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Gain-of-function variants in p11@, the catalytic subunit of phosphatidylinositol 3-kinase
(PI3K) expressed in lymphocytes, cause activated PI3-kisa d syndrome (APDS),
a primary immunode ciency that is characterized by recurrat infections, viremia,
lymphadenopathy, and autoimmunity. The mechanism of autoimunity in APDS has not
been well-understood. Here, we show the profound skewing operipheral CD4 T cells

to a T follicular helper () phenotype in a patient with APDS bearing a novel p1iD
variant, Y524S. We also saw a diminishment of transient Fogexpression in activated T
cells. Mechanistic studies revealed that both the new varrd and a previously described,
pathogenic variant (E81K) enhanced an interaction betweentracellular Osteopontin and
p85a. This interaction had been shown in mice to promote gy differentiation. Our results
demonstrate a new in uence of PI3K on human T cell differerdtion that is unrelated to
its lipid-kinase activity and suggest that 4 should be monitored in APDS patients.

Keywords: primary immunode ciency, activated PI3K delta synd rome (APDS), PI3K, T follicular helper cells,

osteopontin

INTRODUCTION

Activated PI3-kinased syndrome (APDS), also known as piH#ctivating mutation
causing senescent T cells, lymphadenopathy and immunodecgig(PASLI), is a primary
immunode ciency disease (PID) caused by gain-of-functieariants in PIK3CD This gene
encodes thelisoform of the p110 catalytic subunit of phosphatidylinositektiase (PI3K). APDS
is characterized by recurrent respiratory infections, cticdherpes virus infection, autoimmunity,
splenomegaly, and lymphadenopathy-%). Many patients also have diminished total and naive
CD4C cells @) and an increase in senescent CD8 ector cells 6-8). Multiple cases of primary
sclerosing cholangitis have been observed in one family asitommon APDS variantdj, and B
cell ymphomas have also been notédg, 10).

