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Abstract

Gain-of-function mutations in phosphoinositide 3-kinase p1106 (PI3K$) result in a human
primary immunodeficiency characterized by lymphoproliferation, respiratory infections and
inefficient vaccine responses. However, what promotes these immune disturbances at the cellular
and molecular level remains unknown. We describe a mouse model that recapitulates major
features of this disease and use this model and patient samples to probe how hyperactive PI3K§
fosters aberrant humoral immunity. We found that mutant PI3K6 led to ICOS-independent
increases in T follicular helper (Try) and germinal center (GC) B cells, disorganized GCs, and
poor class-switched antigen-specific responses to immunization, associated with altered regulation
of FOXO1 and BCL-2 family members. Notably, aberrant responses were accompanied by
increased reactivity to gut bacteria, and a broad increase in autoantibodies that were dependent on
commensal microbial stimulation. Our findings suggest that proper PI3K5 regulation is critical for
ensuring optimal host-protective humoral immunity despite tonic stimulation from the commensal
microbiome.

Introduction

p1108, a catalytic subunit of phosphoinositide 3-kinase (P13K) expressed primarily in
hematopoietic cells, is activated by cytokine, antigen and costimulatory receptors, and
coordinates signaling involved in T and B cell activation and differentiation®. Patients with
gain-of-function point-mutations in p1106 exhibit a primary immunodeficiency called
PASLI (p1108-activating mutation causing senescent T cells, lymphadenopathy and
immunodeficiency) or APDS (activated-PI13K6 syndrome), characterized by lymphopenia,
lymphoproliferation, recurrent respiratory infections and mucosal lymphoid follicles.
Patients display increased effector and reduced naive T cells, enlarged germinal centers
(GCs), fewer class-switched memory B cells, and impaired antibody responses to
vaccination24. However, cellular and molecular events contributing to these phenotypes
remain to be characterized.

Clues to how altered PI3KS§ activity might disrupt antibody responses come from work
demonstrating that T and B cells intimately co-operate in antigen-driven antibody responses
via generation of GCs, specialized microenvironments for immunoglobulin class switching,
affinity maturation, and development of memory B and long-lived plasma cells®. GCs also
help maintain tolerance through elimination of self-reactive clones®. CD4* T follicular
helper (Tgy) cells provide essential signals for GC formation and maintenance, as well as for
survival and selection of B cells producing high-affinity antibodies’+® and deletion of
potentially auto-reactive B cells®. Tgy cells express the chemokine receptor CXCR5,
inhibitory receptor PD-1, costimulatory molecule ICOS and transcription factor BCL-610. In
activated T cells, ICOS potently activates PI3KS8, leading to inactivation of FOXO1, a
transcriptional repressor of Bc/6t112, In B cells, PI3KS is critical for survival, proliferation
and differentiation, via integration of signals from the B cell antigen-receptor (BCR), CD19,
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BAFF-R, CD40, cytokines and Toll-like-receptors (TLRs)3. Notably, mice with abrogated
PI3K$ activity have defective Tgy and GC formation41, demonstrating important roles for
PI3K5 in GC reactions. Furthermore, a proportion of PASLI/APDS patients display
autoantibodies and autoimmune-mediated organ damage* 16, suggesting that regulation of
PI3KS5 activity is also important for limiting self-reactivity. These findings raise the
possibility that GCs may be a major site of aberrant behavior by lymphocytes expressing
mutant PI3KS.

Here, we report a mouse model of PASLI/APDS (Pik3caF1020K* mice) and use this model
to study how overactive PI13K5 affects humoral responses, focusing on GCs. We found that
PI3K&E1020K Jeq to exaggerated production of Tgy cells and GCs, associated with
lymphocyte hypereactivity, altered regulation of FOXO1 and BCL-2 family member and
increased B cell survival. Nonetheless, Pik3caF1920K/* mice displayed a diminished capacity
for robust class-switched antigen-specific antibodies to immunization, despite augmented
anti-self and anti-commensal responses. Importantly, antibiotic treatment of Pjk3caF1020K/*
mice revealed a requirement for commensal stimulation in the generation of hyperactivated
immunophenotypes. Our results suggest that tight regulation of PI3K§ activity is critical to
constrain tonic activation induced by the commensal microbiome while facilitating
protective immune responses.

PASLI/APDS patients display increased blood Tgy cells

Circulating Try (CTrp) cells are increased after immunization and in autoimmune
conditions and reflect bona fide Tg cells residing in secondary lymphoid organs!’. Despite
impaired antigen-specific responses to vaccination?3, we found increased frequencies of
CD4*CD45RA—CD25—CXCR5* cTgy cells in PASLI/APDS patients compared to healthy
donors (HD) (Fig. 1a). Patient cTgy cells also exhibited elevated PD-1 (Fig. 1b), which is
associated with enhanced effector phenotypes and ongoing GC reactions!®. Furthermore,
patients exhibited increased percentages of CXCR3* Tgy cells (Fig. 1c), consistent with a
bias towards Trw1 cells, which do not effectively help naive B cells in vitro'”. Thus, PASLI/
APDS patients show altered homeostasis of effector CD4™ T cell populations that influence
humoral responses.

Pik3cdE1020K/* mice recapitulate features of PASLI/APDS

To explore the impact of hyperactivated PI3K& on immune responses, we generated a mouse
model expressing p1108E1020K corresponding to the most common gain-of-function mutant
(E1021K) in PASLI/APDS patients?# (Supplementary Fig. 1a). Heterozygous
Pik3cdE1020K* mice recapitulated many features of PASLI/APDS, including reduced
circulating white blood cells (Fig. 2a), lymphadenopathy (Supplementary Fig. 1b) and
increased splenic cellularity (Fig. 2b)24.

The most common clinical phenotype of PASLI/APDS patients is recurrent respiratory
infections, often associated with lung and tracheal mucosal nodules*16. Additionally, ~30%
of the patients display enteropathy with gastrointestinal nodular mucosal lymphoid
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hyperplasia*16. We found evidence of similar perivascular and peribronchiolar lymphoid
aggregates in the lungs (Fig. 2c, left), and increased isolated lymphoid follicles (ILFs) in the
small intestines of mutant mice (Fig. 2c, right). These similarities suggest that
Pik3caF1020KI* mice provide a useful tool to dissect cellular and molecular mechanisms
contributing to the human disease.

To evaluate how PI3KS§ specifically affects lymphocytes, we examined T- and B-cell
populations. Despite comparable frequencies of CD4* T cells, we found reduced naive and
increased activated CD4* T cell percentages in spleens and peripheral lymph nodes (pLN) of
mutant mice (Fig. 2d and Supplementary Table 1), similar to patients’ blood?4. These
phenotypes became more pronounced over time (Supplementary Table 1); by one year of
age, Pik3caF1020K* mice had virtually no CD62L*CD44!° naive CD4* T cells
(Supplementary Fig. 1c).

A partial block of B cell development is seen in PASLI/APDS patients, with increased
circulating transitional CD20*CD10* B cells*19. Although frequencies of splenic B cells
were comparable to wild-type (Supplementary Table 1), mutant mice had higher numbers
and altered populations of CD93™ transitional B cells, including more T1 cells, consistent
with a partial developmental block (Supplementary Fig. 1d). Additionally, mutant mice had
altered expression of surface-1IgM and IgD, reduced follicular (FO), and expanded marginal
zone (MZ) B cells (Supplementary Fig. 1e,f), supporting a role for PI3K$ in driving MZ B
cell differentiation20. Finally, mutant mice exhibited increased peritoneal B-1a B cells
(Supplementary Fig. 1g,h), a self-reactive/innate-like population?!. Therefore,
Pik3caF1020KI* mice develop T and B cells, but exhibit alterations in lymphocyte activation
and homeostasis, as seen in patients.

Elevated lymphocyte activation in Pik3cdE1020K/* mice

Consistent with observations in patients’ blood, we found increased PD-1*CXCR5*CD4* T
cells in the spleens of Pik3caF1020K/* mice (Fig. 2e). These included both Foxp3— Tgy and
Foxp3* regulatory T follicular helper (Tgg) cells (Fig. 2f), yet the T TEg ratio remained
comparable to wild-type (Supplementary Table 1). Both BCL-6!° pre-Tg and BCL-6" GC-
Trn cells were expanded (Supplementary Fig. 2a). Furthermore, although 2-month-old
mutant mice exhibited relatively normal pLN Tgy cell numbers, the percentage and number
of these cells increased in both LNs and spleens as mice aged (Supplementary Fig. 2b and
Supplementary Table 1). By one year, the majority of CD4* T cells expressed abundant
PD-1, ICOS and CXCRS5 (Supplementary Fig. 2c).

