then mature into short-lived anergic CD93-IgM"°IgD*
B cells (Fig. 4, A and B). As a consequence of this peripheral
tolerance checkpoint, the number and frequency of autoreactive
WT SWygr B cells is decreased ~20-fold compared with
non-self-reactive SWygy, cells that developed in the absence of
mHEL?X self-antigen (Fig. 4, A and B; and Fig. S3).

Transitional self-reactive Pik3cdSCF SWyg B cells were also
decreased in numbers similar to WT self-reactive SWy cells (Fig.
S3). However, self-reactive Pik3cdS°F SWyyr, B cells exhibited a
dramatic failure of peripheral tolerance at the mature stage, with a
marked expansion of CD93" B cells (Fig. 4, A and B; and Fig. S3).
Most of the accumulating self-reactive Pik3cd®°F B cells had a
marginal zone phenotype (MZ; CD23-CD21*CD1d*IgD"; Fig. 4, C
and D; and Fig. S3), in contrast to self-reactive WT B cells that are
excluded from the MZ compartment.

Pik3cd GOF B cells have altered anergy induction

The accumulation of self-reactive MZ B cells suggested that
anergy induction may be defective in Pik3cd®°F B cells. Thus, we
examined expression of surface IgM, which is characteristically
down-regulated on anergic B cells that have been chronically
stimulated by self-antigen (Burnett et al., 2018; Goodnow et al.,
1988; Goodnow et al., 2005; Nemazee, 2017). WT self-reactive
SWygr B cells down-regulated surface IgM expression more than
fourfold (Fig. 5, A and B), as well as their total HEL-binding
surface antibody (approximately threefold; Fig. S4), compared
with non-self-reactive B cells. Pik3cdS°F self-reactive SWygy,
B cells also down-regulated IgM expression on the transitional
and follicular populations (Fig. 5, A and B). In contrast, self-
reactive Pik3cd®CF SWygp;, MZ B cells maintained surface IgM
expression at high levels similar to non-self-reactive MZ B cells,
despite their exposure to mHEL?X (Fig. 5, A and B), thereby
revealing defective induction of anergy in these cells.
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Figure 3. Development of self-reactive Pik3cd GOF B cells in the BM. (A) Four different types of BM chimeric mice were constructed by transplanting
mixtures of CD45.1* RAG.SWyg and CD45.2* nontransgenic (non-tg) BM into recipient mice that did or did not express membrane HEL3X. The CD45.1*
RAG.SWye BM was either WT or Pik3cd®“F, while the CD45.2* BM was WT for both Ragl and Pik3cd; thus, WT T and B cells with endogenous repertoires were
derived from the CD45.2* BM. In chimeras where SWg_ cells are denoted as self-reactive, the recipients and all CD45.2* blood cells expressed membrane
HEL3X, while control chimeras were identical except that they lacked the membrane HEL3* gene (“non self-reactive”). BM was harvested from chimeric mice
8-15 wk after reconstitution. SWyg, cells were identified as CD45.1*B220* cells. (B) Plots show early BCR-negative cells stained with CD43 and CD24 to
identify pre-pro-, pro-, and pre-B cells. Numbers are each population as a percentage of CD45.1*B220" cells (mean + SEM of all mice). (C) Plots show HEL-
binding cells gated on CD24 and IgD to determine percentages of immature/transitional and mature B cell populations. Representative pseudocolor plots are
shown for each condition. Numbers give each population as a percentage of CD45.1*B220* cells (mean + SEM of all mice). (D) Graphs show indicated
populations as a percentage of total BM cells (the center line shows the median, box limits show the upper and lower quartiles, and whiskers show the
minimum and maximum). All panels represent n = 17-21 mice per condition combined from nine experiments. Significant differences were determined using
two-way ANOVA. *, P < 0.05; **, P < 0.03; ***, P < 0.001; ****, P < 0.0001.
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Figure 4. Overactive PI3K breaks peripheral B cell tolerance, enabling expansion and persistence of self-reactive B cells. BM chimeras were generated
as above; spleens were harvested and analyzed by flow cytometry 8-15 wk later. (A) Representative plots of SWyg B cells and of transitional (CD93*) and
mature (CD93") B cells. Numbers give each subset as a percentage of total B cells (mean + SEM of all mice). (B) Graphs show percentages of total SWyg, and
mature SWyg, cells among splenic lymphocytes. (C) Representative plots gated on mature SWyg cells, showing the percentages (mean + SEM of all mice) of
follicular (CD23*CD21™med) or MZ (CD23-CD21"e") among total B cells. (D) Graphs show percentage of follicular and MZ SWg, cells among all splenic lym-
phocytes. In B and D, the center line shows the median, box limits show the upper and lower quartiles, and whiskers show the minimum and maximum. All
panels represent n = 11-20 mice per group combined from five to nine experiments. Significant differences were determined using two-way ANOVA. *, P <

0.05; ***, P < 0.001; ****, P < 0.0001. See also Fig. S3.