In parallel, we detected marked increases in GC B cells in both LNs and spleens, as well as
splenic CD138" plasma cells in mutant mice (Fig. 2g,h and Supplementary Fig. 2d).
Consistent with time-dependent increases in lymphocyte activation, these phenotypes
became more pronounced with age, together with a reduction of IgD* naive B cells
(Supplementary Fig. 2d,e and Supplementary Table 1). Accordingly, we observed increased
serum IgM and IgG in mutant mice (Fig. 2i). Elevated serum IgM is also seen in PASLI/
APDS patients, although 1gG concentrations are variable2. Thus, like patients,
Pik3cdF1020K* mice display expanded activated lymphocyte populations associated with
increased antibody production.
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Defective T-dependent humoral responses

To explore the effect of activated PI3K6 on antigen-induced humoral responses, we
immunized mice subcutaneously with the T-dependent antigen, 4-Hydroxy-3-
nitrophenylacetyl-ovalbumin (NP-OVA) in alum. Mice were immunized at 2 months, when
the frequency of Ty cells was relatively normal, or at 4 months of age, when mutant mice
exhibited increased Ty and GC B cells, similar to the patients. As expected after
immunization, Tgy and GC B cells expanded in the draining LN (dLN) compared to the
resting LN (rLN) in both age groups of wild-type mice (Fig. 3a and Supplementary Fig. 3a).
Similarly, Tey and GC B cells increased after immunization in young (2-month-old) mutant
mice (Supplementary Fig. 3a). In contrast, immunization did not increase the frequency of
Try and GC B cells in the dLN of 4-month-old mutant mice (Fig. 3a). Furthermore, while
mutant baseline rLNs had greater cellularity than wild-type rLNSs, after immunization,
mutant dLNs had comparable, or even lower cell numbers, than wild-type dLNs
(Supplementary Fig. 3b).

Despite increased frequencies of GC B cells in mutant mice, the percentages and numbers of
antigen-binding (NP*) GC B cells were lower, so that the ratio of NP* antigen-specific to
NP—GC B cells were substantially reduced in these animals (Fig. 3b,c and Supplementary
Fig. 3c). MFIs of NP-binding cells were also lower, which may reflect lower surface BCR
levels on mutant cells (Fig. 3b). These phenotypes became even pronounced by 1 year of
age, when many mutant mice had very few NP-specific GC B cells post-immunization
(Supplementary Fig. 3d). However, decreased ratios of NP* to NP— GC B cells were also
observed in 2-month-old mutant mice (Supplementary Fig. 3e), suggesting that these
observations were not solely the result of increased GCs preventing new antigen-specific
responses. Within the NP* GC B cell compartment, we found reduced percentages of IgG1*
cells, indicating impaired class switching in mutant mice (Fig. 3d).

Analyses of serum antibody concentrations revealed a wide range of NP-specific IgM in
Pik3cdF1020K* mice that overlapped with that seen in wild-type (Fig. 3e). However,
consistent with impaired class-switching, NP-specific 1gG1 was significantly reduced (Fig.
3f), despite mutant mice having higher total serum 1gG1, likely as a result of increased
activated B and plasma cells (Supplementary Fig. 3f). Nonetheless, ratios between serum
high-affinity anti-NP,4 and total anti-NP5g antibodies, which are often used to evaluate
affinity maturation2, were comparable between wild-type and mutants (Fig. 3f). Thus,
Pik3cdF1020K* mice exhibited marked alterations in humoral immunity, characterized by
increased basal GC formation, but defects in the magnitude of class-switched antigen-
specific antibody responses.

Hyperactivated-PI3KS& results in disorganized GCs

To provide further insight into the nature of these defects, we used high-dimensional
immunofluorescence confocal microscopy to evaluate the structure and organization of GCs
(Fig. 3g). To model the immune activation observed in patients, 4-month-old mice were
evaluated, both at steady state and after immunization. In line with our flow analyses, wild-
type rLNs had very few, poorly-formed GCs within the follicular dendritic cell (FDC)
networks (Fig. 3g, 1); however, post-immunization, we observed increased generation of
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GCs, as marked by BCL-6" cells in the dLN (Fig. 3g, I1). In marked contrast, the rLNs of
mutant mice already had expanded GC areas that filled the FDC networks (Fig. 3g, I1).
Collectively, almost all FDC areas were occupied with BCL-6* GCs in the dLN of both
wild-type and mutants, but strikingly also in rLN of mutant mice (Supplementary Fig. 3g).

Enlargement of a representative wild-type GC permitted the identification of the dark zone
(DZ), which was enriched with highly-packed BCL-6* GC B cells, and the light zone (LZ),
which was demarcated by CD35* FDCs and included the bulk of PD-1*CD4* Tgy cells
(Fig. 3g, I, middle and bottom). Although sizes of mutant dLN GCs were variable
(Supplementary Fig. 3h), mutant GCs from both rLN and dLN showed altered organization
with increased Ty cells invading the DZ (Fig. 3g, 111-1V, middle and bottom). These
findings were confirmed by histo-cytometric analyses quantitating Tgw cells per DZ area
(Supplementary Fig. 3i-k). Flow cytometry further showed a reduction of DZ, and increase
in LZ NP* GC B cells in mutants, as identified by CXCR4 and CD86 expression23
(Supplementary Fig. 3I). Increased percentages of Foxp3* regulatory T (Treg) and Tg cells
were also observed in mutant mice (Fig. 3g, I11-1V), as confirmed by flow cytometry
(Supplementary Fig. 3m); however, Tgg cells were seen at the T/B cell border and within the
B cell follicles in both wild-type and mutants, consistent with a recent study?4. Thus,
Pik3caF1020K/* mice exhibit disorganized GCs with extensive Tgy cell infiltration in the DZ
and poor demarcation of LZ and DZ areas, indicative of a dysregulated immune response.

Increased Tgy cell differentiation is T cell intrinsic

The formation of GCs involves intimate interactions and crosstalk between both antigen-
specific Tey and B cells. To probe distinct cellular contributions to these altered humoral
phenotypes, we transferred naive wild-type or mutant OVA-specific TCR-transgenic OT-II
cells into wild-type hosts, which were then immunized i.p. with NP-OVA (Fig. 4a). Eight
days post-immunization, wild-type and mutant OT-11 cells had expanded comparably (Fig.
4b) and were homogeneously CD44M (Supplementary Fig. 4a). However, a higher
percentage of the mutant OT-11 cells acquired Ty cell markers, (Fig. 4c), including markers
of both pre-Tgy and GC-Tgy cells (Supplementary Fig. 4b). Notably, Pik3caF1020K/+ T,
cells produced interleukin 21 (IL-21) and provided in vitro B cell help similar to their wild-
type counterparts (Supplementary Fig. 4c,d), consistent with normal function. Thus,
Pik3caF1020K/* drives a cell-intrinsic expansion of Tgy cells.

ICOS-independent generation of Tgy cells

ICOS is a critical receptor that activates PI3K& and is essential for Tgy cell differentiationl.
Since p1108F1020K js constitutively active, we hypothesized it may bypass requirements for
ICOS:ICOS-L interactions for Tgy cell development. To test this, we transferred naive wild-
type or mutant OT-I1 cells into wild-type mice, which were then immunized and treated with
a blocking-antibody for ICOS-L (Fig. 4d). Anti-ICOS-L treatment decreased wild-type OT-
Il Ten cells, but failed to effectively block mutant OT-11 Ty cell differentiation (Fig. 4e),
despite reducing endogenous wild-type Tg cells in the same mice (Supplementary Fig. 4e).
Furthermore, although anti-ICOS-L treatment reduced both Tgy and GC B cells in intact
wild-type mice, neither population was abrogated in the mutants (Supplementary Fig. 4f-h).
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Thus, activated PI13K8& overcame requirements for ICOS-1COS-L interaction for Tgy cell
differentiation and maintenance.

In vitro stimulation of naive OT-I1 cells with OVA3,_339 revealed augmented induction of
activation markers on mutant cells, suggesting an increased sensitivity to stimulation
(Supplementary Fig. 4i). Similarly, we observed enhanced PI3K&-dependent TCR plus
CD28-induced phosphorylation of AKT and S6, two downstream readouts of PI3K activity,
as seen in patients’ cells2~4 (Fig. 4f). Activated p-AKT phosphorylates FOXO transcription
factors, leading to their sequestration outside of the nucleus and subsequent degradation?®.
Intriguingly, in the absence of FOXO1, Tgy cells are also generated independently of
ICOS!L. To evaluate FOXO1, T cells were activated 77 vitroto induce 1COS expression,
rested, and restimulated with anti-ICOS. After activation /n7 vitro, wild-type CD4* T cells
showed a clear population of cells staining for p-FOXO1, which increased further upon
ICOS restimulation (Fig. 4g). In contrast, Pik3caF1020K/* T cells exhibited abundant p-
FOXO1 even prior to ICOS restimulation (Fig. 4g). Furthermore, expression of FOXOQ1AAA,
an AKT-resistant mutant of FOX0126, decreased percentages of mutant Tgy cells generated
in vivoto levels similar to wild-type (Fig. 4h), in addition to reducing overall T cell
accumulation, as previously reported!! (data not shown). Thus, expression of activated
P13K5 bypassed the need for ICOS to phosphorylate and inactivate FOXQO1, an inhibitor of
Ty cell differentiation.

Increased GC B and plasma cells, yet reduced antigen-specific responses

Despite increased Tgy cell differentiation, transfer of Pik3caF1020K/* OT-11 cells into wild-
type hosts was not sufficient to generate greater numbers of GC B cells, at least within the
time frame examined (Supplementary Fig. 4j). To investigate B cell-intrinsic roles of
activated PI3K§, we transferred naive wild-type and Pik3caF1020K* Hen-egg-lysozyme
(HEL)-specific BCR transgenic MD4 B cells, together with naive wild-type OT-II cells, into
wild-type mice which were then immunized with HEL-OVA323_339 (Fig. 5a)22. Eight days
post immunization, wild-type OT-11 cells behaved similarly in the presence of either wild-
type or mutant MD4 B cells (Supplementary Fig. 5a). However, mutant MD4 B cells
expanded more (Fig. 5b), and displayed greater differentiation into GC B cells compared to
wild-type MD4 B cells (Fig. 5¢), demonstrating cell-intrinsic phenotypes.

To evaluate antigen-specific responses, we transferred wild-type or Pik3caF1020K/* naive
polyclonal B cells, together with naive wild-type OT-II cells, into MD4 wild-type hosts
which were then immunized with NP-OVA (Supplementary Fig. 5b). In this setting, only the
transferred polyclonal B cells can respond to the immunogen. Again, we observed increased
expansion of mutant B cells (Supplementary Fig. 5c), as well as increased numbers of GC B
cells and splenic plasma cells (Supplementary Fig. 5d,e). Nonetheless, the percentage of NP
* GC B cells, as well as the ratios between numbers of NP* and NP— GC B cells were
reduced for the transferred mutant B cells (Supplementary Fig. 5f).

In vitro stimulation of mutant follicular MD4-B cells with HEL revealed heightened
induction of activation markers, suggesting lower thresholds of activation (Supplementary
Fig. 5g). We also observed higher proliferation and BrdU incorporation in mutant follicular
B cells in response to multiple stimuli /n7 vitro, consistent with B cell-intrinsic effects of
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PI3K&E1020K (Fig. 5d,e). Additionally, /n vitro activation of mutant B cells led to increased
plasma cell differentiation (Fig 5f, left and Supplementary Fig. 5h), and reduced IgG1
switching (Fig 5f, right), both of which occurred primarily in cells that had undergone
extensive proliferation, as in wild-type cultures. These phenotypes paralleled findings /n
vivo and could be reversed by a selective PI3KS inhibitor (Fig. 5g). Together, these data
argue that PI3K8E1020K causes B cell intrinsic increases in GC B and plasma cell outgrowth,
yet impaired B cell capacity for class-switched antigen-specific responses.

results in reduced GC B cell death

In GCs, B cells undergo high rates of cell death, resulting in the culling of low-affinity and
non-antigen-specific B cells that is required to generate proper antigen-specific antibody
responses®. In contrast, ex vivo Pik3caF1020K+ GC B cells exhibited increased percentages
of live GC B cells, and decreased cells staining for activated caspase-3 compared to wild-
type (Fig. 5h,i). This increased survival appeared to be B-cell intrinsic, as mixed-bone
marrow chimeras of wild-type and mutant cells revealed increased percentages of GC B
cells, as well as live cells within the mutant GC B cell compartment (Supplementary Fig.
5i,j). Although differences in /n vitro steady state survival of unstimulated naive follicular B
cells were not observed (Supplementary Fig. 5k), multiple stimuli, including anti-lgM and
lipopolysaccharide (LPS), increased the percentages of live mutant proliferating cells
(Supplementary Fig. 5I). Moreover, 1L-4 increased mutant B cell survival relative to wild-
type, even in the absence of proliferation (Supplementary Fig. 5m). In contrast, BAFF did
not increase survival in the mutant, but consistently led to B cell proliferation, which was not
observed in wild-type cells (Supplementary Fig. 5m). Treatment with a selective PI3K§
inhibitor reduced both B cell proliferation and viability /n vitro (Supplementary Fig. 5n),
directly implicating activated PI3K5 in these phenotypes. Thus, PI3K&E1020K hoth increased
survival and proliferation of activated B cells.

FOXO proteins transcriptionally activate pro-apoptotic genes such as Bc/2/11, encoding the
BCL-2 family member BIM27. As in T cells, we observed increased phosphorylation of
AKT and S6 (Fig. 5j), as well as a higher percentage of p-FOXO1* Pik3ccF1020K/+ B cells
following /n vitro stimulation (Fig. 5k). Consistent with these observations, mutant GC B
cells exhibited reduced Bc/2/11 expression (Fig. 51). AKT-mediated phosphorylation also
inhibits GSK3p which targets the anti-apoptotic BCL-2 family member, MCL-1, for
proteasome degradation?8. Accordingly, /7 vitro stimulation revealed augmented MCL-1
expression in mutant B cells (Fig. 5m). Thus, activated PI13K8 regulates multiple pathways
that promote B cell survival.

Pik3cdE1020K/+ mice display elevated serum autoantibodies

The induction of B-cell apoptosis within the GC is essential for maintaining self-tolerance
through the elimination of self-reactive clones®. Notably, many PASLI/APDS patients are
positive for autoantibodies and develop autoimmune manifestations, such as
glomerulonephritis. Similarly, we found increased IgG and IgM anti-nuclear antibodies
(ANA) in sera of mutant mice (Fig. 6a and Supplementary Fig. 6a). Evaluation using an
array of 94 different auto-antigens revealed that IgM and 1gG antibodies directed against
approximately 50 auto-antigens were significantly increased in mutant compared to wild-
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type mice (Fig. 6b, Supplementary Fig. 6b and Supplementary Table 2). Moreover, 1-year-
old mutant mice exhibited lymphocytic infiltration in multiple organs (Fig. 6¢). Thus,
Pik3cdF1020K* mice exhibited increased self-reactive antibodies and tissue lymphocytic
infiltration that worsened with age.

Increased gut-associated GCs with higher IgA-coated fecal bacteria

It is now appreciated that there are numerous connections between the commensal
microbiome and autoimmunity2°. To evaluate whether microbiota contributed to activated
phenotypes in Pik3caF1020K/* mice, we examined mesenteric lymph nodes (mLN) and
Peyer’s patches (PPs), which are continuously exposed to a wide range of microbiota and
food-derived antigens that sustain Try and GC B cell generation30. Again, we found
increased cellularity, as well as higher numbers of Tgy and GC B cells in mutant mLN and
PPs (Fig. 7a,b). Furthermore, whereas wild-type mLNs contained GCs predominantly in the
cortical region, mutants displayed increased GCs scattered throughout the internal medullary
area (Supplementary Fig. 7a,b). Mutant mLNs also displayed disorganization of GC with
poor demarcation of DZ and LZ areas, and PD-1* Tgy cells infiltrating the DZ
(Supplementary Fig. 7a,c,d), as in peripheral LNs.

Trn cells play a crucial role in supporting the selection of GC B cells, and differentiation to
IgA-secreting plasma cells in response to commensal stimulation in gut3l. Accordingly,
higher free fecal IgA as well as fecal IgA-coated bacteria were detected in Pik3caF1020K/*
mice (Fig. 7c,d). To identify gut bacterial taxa preferentially targeted by IgA, we sorted IgA-
coated and uncoated bacteria and performed 16S rRNA sequencing for wild-type and
Pik3caF1020KI* mice. Multiple bacterial taxa exhibited greater 1gA coating in
Pik3cdF1020K/* mice compared to wild-type. Although these did not reach statistical
significance after correction for multiple testing, these taxa outnumbered those less targeted
by IgA in Pik3caF1020K/* versus wild-type mice (Fig. 7e and Supplementary Table 3).
Intriguingly, these included Akkermansia muciniphila, a commensal bacterium that is highly
abundant in the human gut32 (Fig. 7f). The overall community structure of the microbiota
did not differ consistently between wild-type and mutants (Supplementary Fig. 7e,f).
However, phylogenetic diversity, which reflects the richness in number and phylogenetic
distribution of taxa within a single community, was significantly lower in mutant mice, and
was inversely correlated with the percentage of IgA-coated bacteria (Fig. 7g,h), similar to
mouse models with strong mucosal IgA responses33,

Heightened systemic responses to gut bacteria

Given potential connections between autoreactive and anti-commensal antibodies??, we
examined the serum for anti-commensal 1gG. We detected significant increases in serum
IgG2a/b that bound fecal bacteria in mutant mice (Fig. 8a), indicative of higher systemic
responses to gut commensals. Moreover, we found elevated IgG binding to A. muciniphila,
but not to a control bacterium, Lactobacillus reuteri, (Fig. 8b), supporting specificity of these
responses.

Furthermore, splenic follicular B cells showed increased responsiveness and lower
thresholds for expression of activation markers in response to autologous fecal microbiome
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extracts (Fig. 8c), as well as LPS, an innate TLR agonist released by gut bacteria (Fig. 8d).
Thus, Pik3caF1020K/* increased both antigen-specific and innate reactivity towards
commensal-derived products.

Antibiotics reduce activated-phenotypes and autoantibodies

To evaluate potential connections between anti-commensal responses and autoimmunity, we
examined the antibodies that specifically bound fecal bacteria. Mutant serum antibodies that
bound gut bacteria and were subsequently eluted, showed increased binding of dSDNA,
suggesting possible cross-reactivity with self-antigens (Fig. 8e).

To determine whether gut commensals directly contributed to immune activation in
Pik3caF1020KI* mice, we treated wild-type and mutant littermates with a cocktail of
antibiotics for 6 weeks, starting at weaning. Antibiotic treatment reduced splenic cellularity,
as well as numbers of activated CD4* T cells, Tgy cells and percentages and numbers
plasma cells in the spleens of mutant, but not wild-type mice (Fig. 8f-i). Notably, antibiotic
treatment reduced total 1gG, as well as antibodies directed against dsSDNA and multiple self-
antigens, to levels seen in wild-type mice (Fig. 8j-I). Thus, the generation of hyperactivated
and autoreactive phenotypes in Pik3caF1920K/* mice requires signals derived from
commensal stimuli.