Another hallmark of B cell anergy is the failure to up-regulate
CD86 upon binding to specific antigen by the BCR (Cooke et al.,
1994; Eris et al., 1994). Accordingly, we tested the ability of self-
reactive SWyg cells to respond to HEL stimulation in vitro.
While non-self-reactive WT and Pik3cdS%F SWyg cells up-
regulated CD86 strongly in response to HEL, WT self-reactive
SWiyg cells failed to do so (Fig. 5, C and D). In contrast, CD86
induction was not only intact in Pik3cdSOF self-reactive SWygp,
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cells but was enhanced compared with non-self-reactive
Pik3cdSOF SWyg;, cells (Fig. 5, C and D).

Self-reactive Pik3cd GOF B cells form spontaneous
plasmablasts and GCs

Given the high levels of autoreactive IgM antibodies detected in
PIK3CD GOF patients (Fig. 1 A), we next assessed the BM chi-
meras for the presence of anti-HEL antibodies and antibody-
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secreting cells. Importantly, as these chimeras were generated
using SWygy, Pik3cd®©F mice on a Ragl-deficient background, the
only T cells present in these chimeras derive from the WT BM.
Thus, any autoantibody production observed was independent
of the effects of Pik3cd GOF CD4"* T cells. Self-reactive Pik3cd®°F
SWygy B cells not only evaded self-tolerance checkpoints to ac-
cumulate as IgMM antigen-responsive MZ B cells, but in the
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absence of any immunization, they spontaneously formed IgM*
plasmablasts (Fig. 6, A and B). Furthermore, these cells produced
~100 times more serum anti-HEL IgM than non-self-reactive
Pik3cdS°F SWyg, B cells, and almost 1,000 times more than
self-reactive WT SWygy, B cells (Fig. 6 C). The absence of plas-
mablasts derived from Pik3cd®°F cells in the non-self-reactive
control chimeras indicates that this was self-antigen driven
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Figure 6. Self-reactive Pik3cd GOF B cells spontaneously generate plasmablasts secreting high levels of autoantibody and form GC B cells. BM
chimeras were generated as above. (A and B) Spleens were stained to identify SWye, IgM plasmablasts (IlgM*CD138"). (C) Levels of anti-HEL IgM in the serum
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lower quartiles, and whiskers show the minimum and maximum (n = 15-23 mice per group, combined from nine experiments). Significant differences were
determined using two-way ANOVA. ***, P < 0.001; ****, P < 0.0001. See also Fig. S5.

and not the result of the Pik3cd GOF mutation per se (Fig. 6 B and
Fig. S5). Thus, activated PI3K converted the tolerogen, mHEL3¥,
into an immunogen that triggered plasmablast formation. No-
tably, self-antigen-induced autoantibody secretion was confined
to the IgM isotype (Fig. 6 C and Fig. S5), consistent with the
decreased ability of Pik3cd®°F B cells to undergo class switch
recombination (Avery et al., 2018; Preite et al., 2018; Wray-Dutra
et al., 2018) and the paucity of IgG autoreactive antibodies in
PIK3CD GOF patients (Fig. S1).

Enlarged GCs have been described in some patients with
PIK3CD GOF (Crank et al., 2014; Lucas et al., 2014) as well as in
mouse models of Pik3cdSOF (Preite et al., 2018; Stark et al., 2018;
Wray-Dutra et al,, 2018). Therefore, we assessed whether
Pik3cdSOF B cells were induced to form GCs in response to self-
antigen. Very few GC B cells were generated from WT or
Pik3cdSCF SWygr non-self-reactive B cells or WT SWyg, self-
reactive B cells. However, in stark contrast, self-reactive
Pik3cd®OF SWyg B cells formed significant numbers of GC
B cells (Fig. 6, D and E; and Fig. S5).

To demonstrate that this breach of tolerance is B cell in-
trinsic, and not a consequence of either overactive PI3K in other
immune cells or masking of self-antigen by the high serum anti-
HEL antibody levels present in the mice, we constructed mixed
BM chimeras in which half of the developing self-reactive
SWyer B cells were Pik3cd®°F and half were WT (Fig. S5 D).
Under these circumstances, only the Pik3cd®°F SWyg B cells

Lau et al.
Activated PI3KS breaks B cell tolerance

accumulated as MZ B cells, plasmablasts, and GC cells, estab-
lishing that these defects are indeed B cell intrinsic (Fig. S5,
E-G).

Self-reactive Pik3cd GOF plasmablasts express unmutated Ig V
genes

We next tested if the self-antigen-driven formation of plasma-
blasts and GC cells from Pik3cdS°F SWi;, B cells was accompa-
nied by SHM, a process that normally occurs in the GC and can
give rise to high-affinity B cells (Brink and Phan, 2018). Se-
quencing of the antibody heavy chain variable region from
single sorted cells revealed that the GC B cell population had
undergone considerable SHM (Fig. 7 A). In contrast, the plas-
mablast population lacked somatic mutations and continued to
express germline-unmutated heavy chain variable region genes
(Fig. 7 A). Thus, the autoreactive plasmablasts are likely derived
from B cell activation outside of GCs.