DISCUSSION

Using a mouse model that recapitulates features of PASLI/APDS, we found increased Tgy
and GC B cells, yet inefficient class-switched antigen-specific B-cell responses to
immunization. Nonetheless, Pik3caE1920K/* mice exhibited increased antibodies toward
commensal bacteria and self-antigens, the latter of which were strikingly reduced by
antibiotic treatment. Our data suggest that PI3K8 selectively controls lymphocyte activation,
allowing efficient generation of protective responses, while preventing excessive reactivity to
tonic stimulation by commensals that can promote lymphoid dysregulation.

Several factors may contribute to aberrant humoral immunity in Pik3cdF1020K/* mice. Try
cells, normally confined to the LZ, specifically target high-affinity B cells, inducing survival
and proliferation. In contrast, increased Tgy cell numbers may decrease competition for
survival signals provided to B cells and paradoxically impair specific responses?2.
Furthermore, Tgy cells abnormally located in the DZ in mutant GCs may drive inappropriate
signals34, including PI3K-mediated pathways in B cells. Of note, PASLI/APDS patients also
show disrupted GC architecture with increased Tgy cell invasionl®. This mislocalization of
Ten cells is intriguing, given that PI3K pathways regulate multiple molecules involved in
lymphocyte migrationl. Our analyses also revealed increased Foxp3* Treg and Teg cells in
mutant mice. However, while increased Tgg: Tgy ratios can impair humoral responses3®, we
observed ratios comparable to wild-type. Finally, increased GC and Tgy cells, which
completely fill the FDC networks over time, likely contribute to impaired development of
new antigen-specific responses, particularly with age.

Like FOXO1-deficient T cells!l, mutant CD4* T cells exhibited ICOS-independent Tgy cell
differentiation. However, despite previous data arguing for a more important role for PI3K&
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in Ty cells than in GC B cells®, we found that Pik3caF1020K/* B cells intrinsically
generate more GC B and plasma cells, with increased p-FOXO1. Mirroring the requirements
for FOXOL1 in DZ formation, AID regulation and generation of antigen-specific
responses36:37, Pik3caF1020K1* mice also have defective IgG1 switching and lower DZ/LZ
ratios. Thus, mutant mice recapitulate phenotypes of FOXO1-deficient T and B cells,
although less severe.

Previous data using an activated ubiquitously expressed p110a isoform support its role in
tonic BCR signaling required for B cell survival?’. Similarly, we found increased survival of
PI3K&EL020K/* activated B cells, associated with altered expression of BIM and MCL-1.
Interestingly, BIM-deficient mice succumb to SLE-like autoimmunity with an accumulation
of self-reactive lymphocytes and autoantibodies3®. MCL1 is critical for memory B and
plasma cell formation3940, Together, these factors may impair the selective pruning required
for proper antigen-specific responses.

Pik3cdF1020K* mice exhibit higher GALT-associated lymphoid-activation and percentages
of both fecal 1gA- and serum IgG-binding fecal bacteria. IgA-coated bacteria are enriched in
commensal pathobionts that can drive intestinal and systemic inflammation in particular
disease settings*L. Notably, we detected GCs in the medullary region of mutant mLN, which
is normally only observed with inflammation#2. Among bacterial species preferentially
bound by IgA in mutant mice we found A. muciniphila, which promotes IgA responses3241
and is associated with protective effects in diabetic models*3 and cancer immunotherapy4.
We speculate that alterations in the prevalence of highly IgA-coated bacteria may amplify
auto-reactive responses under certain genetic conditions, such as in Pik3caF1020K/* mijce.

Our data support a strong connection between the microbiota and autoimmunity in PASLI/
APDS. Systemic responses toward gut bacteria could neutralize commensals that spread
systemically when gut barriers are leaky*>46, as proposed for MYD88- and IRAK-4-
deficient patients, who have increased B cells expressing VVH4-34, which cross-reacts with
self-antigens and commensals*’. However, immune responses towards microbiota may also
amplify auto-reactive lymphocytes, causing immune pathology in peripheral sites, as
reported for other autoimmune conditions29. While altered gut-integrity may contribute to
increased anti-commensal reactivity, mucosal barriers appeared grossly intact in mutant
mice. We therefore speculate that activated PI3K& lowers the threshold for signaling from
receptors on T and B cells, making them more susceptible to activation by commensal
products physiologically released in the periphery. Although we found 1gG reactive to A.
muciniphila but not to a control Lactobaccillusnor to phosphorylcholine (PC), which is used
to identify poly-reactive antibodies (data not shown), we cannot rule out a general relaxation
of tolerance and non-antigen specific activation by gut bacteria. However, the elevated
commensal antigen-specific 1gG in conjunction with increased responsiveness of mutant B
cells to autologous fecal material and LPS, suggest that activated PI3K5 drives
hyperesponsiveness to both antigens and innate stimuli. In contrast, these commensal stimuli
may be suboptimal to trigger downstream pathways in wild-type cells with tightly tuned
PI3KS5 activity.
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Our findings underscore the importance of PI3KS& in the activation of T and B cells required
for proper GC reactions, where both too little1® and too much PI3K$ activity disrupt
humoral immunity. Importantly, we have uncovered an unappreciated role for PI3KS in
modulating responses to the commensal microbiota, that, if not properly controlled, can lead
to lymphoid hypereactivity that worsens with age. Recent work has shown promising results
with PASLI/APDS patients treated with a PI3K& inhibitor#8; however the long-term
consequences of this treatment remain unknown, especially given data demonstrating
associated genomic-instability4°. Our work may provide new perspectives on managing
patients with activated PI13K$, as well as other autoimmune conditions, including those
induced by checkpoint-blockade therapy, where dampening PI3K pathways may allow the
selective control of immune responses.

Patient samples.

Mice.

All human subjects and their guardians in this study signed written informed consent in
accordance with Helsinki principles for enrollment in research protocols that were approved
by the Institutional Review Board of NIAID (clinical trial registration number
NCTO00001355, US NIH). Blood from healthy donors was obtained at the NIH Clinical
Center under approved protocols. All procedures were based on standard of care, under
established clinical guidelines. Peripheral blood mononuclear cells (PBMCs) were isolated
using Ficoll-Hypaque gradient centrifugation. Blood Tgy cells were stained at 20°C (room
temperature) using antibodies indicated in the reporting summary and figure legends.

C57BL/6 (000664), OT- Il (004194), ZP3-Cre (003651), CD45.1 (002014), BLIMP-1-YFP
(008828), and MD4 (002595) mice were obtained from The Jackson Laboratory. Rosa26-
HA-hFoxo1AAA (FoxolAAA) mice?8, were bred to OT-11 Pik3cdF1020K* mice. To generate
A k3cdF1020K* mice, a targeting construct was built by mutagenizing exon 24 to introduce a
G to A point mutation encoding E1020K and subcloning flanking fragments into the PL452
vector. The targeting construct was linearized with Notl and electroporated into HG-3
129/Sv x C57BL6/J ES cell line together with a TALEN that cut in the intron upstream of
exon 24 to increase targeting. Genomic DNA was isolated from 48 G418-resistant ES clones
and initially screened by PCR using outside primers for both targeting arms; 4 clones were
confirmed positive by Southern blot analysis using Dral and Apall and 5" and -3” flanking
probes, respectively and by sequencing for the point mutation. Cells were microinjected into
blastocytes from C57BL6/J mice and progeny positive for the targeted allele were crossed to
ZP3-Cre mice to delete the neo” gene in the female germline. Positive mice were
backcrossed to C57BL6/J mice, SNP genotyped (Dartmouse) to obtain mice that were
>99.6% C57BL6/J, and maintained heterozygous for the mutant allele. For adoptive transfer
experiments, Pik3caF1020K/* mice were bred to OT-11 or MD4 mice positive for the CD45.1,
CD45.2 or CD45.1/2 alleles. Mice were maintained and treated under specific pathogen-free
(SPF) conditions in accordance with the guidelines of the NHGRI Animal Care and Use
Committee at the NIH (protocol G98-3).
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Mouse flow cytometry.

ELISA.

Histology.

Antibodies and dilutions are described in the reporting summary. For staining, single cell
preparations were made from spleen and lymph node in MACS buffer (PBS with 2% FBS
and 2 uyM EDTA). Staining panels containing anti-CD93 (Supplementary Fig. 1d) were
performed in MACS buffer not supplemented with EDTA. After ACK (Ammonium
Chloride) lysis of RBCs, cells were washed once and Fc receptors blocked with anti-mouse
CD16/32 (2.4G2, BioXCell). Cells were incubated with antibodies for 45/60 min on ice.
Intracellular staining of BCL-6, Foxp3 and MCL-1 were performed using the Foxp3-staining
buffer set from eBioscience. The following reagents were used according to the manufacture
instructions: PhiPhiLux-G1D2 kit (Oncolmmunin Inc.), Annexin V-FITC (BD Biosciences)
and Annexin V binding buffer (BioLegend), CellTrace™ Violet (CTV) Cell Proliferation Kit
from Life Technologies, LIVE/DEAD® Fixable Aqua Dead Cell Stain Kit and LIVE/
DEAD® Fixable Near-IR Dead Cell Stain Kit (Life Technologies). The following gates
were applied before the identification of the specific cell types: FSC-A/SSC-A, exclusion of
doublets (SSC-H/SSC-W and FSC-H/FSC-W), live cells (negative for Aqua or Near-IR dead
stain kit); gating strategies for each population are indicated in each figure legend. Flow
cytometry was performed on a LSRII (BD Biosciences) and data analyzed using FlowJo 9.9
software (TreeStar).