Maintenance of self-tolerance in the GC is independent of
activated PI3K

To determine the role of PI3K signaling in regulating self-
tolerance in the GC, we assessed whether the somatic muta-
tions acquired in the BCR of Pik3cdS©F GC B cells increased their
affinity for HEL®*. Among the mutations present in the antibody
heavy chain variable region of Pik3cdSCF self-reactive GC B cells,
there was a notable absence of the canonical Y53D mutation
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Figure 7. Pik3cd GOF antibody-secreting plasmablasts express un-
mutated antibody variable region genes. Individual Pik3cd®°F self-reactive
plasmablasts (n = 25) and GC (n = 88) cells were sorted from nine different
mice in six different experiments, and then the antibody heavy chain variable
region of each cell was sequenced. (A) Graphs show the number of nucleotide
mutations per cell, the center line shows the median, box limits show the
upper and lower quartiles, and whiskers show the minimum and maximum.
The dashed line shows the mean background rate of mutations detected in
non-GC SWyg B cells. (B) Percentage of mutated GC sequences with the
canonical affinity-increasing mutation at tyrosine (Y) 53 (Y53D) and the
known affinity-decreasing mutations at position serine (S) 52 (S52N and
S52R). (C and D) Cells were stained to identify the level of HEL binding by
surface BCR. (C) Histograms show representative staining. (D) Graphs show
the percentage of SWyg plasmablasts and GC cells that retained the ability to
bind HEL (the center line shows the median, box limits show the upper and
lower quartiles, and whiskers show the minimum and maximum (n = 15-19
mice combined from seven experiments). Significant differences were de-
termined using Mann-Whitney test. ****, P < 0.0001.

(Fig. 7 B) that increases affinity for HEL** by 80-fold and is
recurrently selected when HEL®®X is encountered as a foreign
antigen (Phan et al., 2006). We have previously shown that
Pik3cd®°F SWygy, cells acquire this Y53D affinity-enhancing
mutation at normal rates when responding to immunization
with HEL?* conjugated to sheep RBC, indicating that Pik3cd GOF
does not disrupt affinity maturation to foreign antigens (Avery
et al.,, 2018). Thus, the lack of affinity maturation we observed
here in Pik3cd®°F SWyg;, GC B cells (Fig. 7 B) was specific to cells
responding to self-antigen, rather than a generic defect in af-
finity maturation due to hyperactive PI3K signaling. Instead,
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~30% of Pik3cdCOF self-reactive GC B cells acquired mutations
that dramatically reduce the affinity of the BCR for HEL?X (S52N
and S52R; Fig. 7 B; Burnett et al., 2018; Butt et al., 2015). Again,
this contrasted markedly with the response of Pik3cd®°F SWyg
cells to foreign antigens, where only 10% of cells acquired mu-
tations at S52 (Avery et al., 2018), of which <50% (that is <5% of
total cells) were S52N or S52R mutations (data not shown).
Consistent with this, a large proportion of GC B cells derived
from Pik3cdSOF SWyp; B cells lost the ability to bind HEL (Fig. 7,
C and D). Thus, although introduction of the Pik3cd GOF muta-
tion results in B cell-intrinsic self-antigen-driven GC formation,
once in the GC, there is strong negative selective pressure
against high-affinity self-reactive B cells, as observed for normal
GCs induced by foreign antigen (Burnett et al., 2018; Butt et al.,
2015).

Discussion

Our parallel studies of humans and mice with germline PIK3CD
GOF mutations identified a novel mechanism underlying
B cell-mediated autoimmunity, where a normally tolerizing
signal delivered by low-affinity membrane-bound self-antigens
(e.g., I/i carbohydrate in patients or membrane HEL®*X in mice)
to BCRs on self-reactive B cells is converted into a potent acti-
vating signal by aberrant PI3K pl108 signaling. Consequently,
these B cells are induced to produce large amounts of serum IgM
autoantibody against these antigens as well as form GCs.

To understand this further, we systematically dissected
which tolerance checkpoints are controlled by PI3K signaling.
We saw no evidence of altered development of Pik3cd®CF B cells
in the BM in response to the presence of self-antigen. Further-
more, there were similar decreases in immature self-reactive
splenic B cells irrespective of whether they were WT or Pik3cd
GOF. We did, however, see an increase in the percentage VH4-
34* transitional B cells in patients, suggesting either that PI3K
GOF may alter the deletion of these cells in the BM or enable
increased survival or proliferation of autoreactive transitional
cells in the periphery. Consistent with increased positive se-
lection of autoreactive PI3K GOF B cells, there was a large ex-
pansion of autoreactive B cells at the mature cell stage in the
spleens of Pik3cd®°F mice. Further, self-reactive Pik3cd®CF B cells
bypassed the anergy checkpoint in mature B cells, evidenced by
these cells undergoing spontaneous activation to form GCs and
extrafollicular unmutated plasmablasts.

PI3K has previously been implicated in autoimmunity. In-
deed, expression and/or function of PTEN or SHIPI, phospha-
tases that antagonize the PI3K pathway, are increased in anergic
B cells (Browne et al., 2009; O'Neill et al., 2011; Smith et al.,
2019). Similarly, expression of constitutively active pll0a, de-
letion of PTEN or SHIP], or overexpression of CD19, one of the
B cell coreceptors that recruits and activates PI3K, all disrupt
B cell tolerance (Akerlund et al., 2015; Browne et al., 2009;
Greaves et al.,, 2019; Inaoki et al., 1997; Leung et al., 2013).
However, the break in tolerance we observed here differs in
multiple ways from these previous findings. First, while con-
stitutively active pl10a compromised central tolerance, it did not
result in production of autoantibodies, suggesting either that
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pll0a and pl108 may play different roles in B cell tolerance, or
that differences in signal strength alter these outcomes (Greaves
et al., 2019). Second, while previous studies of PTEN or SHIP1
deficiency or CD19 overexpression in self-reactive B cells
showed heightened production of IgM autoantibodies (Akerlund
et al., 2015; Browne et al., 2009; Inaoki et al., 1997; Leung et al.,
2013; Taylor et al., 2006), when the level of antibody production
was directly compared in the presence and absence of the self-
antigen, the level was the same, suggesting this was spontaneous
antigen-independent antibody production (Browne et al., 2009;
Inaoki et al., 1997; Setz et al., 2019). In contrast, we saw that
antibody production was dramatically increased in the presence
of the self-antigen (Fig. 6 C). Third, in PTEN and SHIP1 defi-
ciency, defective anergy induction could, at least in part, be at-
tributed to the presence of circulating autoantibody, which
blocks availability of self-antigen able to induce anergy in self-
reactive B cells and therefore was not intrinsic to developing
self-reactive cells (Akerlund et al., 2015; Browne et al., 2009).
This markedly contrasts our findings, which unequivocally es-
tablished that the breach in self-tolerance was B cell intrinsic
and limited to B cells carrying the Pik3cdSCF mutation. Lastly,
these previous studies did not report formation of self-reactive
GCs (Browne et al., 2009; Getahun et al., 2016; Taylor et al.,
2006), whereas we saw abundant generation of spontaneous
GCs from Pik3cdCOF B cells. It is not clear whether these differ-
ences reflect a particular effect of p1108 GOF that differs quali-
tatively and quantitatively from other signaling disruptions that
amplify PI3K activation or whether this partially reflects the
difference between the nature of the antigen used in the dif-
ferent studies: high-affinity soluble or membrane versus lower-
affinity membrane-bound antigen. It is interesting to note that
the autoantibodies identified in PIK3CD GOF patients are largely
against antigens that would be repetitive or membrane bound
such as the I/I antigens, collagen, or histones. Thus, PI3K over-
activation may render patients particularly susceptible to
breaches in self-tolerance toward these types of high-avidity
self-antigens.

In addition to the BCR, PI3K is activated downstream of many
receptors that are important mediators of T cell help to B cells,
such as CD40 and IL-21R (Ostiguy et al., 2007; Ren et al., 1994;
Zeng et al., 2007), as well as microbe-sensing TLRs (Durand
et al., 2009). Thus, while self-antigen usually only provides
signal 1, hyperactive PI3K signaling may mimic these other
signals that would normally occur only in B cells recognizing
foreign microbes. In other words, the combination of BCR en-
gagement by self-antigen and cell-intrinsic PI3K GOF signaling
circumvents the need for the requisite second signal to induce
activation, thereby facilitating B cell differentiation in response
to self-antigen alone.

Strikingly, this break in tolerance results in the generation of
both pre-GC plasmablasts and GC B cells, indicating that PI3K is a
critical control point for the differentiation of B cells into both of
these two populations. Once B cells entered the GC, however,
there was selection for B cells expressing BCRs with somatic
mutations that decreased affinity for self, indicating that
strength of PI3K signaling does not control tolerance within the
GC. This clearly delineates the role of PI3K signaling in
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controlling some, but not all, tolerance checkpoints. This raises
the question of what is likely to control immune tolerance
within the GC. It might be expected that PI3K-mediated signals
downstream of CD40 and IL-21R would mimic the provision of
help provided by T cells in the GC; however, clearly these are
insufficient to allow selection of autoreactive cells within the GC
(Ostiguy et al., 2007; Ren et al., 1994; Zeng et al., 2007).

PI3K signaling can also promote B cell survival (Srinivasan
et al., 2009) and thus might be expected to enable survival of
self-reactive GC cells. While this does not appear to be the case, it
might explain how GC B cells that have mutated their BCR, and
consequently no longer bind HEL, continue to survive. This is
reminiscent of the survival of B cells that have lost antigen
binding in Fas-deficient animals (Butt et al., 2015) and fits with
the role of PI3K in protecting against Fas-mediated cell death (Di
Cristofano et al., 1999).

Previous work showed that VH4-34-expressing B cells can
cross-react with commensal bacteria and that responses to these
bacteria may drive autoimmunity (Schickel et al., 2017). Simi-
larly, a recent study of another mouse model of PI3K GOF re-
ported increased B cell responses to commensal bacteria, as well
as the presence of IgG autoantibodies that cross-reacted with
commensal bacteria, and suggested that this cross-reactivity
with bacteria may contribute to the autoimmunity phenomena
observed in these mice (Preite et al., 2018). However, we clearly
demonstrate that a break in B cell self-tolerance does not require
cross-reactivity with foreign antigens, at least for formation of
plasmablasts and GCs. It may be that cross-reactivity with
commensal organisms, as well as the action of other PI3K GOF
cells such as T cells, compounds the effects of the cell-intrinsic
break of tolerance and allows the persistence and selection of
self-reactive GC B cells as well as driving switching to IgG.