ELISA for total and antigen-specific immunoglobulin was performed as previously
described?2. Plates (Costar) were coated ON with 5 pg/ml anti-1g antibodies or NPog-BSA
and NP4-BSA (Biosearch Technologies) in PBS at 4°C. Plates were blocked with 1% BSA/
PBS, serial dilutions of sera were applied and incubated at 20°C (room temperature) for 2—3
h. Subsequently, plates were washed (with PBS/0.05% Tween20) and incubated with
alkaline phosphatase (AP)-conjugated anti-mouse g isotype-specific antibodies followed by
pNPP substrate (Sigma-Aldrich) as detection reagents. Absorbance was measured at 405,
with a microplate reader (Molecular Devices) and values were calculated according to Ig
standards or to reference serum from wild-type mice immunized twice with NP;g-OVA
(expressed in arbitrary units, AU). Ratios between NP,4. versus NP»p-binding antibodies
were calculated as an estimate for affinity maturation. Fecal IgA ELISA were performed as
previously described®?: fresh stools were collected, dissolved in PBS (100 pul/0.01 g),
centrifuged, and IgA concentrations determined by ELISA on the recovered supernatants.
Antibodies and immunoglobulin standards were purchased through Southern Biotech.

Mouse organs were fixed ON at 20°C (room temperature) in Neutral Buffered Formalin.
After fixation, samples were dehydrated in 70% Ethanol and embedded in paraffin,
microtome cut (8-10 pm) and H&E stained (Histoserv, Inc.). Immunohistochemical images
were acquired on an upright Zeiss Axio Imager D2 microscope (Carl Zeiss Inc.) with 1x, 5x
or 10x objective lenses, using a AxioCam HRc full color CCD camera. Zeiss ZEN blue pro
2011 software package was used for collection and for post-processing of the images.
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White blood cell counts.

Mouse blood samples were collected in K,.EDTA Microtainer tubes (BD), and blood cell
counts obtained on a ADVIA® 2120/2120i Hematology System (NIH, Clinical Center).

Adoptive cell transfers.

Wild-type and Pik3caF1020K/* naive OT-11 cells were enriched using a T cell negative-
selection kit (Miltenyi Biotec), then CD4*CD8—CD44!°CD62L*CD25cells sorted on a
FACSArria cell sorter (BD Biosciences) to >95% purity. Anti-CD43 antibody-conjugated
microbeads (Ly-48) (Miltenyi Biotec) were used to isolate naive wild-type and
Pik3cdF1020K/* B cells. Naive OT-11 cells (1-2 x 10° per mouse), MD4 HEL-specific B cells
(1-2 x 10° per mouse) or polyclonal B cells (5-6 x 10% per mouse) were injected
intravenously (i.v.) and allowed to equilibrate within the host for 16—24 h before
immunization. For expression of FoxolAAA CAG-GFP-IRES-CRE (Plasmid #48201,
Addgene) and pCL-Eco (Addgene) were transfected into 293 T cells (ATCC) with
TransIT-293® Transfection Reagent (Mirus). Supernatants were collected after 24 and 48 h.
Naive wild-type or Pik3caF1020K* OT-11 and wild-type or Pik3cdF1020K+ HA-hFoxo1AAA
OT-II cells were activated /n vitro with 5 pg/ml of platebound anti-CD3 (2C11; BioXCell)
and 5 pg/ml of anti-CD28 (37.51; BioXCell). Twenty-four and 40-44 h post activation,
CRE-GFP retroviral supernatants were added to T cells and spun at 2500 rpm for 1.5 h at
30-35 °C with 8 pg/ml polybrene (Sigma) and rhlL-2 (10 U/ml). On day+3, GFP™ cells
were FACS sorted and i.v. injected into wild-type hosts that were immunized i.p. with NP-
OVA 48 h later, and analyzed on day+5 in the spleen. Cells were stained intracellularly with
anti-HA (6E2, Cell Signaling Technology) to detect Foxo1AAA expression within the GFP*
cells.

Antigens and immunizations.

For OT-II transfer experiments, mice were immunized intraperitoneally (i.p.) with 50 ug of
NP-OVA (Biosearch Technologies) in alum (Imject™ Alum Adjuvant, Thermo Scientific).
For MD4 and OT-II cell co-transfers, mice were immunized i.p. with 25 pg of HELWT-
OVA3»3_339 in alum (kindly provided by Humabs BioMed, Bellinzona, Switzerland). For
subcutaneous immunization, mice received 20 pg of NP-OVA in alum in the hock. Analyses
were performed 7-8 days post-immunization.

In vivo anti-ICOS-L blocking.

For OT-1I transfer experiments, 100 pg of anti-ICOS-L (HK5.3) or isotype control
(BioXCell) were given i.v. on day-1, then i.p. every other day until the day of sacrifice. For
treatment of wild-type and Pik3caF1020K* mice, antibodies were given i.v. on day 0 and i.p.
on day +2, +4, +6.

In vitro experiments.

For in vitro B cell proliferation, live naive follicular (FO) B cells were isolated with anti-
CDA43 antibody-conjugated microbeads, then sorted as
B220*CD197CD23*CD21*GL-7"FAS™CD138~Aqua/live/dead™ on a FACSAria (BD),
stained with CTV and cultured with different stimuli: 5 ug/ml F(ab’), goat anti-mouse IgM
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(Jackson ImmunoResearch), 10 pg/ml rat anti-mouse CD40 (BD Bioscience), 1 pg/ml LPS
from E. coli (Enzo Life Sciences), 2 ng/ml recombinant murine IL-4 (Peprotech), 200 ng/ml
human BAFF (R&D), or 10 ng/ml recombinant murine 1L-21 (Peprotech), 5 ng/ml HEL
(Sigma). After 3—-4 days, B cells were assessed for activation, differentiation and cell
division by flow cytometry. In certain experiments, B cells were treated with 3.7 pM
CAL-101 (Santa Cruz Biotechnology), a selective PI3K$6 inhibitor for 3 days. For /n vitro
analysis of BrdU incorporation by B cells, cells were treated with 10 uM BrdU for 45 min
on day+2 post stimulation with anti-IgM, then stained with FITC BrdU Flow Kit (BD
Biosciences), as per manufacturer. For p-FOXO1 staining, B cells were first rested for 1 h at
37 °C in serum-free RPMI. p-AKT and p-S6 staining were performed on naive T and B cells
isolated using naive CD4* T cell isolation kit and anti-CD43 antibody-conjugated
microbeads (Miltenyi Biotec). In some cultures, T and B cells were pre-treated with 2 nM
CAL-101, or vehicle, for 1 h and then stimulated with platebound 2 pug/ml anti-CD3 and 5
ug/ml anti-CD28, or anti-IgM (5 pg/ml), for different times. For in vitro p-FOXO1 detection,
sorted naive polyclonal wild-type or Pik3caF1020K/* T cells were stimulated 77 vitro with 5
ug/ml of anti-CD3 (platebound) and anti-CD28. After 3—4 days, activated T cells were
washed, rested for 2 h at 37 °C in serum-free RPMI, then stimulated for 1 h with 5 ug/ml of
anti-1COS (C398.4A,; BioLegend) cross-linked with 5 pg/ml of anti-Hamster 1gG (Jackson
ImmunoResearch). For intracellular staining of phosphoproteins, cells were fixed with 4%
PFA, permeabilized with cold methanol at —20°C ON as previously described®?, and stained
with p-AKT S437, p-S6 Ribosomal Protein (Ser240/244), p-S6 Ribosomal Protein
(Ser235/236), and polyclonal phospho-FOXO1(Ser256) followed by AF488 goat anti-rabbit
1gG (Invitrogen); antibody information is provided in the reporting summary. /17 vitro
stimulation of OT-11 cells with 0.6-2 ng/ml OVA393_339 (# 27025; AnaSpec Inc.) was
performed with CD11c* DCs from wild-type mice (isolated using Miltenyi Biotec CD11c
microbeads) for 20 h (T:DC ratio 1:1). Intracellular staining for IL-21 was performed on
FACS sorted wild-type or mutant OT-I1 non-Tgy cells (PD-1"CXCR57) and Tgy cells
(PD-1* CXCR5") isolated after transfer into wild-type mice 7 days post immunization. OT-
Il cells were re-stimulated /n vitro for 4 h with PMA (Sigma, 20 ng/ml), ionomycin (1
pg/ml, Sigma) and golgi stop (1:1000, BD Biosciences) and stained for I1L-21 using
recombinant mouse IL-21R-Fc Chimera (R&D) followed by secondary R- Phyco affinity
pure R(ab”)2 fragment goat anti-human 1gG, FcyFrag Spec (Jackson ImmunoResearch). /n
vitro T-B cell co-cultures (T:B ratio 1:1) were performed using wild-type B cells (CD437),
isolated from naive wild-type spleen, together with polyclonal wild-type or mutant FACS
sorted Tgy cells (CD4*CD25PD-1*CXCR5™), isolated on day+7 from the spleen of i.p.
NP-OVA immunized mice, and re-stimulated with anti-IgM (5 pg/ml) and anti-CD3 (1
ug/ml) for 7 days. Microbiome extract was prepared from stool samples isolated from the
large intestine of wild-type and mutant mice as previously described®2. cOmplete™ Mini
Protease Inhibitor Cocktail (Roche) together and 0.5 mM phenylmethylsulfonyl fluoride
(Sigma) were used to prepare the protease inhibitor cocktail to resuspend the bacterial pellet.
Protein extract concentration was calculated through Pierce™ BCA Protein Assay Kit.
FACS sorted naive splenic wild-type or mutant follicular (FO) B cells were stimulated /n
vitro with serial dilutions of the extract for 20 h and treated with or without 1 nM CAL-101.
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Immunohistochemistry and confocal microscopy.