Our findings have several important implications. First, this
work predicts that multiple monogenic or polygenic mecha-
nisms that similarly exaggerate PI3K activity could also trigger
autoantibody formation. Hence the findings here encourage
testing of specific PI3K8 inhibitors, currently approved for
treatment of some human B cell malignancies (Fruman et al.,
2017; Hewett et al., 2016) and trialed for treating patients with
PIK3CD GOF mutations (Rao et al., 2017), as potential targeted
therapies for human antibody-mediated autoimmune diseases.
Second, induction of strong PI3K signaling may be beneficial for
vaccine responses where some degree of cross-reactivity with
self needs to be overcome. Thus, it would be predicted that
amplifying PI3K signaling would help initiate immune responses
and recruit B cells into the GC, where they could then be selected
away from self and toward foreign antigens. Third, our findings
resolve the paradox of coexisting clinical features of impaired
humoral immune responses to vaccines and natural infection
and the development of autoantibody-mediated autoimmunity
in patients with PIK3CD GOF mutations. By impairing induction
of AID expression and impeding B cell differentiation to plas-
mablasts, hyperactive pl10§ cripples host defense to foreign
antigens, thereby explaining poor humoral immunity and im-
munological memory in patients with PIK3CD GOF mutations
(Avery et al., 2018). In contrast, by breaking self-tolerance at the
extrafollicular stage of B cell development and activation,
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hyperactive pl108 enables the generation of autoreactive un-
mutated plasmablasts producing self-reactive serum IgM. Col-
lectively, our study has provided key insights into the critical
role of PI3K in humoral immunity and immune regulation, and
how this pathway can both underlie immune pathologies and be
targeted for immune modulation in the setting of autoimmune
disease and vaccination.

Materials and methods

Human blood samples

Buffy coats from healthy donors were purchased from the
Australian Red Cross Blood Service. Peripheral blood and se-
rum samples were collected from patients with PIK3CD GOF
mutations. Approval for this study was obtained from the
human research ethics committees of St. Vincent's Hospital
(Sydney, Australia), Sydney 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; protocol 96-1-0119); informed consent was
obtained from all participants for human experiments in
this study.

Mice

HyHELI10-transgenic (SWyg;) mice have been previously de-
scribed (Phan et al., 2003). Specifically, these SWyg;, mice were
on a CD45.1 congenic (Ptprc®?) background and were homozy-
gous for Ragl deficiency, resulting in all B cells expressing the
HyHELIO BCR, unable to rearrange their Ig variable region
genes (referred to as WT SWyg;). Pik3cdB102°K have been pre-
viously described (Avery et al., 2018). These mice are hetero-
zygous for a G to A base substitution, resulting in a Glu-to-Lys
amino acid substitution in pl10§ at amino acid residue 1020
(i.e., E1020K; corresponding to E1021K in human p1108, the most
common mutation identified in patients with PIK3CD GOF mu-
tations). Pik3cd®1020K mice were crossed with Ragl~/~SWyg; mice
to generate Pik3cdSOF.Ragl/-SWyg, mice (referred to as
Pik3cdSOF SWigy).

HEL3X is a mutated form of the HEL protein, with R21Q, R73E,
and D101R amino acid substitutions (Paus et al., 2006). HEL3X
binds to HyHELIO with an intermediate affinity (equilibrium
association constant, K, = 1.1 x 107 M~). Mice expressing
membrane-bound HEL®*X on the surface of all cells have been
described previously (H3Xtg; Chan et al., 2012).

All mice used in experiments were either generated on a
C57BL/6 background (SWygy, Pik3cdB1020K, HEL3X) or
backcrossed onto a C57BL/6 background >10 times (Ragl~/-,
Ptprc®/2) and bred at Australian BioResources. C57BL/6
mice were purchased from Australian BioResources. Mice
were housed in groups of two to five animals per cage in
specific pathogen-free conditions in the Garvan Institute
Biological Testing Facility. All experiments were approved
by the Garvan Institute-St. Vincent’s Animal Ethics Com-
mittee. All mice were 6-20 wk old at the start of experi-
ments, unless otherwise stated, and were sex-matched
males and females.
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Flow cytometry of human samples

Peripheral blood mononuclear cells (PBMCs) from healthy do-
nors and PIK3CD GOF patients were stained with anti-CD20 FITC
(L27), anti-CD27 PE-Cy7 (M-T271), and anti-CD10 PE (HI10a; all
from BD Biosciences), as well as the anti-idiotype antibody 9G4
(IGM Bioscience), which recognizes unmutated VH4-34 anti-
bodies (Potter et al., 1993). Binding of 9G4 to transitional
(CD20*CD10*CD27-), naive (CD20*CD10-CD27-), or memory
(CD20*CD10-CD27*) B cells was then determined by gating on
these B cell populations.

To detect serum VH4-34 antibodies, serum from healthy
donors or PIK3CD GOF patients was incubated with healthy do-
nor PBMCs for 30 min on ice. Cells were then stained with an-
tibodies against CD20, CD27, and CDIO, as well as the 9G4
monoclonal antibody, and the mean fluorescence intensity (MFI)
of 9G4 staining on transitional B cells was determined.

Sorting human transitional and naive B cells

PBMCs from healthy donors and PIK3CD GOF patients were la-
beled with antibodies against CD20, CD27, and CD10 as above.
Transitional (CD20*CD10*CD27-) or naive (CD20*CD10-CD27-)
B cells were then sorted using a FACSAria III (Becton Dickinson;
Avery et al., 2018). Purity of the recovered populations was
>98%.

Sequencing of human IgM

Amplification of BCR transcripts

IgM transcripts from flow-sorted transitional and naive B cells
from six PIK3CD GOF patients and nine healthy donors were
subjected to massively parallel sequencing. IgM transcripts were
amplified, barcoded, pooled, and sequenced on the Hlumina
MiSeq 2 x 300 bp platform as previously reported (Wang et al.,
2018).

Analysis of IGHV usage in BCR repertoires

IGH amplicon libraries were de-multiplexed by matching to
index sequence. Paired-end reads were merged using FLASH
(Mago¢ and Salzberg, 2011). IGHV and constant region primers
were trimmed from the sequences, and any sequence lacking an
exact full-length primer match was discarded from the analysis.
Trimmed sequences were processed using standalone IgBLAST
(Ye et al,, 2013) with the IMGT germline reference (Lefranc
et al., 2015) to determine the gene segment usage of each tran-
script. IgM amplicons were confirmed by the presence of the
expected IgM CHI exon sequence. IGHV usage frequencies for
each subject were calculated for productive B cell lineages,
where lineages were inferred from single-linkage clustering at a
90% identity threshold of the CDR3 nucleotide sequences from
IGH rearrangements that used the same IGHV and IGHJ genes
(excluding allele) and shared the same CDR3 length (Fu et al.,
2012).

Autoantibody arrays

Screening for a broad panel of IgG and IgM autoantibodies was
performed using autoantibody arrays (University of Texas
Southwestern Medical Center, Genomic and Microarray Core
Facility) as described (Li et al., 2007). Briefly, diluted sera were
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incubated in duplicate with the autoantigen array, and the au-
toantibodies binding to antigens were detected with Cy3 and Cy5
fluorescently labeled anti-human Ig antibodies (IgG and IgM)
generating TIFF images. Genepix Pro 6.0 software was used to
analyze the image. Net fluorescence intensity (defined as the
spot minus background fluorescence intensity) data obtained
from duplicate spots were averaged. Signal-to-noise ratio was
used as a quantitative measure of the ability to resolve true
signal from background noise, and a signal-to-noise ratio =3 was
considered a true signal from background noise.

Data were normalized as follows: Ig-positive controls (IgG or
IgM) across all samples were averaged, and positive controls in
each sample were divided by the averaged positive control,
generating a normalization factor for each sample. Each signal
was then multiplied by the normalization factor for each block
(sample). Values from negative control samples for each antigen
were averaged, and ratios were calculated between each sample
and the average of negative controls plus two SDs, with values >1
considered positive (Kalantari-Dehaghi et al., 2013). A heatmap
of the ratio values was generated using Multi experiment viewer
software (Saeed et al., 2003; MeV, Dana-Farber Cancer Institute,
Boston, MA), and values were coded as follows: 0, blue; 1, black;
5, yellow. Sera from two patients with SLE were used as positive
controls.

Generation of murine BM chimeras

Non-self-reactive and self-reactive BM chimeras were pre-
pared as described (Burnett et al., 2018). Briefly, recipient
C57BL/6 or H3Xtg mice (both CD45.2* congenic) were given
total body irradiation (2x 475 cGy, 6 h apart) using an XRAD
320 Biological Irradiator (Precision X-Ray). After the second
dosage, they were reconstituted with 2.5 x 10® BM cells har-
vested from the femurs and tibias of age- and sex-matched
donor mice. BM cells were transferred intravenously in an
80:20 ratio of CD45.1*SWygy:CD45.2* cells of the following
combinations: WT-SWyg;, Ragl~/~(CD45.1*): C57BL/6(CD45.2")
into C57BL/6 recipients, Pik3cd®°F.SWyg; Ragl/~(CD45.1%):
C57BL/6(CD45.2*) into C57BL/6 recipients, WT-SWygy
Ragl~/-(CD45.1*):H3Xtg(CD45.2*) into H3Xtg recipients, and
Pik3cdSOF.SWygy Ragl~/~(CD45.1*):H3Xtg (CD45.2*) into H3Xtg
recipients. Mice were allowed to reconstitute for 8-15 wk in
the same cage groups.