Immunohistochemistry was performed as previously described®3. Organs were harvested
and fixed for 24 h with BD CytoFix/CytoPerm (BD Biosciences) diluted in PBS (1:4),
washed in PBS and incubated in 30% sucrose ON before embedding in OCT compound
(Tissue-Tek). 30 um sections were cut on a CM3050S cryostat (Leica) and adhered to Super
Frost Plus Gold slides (Electron Microscopy Services). Frozen sections were permeabilized
and blocked for 1-2 h in PBS containing 0.3% Triton X-100, 1% BSA, and 1% Fc block.
Sections were stained with directly conjugated antibodies for 12 h at 4 °C in a humidity
chamber in the dark. Antibody information provided in the reporting summary. Cell nuclei
were visualized with JOJO-1 (Thermo Fisher Scientific). Stained slides were mounted with
Fluoromount G (eBioscience) and sealed with a glass coverslip. Large tile scans spanning
the entire LN were acquired using a SP8 confocal microscope (Leica) equipped with a 40x
objective (NA 1.3), 2 HyD and 3 PMT detectors, and 6 lasers (UV, Argon, DPSS 561,
OHeNe, HeNe, 690 Diode) capable of 9 excitation wavelengths (405, 458, 476, 488, 514,
561, 594, 633, 690 nm). All images were captured at an 8-bit depth, with a line average of 3,
and 1024x1024 format with the following pixel dimensions: x (0.284-0.378 um), )/ (0.284—
0.378 um), and z(1-1.25 pm).

Histocytometry.

Histocytometry analysis was performed as previously described®*. An 8-color panel was
developed consisting of the following fluorophores: Brilliant Violet 421, Brilliant Violet
510, Alexa Fluor 488, JOJO-1, PE, Alexa Fluor 594, Alexa Fluor 647, and Alexa Fluor 700.
Fluorophore emission was collected on separate detectors with sequential laser excitation
used to minimize spectral spillover. The Channel Dye Separation module within the LAS AF
software (Leica) was then used to correct for any residual spillover. Representative tile scans
were taken at a voxel density of 1024x1024 and 1 um z step. Threshold identification, voxel
gating, surface creation, and masking were performed as previously described®®. For
publication quality images, Gaussian filters, brightness/contrast adjustments, and channel
masks were applied uniformly to all images. Images are presented as maximum intensity
projections (MIP) of tiled zstacks. Histo-cytometric quantification of cell surfaces was
based on images with unadjusted gamma values. Cells were segmented on PD-1*, CD4",
CD35", or BCL-6" surfaces to create Tgy cells, FDC networks, and GCs, respectively.
Channel statistics for all surfaces were exported into Excel (Microsoft) and converted to a
csv file for direct visualization in FlowJo v10.1r5 (Treestar). GC gates were defined using
positional data on the BCL-6" surfaces. LZ and DZ gates were drawn using the density of
CD35" and BCL-6" surfaces within the GC. These positional gates were then applied to
PD-1*CD4* surfaces to calculate the percentage of Ty cells in the DZ for each GC. To
normalize the numbers of Ty cells per GC areas, Tgy cell surfaces were first created in
Imaris using PD-1 and CD4 expression levels. The “analyze particle” function in Fiji was
used to quantify the numbers of Tgy cells per DZ (CD35'° and BCL-6M). These numbers
were then divided by the area of each region (also obtained by Fiji) and normalized to an
arbitrary area.
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Autoantibodies.

Anti-dsDNA and anti-ANA 1gG or IgM were determined using kits from Alpha Diagnostic
according to the manufacturer. Screening for a panel of 1gG and IgM autoantibodies was
performed with autoantibody arrays (University of Texas Southwestern Medical Center,
Genomic and Microarray Core Facility) as described®®. Diluted serum samples from wild-
type, Pik3caF1020K/* and MRL/NZM mice were incubated in duplicate with the autoantigen
arrays and binding was detected with fluorescent anti-1g antibodies (1gG and IgM). TIFF
images were analyzed using Genepix Pro 6.0 softwares. Net fluorescence intensity data
(defined as the spot minus background fluorescence intensity) from duplicate spots were
averaged. Signal-to-noise ratios equal or greater than 3 were considered true signals. Data
were normalized as follow: immunoglobulin positive control (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 (NF) for each sample. Each signal was
then multiplied by the NF. Values from control samples for each antigen were averaged and
ratios were calculated between each sample and the average of negative controls plus 2
standard deviations. A heat map of the ratio values was generated using Multi experiment
viewer software (MeV, DFCI Boston, MA) and values were coded as follow: 0 blue, 1 black,
3 yellow, as indicated. Significant differences were determined using the significance
analysis of microarray (SAM, Stanford University Labs) with a false discovery rate=0.

Mixed bone marrow chimera generation.

Host wild-type mice heterozygous CD45.1/2* were sub-lethally irradiated with a single dose
of 900 rad using a cesium source. Several hours later, mice were transplanted with different
mixtures of wild-type (CD45.1*) or Pik3caF1020K/* (CD45.2%) bone marrow cells (5 x 10°
total cells, ratios 20:80, 80-20, 50:50 ratio). Mice were maintained on acid water for 5-6
weeks and analyzed after 8-12 weeks.

Fecal IgA- and serum IgG-binding bacteria.

Stool or fecal content from colons were isolated and dissolved in staining buffer, SB,
(1%BSA/PBS), then spun at 500 gto pellet larger particles. The supernatant was then spun
at high speed, the pelleted material washed once, re-suspended in SB and combined with
Syto-62 (Red Fluorescent Nucleic Acid Stain, Thermo Fisher Scientific) to detect bacterial
DNA and stained with anti-1gA (11-44-2; eBioscience) or isotype control in 96-well V-
bottom plates. For detection of serum IgG coated bacteria, serum was first heat-inactivated
at 56 °C for 30 min. Bacteria were washed twice in SB and resuspended at 10 cfu per
staining condition. Bacterial pellets were incubated in heat-killed serum diluted to 1:50,
washed, and subsequently stained, alone or in combination, with anti-lgG1 (A85-1; BD
Bioscience), anti-1gG2,+, (X57; BD Bioscience), which cross-reacts with 19G2.4y, in
C57BL/6 mice, anti-lgG3 (110009S; Southern Biotech), and Syto-62. Percentage of IgG-
coated bacteria and mean fluorescence intensity were calculated of all Syto-62 positive
events. For stripping of serum IgG from commensals, fecal bacteria (previously incubated
with serum as described above) were pelleted and washed 4 times with SB to remove the
unbound fraction; bound antibodies were stripped from the pellet using 0.1 M glycine pH
2.9, incubated for 30 sec and spun for 2 min at maximum speed in a microcentrifuge.
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Supernatant containing IgG was recovered, put in 1/10 volume of Tris pH 8, and tested for
binding to dsDNA by ELISA.

Gut microbiota sequencing.

Wild-type and Pik3caF1020+ littermates were separated at weaning and placed in different
cages based on their genotype. Unfractionated bacterial pellets, prepared as described in the
previous section, were stored at —80 °C until use. In parallel, IgA-coated fecal bacteria
stained with anti-lgA-PE were followed by anti-PE antibody-conjugated microbeads
(Miltenyi Biotec). IgA negative and positive bacteria were enriched through positive
selection by running through MACS columns (Miltenyi Biotec) twice. Enriched bacteria
were centrifuged and pellets were stored at —80 °C until use. Bacterial genomic DNA was
purified using phenol:chloroform extraction followed by ethanol precipitation and
purification using the QIAquick PCR Purification Kit (Qiagen). Amplification of the V4
hypervariable region of the bacterial 16S rRNA gene was performed using the 515f and 806r
primers (515F: 5-GTGCCAGCMGCCGCGGTAA, 806R: 5'-
GGACTACHVGGGTWTCTAAT), followed by an additional PCR to append unique
barcodes to each sample. Amplicons were quantified using Qubit (Thermo Fisher Scientific)
and pooled at equimolar concentrations before being sequenced on an Illumina MiSeq
instrument using the V2 MiSeq Reagent kit (Illumina). The dada2 algorithm®’ was used to
denoise 16S reads after primer trimming and to tabulate sequence variants. Rarefaction was
performed to 70,000 reads per sample. IgA scores were calculated for each taxon within
each murine sample pair (IgA+, IgA-) by log-transforming all taxon abundances and
subtracting IgA-uncoated fraction abundances from the IgA-coated fraction abundances.
Taxa that were not detected in either the IgA+ or IgA- fraction for a given mouse were
excluded from statistical analyses on a per-mouse basis.