Flow cytometry of BM chimeric mice

BM, spleens, and sera of the BM chimeras were harvested 8-15
wk after reconstitution. Single-cell suspensions of the BM and
spleen were prepared and stained with antibodies for flow
cytometry. HEL-binding cells were detected by staining cells
with HEL (Sigma-Aldrich), followed by secondary staining
with HyHEL9 (University of California San Francisco Mono-
clonal Antibody Core) conjugated to Alexa Fluor 647 (In-
vitrogen; Brink et al., 2015), along with other relevant
antibodies. Data were acquired on the LSRII Fortessa (BD
Biosciences). Analysis was conducted using FlowJo software
(Tree Star). All data are representative of five or more ex-
periments, with n = 2-3 of each chimera combination per
experiment.
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The following antibodies were purchased from BD Bio-
sciences: anti-CD43 PE (S7), anti-CD45.2 BUV395 (104), anti-
CD45R/B220 BV786, anti-CD19 BV510 (1D3), anti-CD95 PE (Jo2),
biotinylated anti-CD138 (281-2), anti-CD16/CD32 Fc block
(2.4G2), anti-IgM PE (AF6-78), biotinylated anti-IgM (AF6-78),
and streptavidin-BV711. The following were purchased from
eBioscience: anti-CD23 PeCy7 (B3B4) and anti-CD93 PE (AA4.1).
The following were purchased from Biolegend: anti-IgD APC-
Cy7 (11-26c.2a), anti-CD24 PB (M1/69), anti-CD38 PE-Cy7 (90),
anti-CD86 BV650 (GL-1), anti-CD93 PerCP-Cy5.5 (AA4.1), and
anti-CD21/35 PB (7E9). The following was purchased from In-
vitrogen: anti-CD45.1 FITC (A20). HELWT was purchased from
Sigma-Aldrich.

ELISA

Serum concentrations of HEL-specific IgM, IgGl, IgG2a, IgG2b,
and IgG3 antibodies were determined using ELISA, as described
(Brink et al., 2015). 96-well ELISA plates (Nunc) were coated
with HELWT overnight. Plates were then incubated with serum
samples. Serum Igs bound to the plates were quantified using
biotinylated IgH chain isotype-specific antibodies, followed by
incubation with streptavidin-alkaline phosphatase (Amersham).
Plates were then developed using p-nitrophenyl phosphate
substrate. Ig levels for each class were quantified with HyHEL10
standards. All data are representative of seven or more experi-
ments, with n = 2-3 of each chimera combination per
experiment.

The following antibodies were purchased from BD Bio-
sciences: biotinylated anti-IgGl (A85-1), biotinylated anti-IgG2a
[b] (5.7), biotinylated anti-IgG2b (RMG2b-1), and biotinylated
anti-IgG3 (R40-82). The following was purchased from Jackson
ImmunoResearch: biotinylated anti-IgM.

In vitro stimulation

Fresh spleen cell preparations from BM chimeric mice under-
went RBC lysis and were cultured for 18 h at 37°C in B cell media
(RPMI-1640 [Invitrogen], 10% FBS [GE Healthcare], 5.5 x 107> M
2-mercaptoethanol [Sigma-Aldrich], 10 mM Hepes [Gibco],
100 pg/ml normocin [InvivoGen], 1 mM sodium pyruvate
[Gibco], 100 U/ml penicillin [Thermo Fisher Scientific|, and
MEM nonessential amino acids [Sigma-Aldrich]), alone or with
HELWT (200 ng/ml). Cells were then harvested and stained
to detect surface CD86 expression on SWygy cells by flow
cytometry.

SWye, BCR sequencing

Cell suspensions were prepared as for flow cytometric analysis.
SWyeL GC cells, plasmablasts (Fig. 4), and non-GC cells
(Fas'°CD38M) from Pik3cdS°F.SWyg Ragl/—:H3Xtg chimeras
were single-cell sorted into 96-well plates (Thermo Fisher Sci-
entific) using a FACSArialll (BD Biosciences). Each well con-
tained 10x Taq Buffer (Invitrogen), 10 mg/ml proteinase K
(Promega), 10% Tween-20, 10 mM Na,EDTA, and distilled H,0
(Baxter) in a total volume of 10 pl. Proteinase K digestion was
performed by heating plates to 56°C for 40 min, followed by 95°C
for 8 min. PCR was then performed with Taqg DNA polymerase
(Invitrogen) and deoxyribonucleotide triphosphates (Sigma-
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Aldrich). For primary PCR, HyHELIO primary forward and re-
verse sequencing primers were used. Primary PCR conditions
were as follows: 94°C for 3 min, followed by 34 cycles of 95°C for
15 s, 55°C for 1 min, and 72°C for 1 min. A 1:10 dilution of the
primary PCR product was then transferred into a fresh 96-well
plate for secondary PCR. For secondary PCR, HyHELIO second-
ary forward and reverse sequencing primers were used. Sec-
ondary PCR conditions were as follows: 94°C for 3 min, followed
by 35 cycles of 95°C for 15 s, 62°C for 40 s, and 72°C for 1 min.
PCR product purity was determined using SYBR Safe DNA gel
staining (Thermo Fisher Scientific). Sanger sequencing was
performed by Genewiz.