In vivo antibiotic treatment.

Wild-type and Pik3caF1020+ littermates were separated at weaning and placed in different
cages based on their genotype. Right after weaning, mice were treated for 5-6 weeks with a
mixture of ampicillin (1 g/l), metronidazole (1 g/l), neomycin ( 1g/l), vancomycin (0.5 g/1),
in drinking water. No calorie sweetener (6 gr/l) was added to the antibiotic. Control groups
received sweetener alone.

Semi quantitative real time PCR.

FACS sorted wild-type or Pik3caF1020K/+ splenic GC B cells were directly lysed in TRIzol
LS reagent (Invitrogen). RNA was isolated using a Qiagen microRNA isolation kit, and
transcribed into cDNA. Tagman probes were used with TagMan® Universal PCR Master
Mix (Thermo Scientific) according to the manufacturer’s instructions to amplify Bc/2/11
(MmO00437796_m1) mRNA. 18S (4319413e, Thermo Scientific) was used to normalize and
calculate relative expression.

Statistical analysis.

Data were analyzed via Prism 6 (GraphPad Software) or custom R scripts and the ‘Hmisc’
package, using parametric t tests and the non-parametric unpaired Mann-Whitney U test for
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comparison of two unpaired groups. Graphs show the mean + SEM. *P< 0.05; ** £< 0.01;
*** Pp<(0.001. If not indicated, the Pvalues were not significant (>0.05). PERMANOVA
was performed using the “adonis’ function in the R package ‘vegan’.

Data availability statement.—The materials, data, and any associated protocols that
support the findings of this study are available from the corresponding authors upon request.
Accession codes for microbiome sequences are publically available at: (https:/
www.nchi.nlm.nih.gov/Traces/study/?acc=SRP132959).

Computer code availability.—The custom IgA-seq analysis R scripts that support the
findings of this study are available from Ivan Vujkovic-Cvijin (ivc@nih.gov) upon request.

Reporting Summary.—Further information on experimental design is available in the
Nature Research Reporting Summary.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Increased circulating Tgy cellsin PASLI/APDS patients.
Analyses of blood from healthy donors (HD n=8) and PASLI/APDS patients (n=7). a,

Representative flow plots and histogram of CD45RA—CXCR5* cTgy cells (percent of
CD4*CD3*CD25— T cells). b, Representative contour plots and histogram of
PD-1*CXCR5* T cells (percent of CD4*CD3*CD25 T cells). Right: geometric mean
fluorescent intensity (MFI) of PD-1 (gated on PD-1* cTgp cells). ¢, Representative contour
plots of CCR6* and CXCR3* ¢Tgy cells and histogram of percent of CXCR3* cTgy (of
cTen cells). Right: MFI of CXCR3 (gated on CXCR3* cTgy cells). Data in (a-c) are
represented as mean £ SEM with each dot indicating one individual. Significance analyzed
by Mann-Whitney U test. *£< 0.05; **P< 0.01; ***P< 0.001.
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Fig. 2. Pik3cdE1020K/+ mice recapitulate features of PASLI/APDS patients.
Analyses at steady state of 4-month-old wild-type and Pik3caF1020K/* mice. a, White blood

cell count (wild-type n=8, Pik3caF1920K/* n=6). b, Spleen size (scale bar 1.27 cm) and
cellularity (wild-type n=8, Pik3caF1020K* n=6). ¢, Left, H&E images of perfused lung
sections with cell infiltration indicated with an asterisk (scale bar 200 um). Right, small
intestine Swiss roll with Peyer’s patches (PPs, arrow) and isolated lymphoid follicles (ILFs,
circled) (scale bar 1000 pm, and 200 pm for enlargements) (n=3 per group). d,
Representative contour plots of splenic naive CD44!0 CD62L* and activated CD44" CD62L
—CD4* T cells (percent of CD4*B220— T cells) and bar graphs (n=5 per group). €,
Representative contour plots and bar graph of PD-1*CXCR5*CD4™" T cells (percent of
CD4*B220— T cells) in the spleen. f, Bar graphs of Foxp3— Ty and Foxp3* Teg cells
among the cells gated in (€). g, Representative contour plots and histogram of FAS*GL-7*
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GC B cells (percent of B220"CD19* cells) in the spleen. h, Representative contour plots and
bar graph of splenic CD138*B220i"1° plasma cells/blasts (of live cells) (e-h, wild-type n=8,
Pik3caF1020KI* n=6) i, Total serum IgM and 1gG ELISA (wild-type n=13, Pik3cdF1020K/+
n=7). Data are shown as mean + SEM with each dot indicating one mouse. Data are
representative of three independent experiments. Significance analyzed by Mann-Whitney U
test. *P < 0.05; **P< 0.01; ***P< 0.001.

Nat Immunol. Author manuscript; available in PMC 2019 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Preite et al.
a orLN
edLN
25 *hk 25 *x
20 = 20
2 e & . ¥
< 15 @2 15 e
@ [}
e o
8 10 @107, o
z & O il o
- 19}

o

ﬁo

(5]
C_2
o

o

WT  Pikedt 10206

oWT
® Pik3cd=1020+
WT Pik3caF1020K+
25.
20. 30
T‘s 52 , 20
10.
2, i
©
o ol
0710: 10° 10* 10°
IgG1-BB515——
g

WT rLN

WT PikGooF 020

IgG1* NP+ GC B cells

WT

oWT
) Piksccflll)?OK/o

Pik3c

1020K/+

,I“’s 48.8
(6]
o 10 8

y

E-

FAS-

80.4

47.5

17

NP+ GC B cells (%)

0 100 104 10°

®
=}

@
=]

IS
=)

n

o =)
] .
o

NP-PE—

WT dLN

-

Anti-NP, IgG1+ (AU x10%)

Pik3caF1020K rLN

Anti-NP,, IgG1* (AU x10%)

geom. MFI NP

Page 26

2.0

(=3

0.5

Anti-NP 1gG1 (NP/NP,)

=}

Pik3cdt1020K+ dLN

CD35 Foxp3 PD-1 Not shown: B2

Fig. 3. Defective humoral responses and disorganized GCsin Pik3c

gJEL1020K/+ mice.

(a-g) 4-month-old wild-type and Pik3caF1020K* mice were immunized s.c. with NP-OVA in
alum, and draining (dLN) and resting (rLN) popliteal lymph nodes analyzed on day +10. a,
Frequency of PD-1*CXCR5*Foxp3— Tgp cells (percent of CD4*B220— T cells) and
GL-7*FAS* GC B cells (percent of B220*CD19* B cells) in rLN and dLN. b,
Representative contour plots and histograms of NP* antigen-specific GC B cells (of GC B
cells) and geometric MFI of NP binding (on NP* GC B cells) in dLN. ¢, Ratios between
numbers of NP* and NP— GC B cells in dLN. d, Representative 1gG1 staining on NP* GC
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B cells in dLN and relative histogram. e, Quantification of total (anti-NPyg-BSA) IgM serum
antibodies. f, Quantification of high-affinity (anti-NP4-BSA) and total (anti-NP,p-BSA) NP-
specific IgG1 serum antibodies determined by ELISA. On the right, ratios between high-
affinity and total NP-specific IgG1 antibodies are shown. (a-c,e,f, wild-type n=8,
Pik3caF1020KI* n=6: d, wild-type n=5, Pik3caF1020K/* n=6). g, Immunofluorescence (IF)
staining of frozen sections prepared from popliteal rLN and dLN and processed for confocal
microscopy. Staining panels are displayed at the bottom. White dotted line corresponds to
the boundary between the B cell follicle and T cell zone and is based on B220 staining (not
shown). LZ denotes light zone marked by CD35 staining; GCs denoted by BCL-6. IF
analyses are representative of 2-3 independent lymph nodes analyzed (scale bar 200 pm,
top; 50 um middle and bottom). Data in (a-f) are representative of two independent
experiments and are represented as mean + SEM with each dot indicating one mouse.
Significance analyzed by Mann-Whitney U test. *£< 0.05; **P< 0.01; ***P< 0.001.
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Fig. 4. Pik3cdE1020K/* T callsintrinsically generate more Tgy cellsin | COSindependent

manner.

a, Outline for (b-c). Wild-type mice (CD45.1%) were transferred with CD45.2* wild-type
(n=7) or Pik3caF1020KI* OT-|| cells (n=6), followed by i.p. immunization with NP-OVA in
alum. Day+8 analyses of spleens. b, Percentage of CD45.2* OT-11 cells in live cells. c, Flow
plots and summary histogram of percentage of PD-1"CXCR5* OT-1l Tgy cells (of OT-II
cells). d, Outline of anti-ICOS-L /n vivo treatment: wild-type or mutant OT-11 cells were
transferred into wild-type hosts, then immunized as in (a). Mice received isotype control
(wild-type OT-11 n=5, Pik3caF1020K/* QT-|| n=4), or anti-ICOS-L (wild-type OT-11 n=4,
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Pik3caF1920K/* OT-|1 n=5) on day -1 (i.v.), +1, +3, +5 (i.p.) and were sacrificed on day+7. e,
Frequency of PD-1"CXCR5" OT-1l Ty cells: flow plots and summary histogram. f, p-
AKTSer473 and p-565€r235/236 on naive CD4* T cells ex vivo or after 30 min stimulation with
anti-CD3 and anti-CD28, after pretreatment with CAL-101 (P13KS$ inhibitor), or vehicle.
Geom. MFI are indicated. g, FACS plots and histograms of p-FOXQ15€"256 on day+4 Jn
vitro activated wild-type and Pik3caF1020KI* CD4* T cells, rested for 1 h in RPMI, then
stimulated with anti-1ICOS or left untreated (f,g, cells pooled from 2—4 mice per group). h,
FACS plots and histogram of percentages of splenic Tgy PD-1"CXCR5* from wild-type
(n=5) or Pik3caF1020K* OT-11 cells (n=4) (gated on transduced GFP* cells), and wild-type
(n=5) or Pik3caF1020K* FOXO1AAA OT-11 (n=3) cells (gated on transduced GFP* HA*
cells), transferred into wild-type hosts, and analyzed day+5 post i.p. immunization with NP-
OVA. Data are representative of three (a-c, g) and two (d, e, f, h) independent experiments.
Data in (b, c, e, h) are expressed as mean + SEM with each dot indicating one mouse.
Significance analyzed by Mann-Whitney U test. *£< 0.05; **£< 0.01.
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Fig. 5. B cell intrinsicincreasesin GC B cellswith higher proliferation and survival.

a, Outline for (b, c). Wild-type OT-11 (CD45.1/2*) and wild-type (n=8) or Pik3cdF1020K/+
(n=7) MD4 B cells (CD45.2%) were transferred in wild-type hosts (CD45.1*), which were
then immunized i.p. with HEL-OVAg3,3_339. Day+8 analyses of spleens. b, Frequency of
MD4 B cells in live cells. ¢, Representative contour plots and histogram of MD4 GC B cells
(B220*CD19*FAS*GL-7%). d, CTV dilution of follicular (FO) B cells activated /n vitro for
3 days with indicated stimuli (gated on live cells). e, BrdU incorporation of FO B cells
activated /n vitro 2 days with anti-IgM. f, FO B cells stimulated 3 days with LPS+IL-4 and
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analyzed for CD138* plasma cells (left) and 1gG1 switching (right) versus CTV (gated on
live cells). g, FO B cells stimulated as in (f) +/- CAL-101 (live cell gate). d-g, 2-4 mice
pooled per group. h, Representative contour plots of viability-exclusion dye and Annexin V
on splenic GC B cells (B220"CD19*FAS*GL-7%) and histogram of percent live and dead
cells (wild-type n=8; Pik3caF1020K/* n=6). i, Contour plots and bar graph of viability-
exclusion dye and activated caspase-3 on GC B cells as described in (h) (n=4 per group). j,
FACS histograms of p-AKTSer473 and p-S65€r240/244 on naive FO cells ex vivo or after 60
min stimulation with anti-IgM, after pre-treatment with CAL-101 or vehicle (geom. MFls
indicated). k, Representative FACS plots of IgD and p-FOXO15€2%6 on jn vitro activated
(anti-CD40+IL-4) FO B cells (day+3.5 analysis, gated on CTV— live cells). j-k, 2-4 mice
pooled per group. |, Bc/2/11 mRNA expression levels from splenic GC B cells, day+7 post
i.p. NP-OVA immunization (2 mice pooled per group). m, MCL-1 expression on day +3.5 /n
vitro activated (LPS+IL-21) FO B cells, gated on live cells (2-4 mice pooled per group).
Data in (a-c) pooled from 2 independent experiments; data in (d-h, |, m) representative of 3
independent experiments; data in (i-k) representative of 2 independent experiments. Data in
(b-c, h, i, 1) are expressed as mean + SEM with each dot indicating one mouse. Significance
analyzed by Mann-Whitney U test. *~< 0.05; **P< 0.01.
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Fig. 6. Pi k3cdE1020K/+ mice develop autoantibodies and infiltration of multiple organs.
a, ELISA for serum ANA-1gG on 14/16-week-old wild-type (n=8) and Pik3caF1020K/* (n=g)

mice. b, Serum IgG autoantibody array chip is shown; a colorimetric representation of
relative autoantibody reactivity is shown based on 0-3 scale. Sera from 3 wild-type, 11
Pik3caF1020K/* and 2 lupus-prone positive control MRL/NZM mice were analyzed ¢, H&E
staining of perfused lung, liver, kidney, pancreas from 14-month-old wild-type and
Pik3cdF1020KI* mice at steady state. Cell infiltrations are indicated with asterisks. Right, pie
charts with each segment representing one mouse; grey denotes cell infiltration into the
organs (scale bar 200 pm, lung and liver; 100 pm, kidney and pancreas) (n=5 per group).
Data in () are representative of 3 independent experiments. Data in (b) were obtained from
one experiment analyzing mice from multiple litters. Data in (c) were representative of 2
independent experiments. Data in (a) are expressed as mean + SEM with each dot indicating
one mouse Significance analyzed by Mann-Whitney U test. **£ < 0.01.
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Fig. 7. Altered homeostasis of GALT with increased | gA coated fecal bacteriain Pik3cdE1020K/+
mice.

(a-h) Analysis of 10—-12-week-old naive wild-type and Pik3caF1020K/* mice. a, Cellularity
of mesenteric LN (mLN) and Peyer’s patches (PPs). b, Numbers of GC B cells
(B220*CD19*GL-7*FAS*) and Ty cells (CD4*B220—PD-1*CXCR5*Foxp3—) in mLN
and PPs (wild-type n=5, Pik3caF1020K/* n=6). ¢, IgA ELISA on fecal wash (n=3 per group).
d, Representative contour plots for fecal bacteria (Syto™) and percentage of IgA-coated
bacteria; right, summary histograms of percentages of IgA-coated bacteria (wild-type n=19,
Pik3cdF1020KI* n=21). e, Volcano plot of mean fold change IgA scores of coated bacteria in
Pik3cdF1020K/* versus wild-type mice. f, Top bacterial taxa with differential 1gA-coating
scores in wild-type versus Pik3cad=1020K/* Serial Mann-Whitney U tests were performed on
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all taxa that were detected in at least four mice from each group and Benjamini-Hochberg q
values were calculated (e, f wild-type n=7, Pik3caF1020K* n=9). g, Faith’s phylogenetic
alpha diversity in wild-type (n=8) and Pik3caF1020K/+ (n=6) mice (significance analyzed by
Unpaired t test). h, Correlation between alpha diversity and overall percentage of IgA-coated
fecal bacteria in Pik3caF1020K/* (n=6). Data are representative of 3 independent experiments
(a-c, e-h). Data in (d) are pooled from 5 independent experiments. Data in (a-d, g) are
expressed as mean + SEM with each dot indicating one mouse. Significance in (a, b, d)
analyzed by Mann-Whitney U test. *£< 0.05; **P< 0.01; ***P< 0.001.
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Fig. 8. Increased commensal reactivity and reduced activated phenotypes after antibiotic
treatment in Pik3cdE1020K/+ mjce,

a, Contour plots of fecal bacteria (Syto*) and serum 1gG2a/b (detects IgG2c/b-binding in
C57BL/6 mice) binding fecal bacteria. Histograms indicate percentage of serum 1gG2a/b-
coated bacteria (wild-type n=19, Pik3caF1020K/* n=21). b, MFI of A. muciniphilaand L.
reuteribound by serum 1gG (wild-type n=8, Pik3caF1020K/* n=7). c-d, CD86 MFI on splenic
naive follicular (FO) B cells after 20 h /n vitro stimulation with c) autologous fecal bacteria
extracts (+/— CAL-101), or d) LPS (c,d pool of 3 mice per group). e, ELISA for dsDNA IgG
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on sera and on serum antibodies stripped from commensals obtained as in (a) (wild-type
n=7, Pik3cdF1020KI* n=6). (f-1) Littermate wild-type and Pik3caF1920K/* mice were treated
for 6 weeks starting at weaning, with antibiotics+sweetener, or sweetener alone (f-h, j,k
wild-type n=5, Pik3caF1020K* n=4, for both treatments). f, Spleen cellularity. g, Numbers of
splenic CD44M CD4* T cells. h, Numbers of splenic Tgy cells (CD4*B220—
PD-1*CXCR5*Foxp3™). i, Percentages (of live cells) and numbers of splenic plasma cells
(CD138*B220i"19) (n=4 per group). j, ELISA for serum IgG, and (k) for dsDNA IgG. I,
Serum 1gG autoantibody array: colorimetric representation of relative autoantibody
reactivity based on 0-3 scale (wild-type n=3, wild-type+Abx n=4, Pik3caF1020K/+ n=3,
Pik3cdF1020KI* + Abx n=4, MRL/NZM n=2). Data in (a) are the pool of 5 independent
experiments. Data in (b) are from one experiment using samples from mice housed in 34
independent cages/genotype. Data in (c-d) are representative of 2 independent experiments.
Data in (e-k) are representative of 3 independent experiments. Data in (I) were from one
experiment. Data in (a-b, e-k) are expressed as mean + SEM with each dot indicating one
mouse. Significance analyzed by Mann-Whitney U test. *£< 0.05; **P< 0.01; ***P<
0.001.
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