Quantification and statistical analysis

The exact values of n indicating the total number of human
samples or animals per group, as well as the definition of center,
dispersion, and precision measures are indicated in each figure
and figure legend. Significant differences were determined us-
ing Prism (GraphPad Software). For comparisons between two
groups, significant differences were determined by Mann-
Whitney or two-tailed t test (Figs. 1, 2, and 7). For multiple
comparisons, two-way ANOVA was used (Figs. 3, 4, 5, and 6).
Asterisks indicate statistical significance (¥, P < 0.05; **, P < 0.0;
*% P < 0.00L; ****, P < 0.0001). Significant differences for each
antigen between healthy donors and patients carrying the
PIK3CD GOF mutation were determined using the significance
analysis for microarrays test with a false discovery rate of 3%.

Online supplemental material

Fig. S1 shows the binding of both human IgM and IgG serum
antibodies to the entire autoantigen array. Fig. S2 shows the
IGHV gene segment usage in B cell clonal lineages from the
transitional and naive compartments of healthy donors and
PIK3CD GOF patients. Fig. S3 shows gating in the spleen for
SWypy, cells, gating and percentages of transitional cells, abso-
lute numbers of SWy; populations in the spleen, and CD1d
expression on SWyg, cells. Fig. S4 shows IgD expression and
HEL binding of SWyg, cells. Fig. S5 shows levels of serum anti-
HEL IgG isotypes and mixed BM chimeras.
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Figure S1. Autoantibodies in serum of PIK3CD GOF patients. (A and B) Heatmap showing relative binding of serum IgM (A) and 1gG (B) from healthy
controls (Ctrl; n = 2), PIK3CD GOF (n = 12), and SLE (n = 2) patients to a full array of different self-antigens. dsDNA, double-stranded DNA.
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Figure S2. BCRs using the autoreactive IGHV4-34 heavy chain are enriched in the IgM repertoire of PIK3CD GOF patients. IGHV gene segment usage in
B cell clonal lineages from the transitional and naive compartments of healthy donors (black; n = 8-9) and PIK3CD GOF patients (yellow; n = 6). Points show
mean IGHV segment usage in transitional (top panel) or naive (bottom panel) B cells. Lines extending from points indicate the minimum and maximum uti-
lization for each IGHV gene segment within each group. IGHV genes on the x axis are ordered for their chromosomal position in the IGH locus from IGH/ distal to
proximal (left to right), with unmapped genes on the left. Significant decreases were found in the usage of IGHV3-23 (shown in green) in patients (transitional
adjusted P = 2.13 x 1077; naive adjusted P = 0.0221; ANOVA Tukey honest significant difference post-test).
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Figure S3. Flow cytometry and gating of splenic B cell populations. Spleens were harvested from BM chimeras as in Fig. 4. (A and B) Representative
staining and gating is shown for CD45.1*CD19* cells showing gating for HEL binders (A) and for HEL binders showing gating of transitional (CD93*) B cells for T1
(CD237) and T2/T3 (CD23*) subsets (B). (C) Percentages of total transitional and each transitional population. The center line shows the median, box limits
show the upper and lower quartiles, and whiskers show the minimum and maximum (n = 8-9 combined from five experiments). (D) Absolute numbers of
different populations. The center line shows the median, box limits show the upper and lower quartiles, and whiskers show the minimum and maximum (n =
8-17 combined from five to eight experiments). (E) CD1d expression on different mature B cell populations, with representative staining from four different
experiments. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S4. Antigen receptor expression on self-reactive B cells. (A) Expression of IgD on transitional, follicular, and MZ SW/g, cells. Values are expressed
relative to IgD expression on WT CD45.2* follicular cells. (B) HEL binding of SWyg_ cells. Values are shown relative to HEL binding of WT SWyg cells in a
non-self-reactive environment. Each point represents a different mouse, and bars show means (n = 8-9 combined from five experiments). N.D., not done, as

insufficient numbers of MZ cells were generated to be confidently analyzed. *,
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P < 0.05; **, P < 0.01; ***, P < 0.00L; ****, P < 0.0001.
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Figure S5. Serum Ig levels and GC and plasmablast formation in chimeric mice. (A) Serum levels of HEL-specific 1gG1, IgG2a, IgG2b, and IgG3 in the
indicated BM chimeric mice (the center line shows the median, box limits show the upper and lower quartiles, and whiskers show the minimum and maximum;
n = 15-20 per group combined from nine different chimera harvests). (B and C) Plasmablasts (IgM*CD138"; B) and GC B cells (CD38'°Fas"; C) were identified in
spleens of non-self-reactive chimeras. (D) Mixed BM chimeras were prepared with a 40:40:20 mix of CD451*WT.SWyg Ragl™/~:CD45.1*CD45.2*
Pik3cdS°FSWyg Ragl~/~:CD45.2* recipient-matched BM into WT (non-self-reactive) or HEL-3x transgenic (self-reactive) recipients. Spleens were harvested
from mice 8-9 wk after reconstitution. (E) The numbers of transitional (CD93+*) and mature (CD93~) HEL-binding B cells of each genotype were enumerated. (F
and G) Numbers of mature follicular (CD23"CD21'°) and MZ (CD21MCD23%) B cells (F) and plasmablasts (IlgM*CD138") and GC (Fas*CD38") B cells (G) were
then determined. (E-G) Each point represents an individual mouse combined from two different chimera harvests, and bars show means. Significant dif-
ferences were determined using two-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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