T cell blasts from APDS patients show increased Akt phosphaoyldioth at baseline and
after stimulation @, 3). Positron-emission tomography scans have shown increglsedse uptake
in the secondary lymphoid organs of patients with APDS 11) and improper activation of
PI3K-Akt-mTOR pathway explains the major clinical ndings IAPDS: T cell proliferation
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causes lymphadenopathy, decreased naive T cells and irctrease We identi ed a young girl whose presentation was consistent
memory and e ector cells. This inappropriate proliferation with APDS: recurrent sinopulmonary infections, CMV viremia,
ultimately leads to senescence, resulting in frequentciides. and severe lymphadenopathy. Sequencing revealed a novel
Patients treated with rapamycin, which inhibits the mTORvariant—Y524S—in the helical domain of ptiHl the interface
pathway, have shown improvemera)( between plid and p8%. Signi cantly, the patient had large
Lucas et al. identi ed APDS-causing variants inthree diere numbers of Fy cells in peripheral blood, and lymph nodes
domains of p116. The high sequence similarity between pd10 revealed follicular hyperplasia. Mechanistically, expressibn
and pll@ allowed the APDS-causing variants to be mapped tgathogenic pllficontaining APDS variants resulted in increased
the corresponding oncogenic variants in pal@hich have been association between p&5and iOPN in vitro. These results
studied extensively\2J. On the basis of these studies, pathogeniademonstrate that, in addition to lymphoproliferation-assateid
variants in the membrane-binding C2 domain (N334K) and thesymptoms, APDS patients should be monitored for defects in
helical domain (E525K) were hypothesized to disrupt inhibjito CDA4C T cell di erentiation.
contacts between pld@nd p8%, while a pathogenic variant
in the kinase domain (E1021K) most likely enhances assoniat
with the plasma membrane. RESULTS
Interestingly, an APDS-like disease caused by splice-site
variant in the p8&a gene resulting in the deletion of an exon A 7-year old girl with a history of serious infections wasareéd
from the inter-SH2 domain has also been describ&d, ((3). to our center for worsening lymphadenopathy. At 3 years of
This deletion reduced the association between plaifd p8%&  age, she was diagnosed with disseminated CMV viremia and
in immunoprecipitation experiments1(). The dissociation of was successfully treated with valganciclovir. At 4 yearsgef a
p85% from pl11@ may have functional consequences in thesean immunology workup revealed normal responses to tetanus,
patients, aside from the enzymatic gain-of-function of pd10 diphtheria and in uenza vaccines but a failure to respond
Recently, experiments in mice have shown that ICOS signaling pneumococcal vaccination, as well as, high IgM and low
results in the binding of p& to non-secreted, intracellular 1gG levels. Her lymphadenopathy was rst noted at age 11
osteopontin (iIOPN) (4. The p8%-iOPN interaction was months and had become generalized by age 3. Multiple biopsies
translocated to the nucleus where iOPN stabilized Bcl-&, thdemonstrated reactive lymph nodes with both follicular and
master transcription factor for T follicular helper £R) cell paracortical hyperplasia, but no evidence of malignancy was
di erentiation (14). Thus, destabilizing APDS variants could detected. Treatment with steroids was unsuccessful, hawesxe
enhance Fy di erentiation. courses of rituximab, at ages 6 and 7, completely, but tempwprar
APDS patients with an E1021K and E525A in PIK3CDresolved her lymphadenopathy.
have been shown to uniformly possess large numbers of As shown inTable 1, the patient's T cell compartment was
Ten cells in their peripheral bloodi(l). A recent study has characterized by low proportions of naive CB4ells and high
con rmed these ndings and proposed a mechanism linking theproportions of CD4 and CD& memory cells. The absolute
inappropriate phosphorylation of FOXO1 to the-f phenotype number of B cells was low, with a low percentage of memory
in APDS patients 15. The over-abundance of ¢fy cells in B cells and a very high percentage of transitional B cells.
APDS patients likely leads to defects in observed defects @iven her clinical course, we suspected that the patient sd ere
humoral immunity (15, 16). PI3K activity leads to inactivation from a primary immunode ciency. Whole exome sequencing
of FOXO1 via phosphorylation by Akt, and mice lackingrevealed a novelde novovariant in exon 13 of plld)
FOXO1 have enhancedf; di erentiation (17). Further, T cells NM_005026.4:c.1573AC (g.9780849 (chrl, hg19pigure 1A).
from mice heterozygous for a PIK3CD allele with the E1021Krhe variant was veri ed by Sanger sequencing. This missense
variant knocked in showed enhanceTdi erentiation upon  variant results in a p.Y524S substitution in the helical dona
immunization (15). pl1@. The helical domain interacts with the nSH2 domain of the
The phosphatase PTEN opposes the activity of PI3K binhibitory subunit p8&, and Y524 lies on the surface of pd10
dephosphorylating PIP3 at the plasma membrah®.(Perhaps directly adjacent to another APDS-causing variant (E525K)
not surprisingly, patients with loss-of-function, pathogeni (Figure 1B). The variant alters the inter-molecular hydrogen
variants in PTEN have an APDS-like syndromél) Like bonding network with p8& and reduces buried surface area.
APDS patients, PTEN-de cient patients display enhancedhus, we reasoned that our patient's variant most likely waake
phosphorylation of Akt, mTOR, and S6 in their T cells, association of pliDwith p85a, resulting in inappropriate
highlighting the importance of these opposing enzymes irPI3K activity.
maintaining the appropriate level of Akt activity. Interesiiy, Activation of the PI3K pathway leads to Akt phosphorylation.
although patients with pathogenic variants in PTEN phenocopyOther APDS-causing variants, including E525K, have been
the heightened activity in the Akt pathway, they do not haveshown to increase Akt phosphorylation both basally and after
enhanced numbers ofgf cells (L1). These data strongly suggest TCR stimulation @, 3). Akt phosphorylation was enhanced in
that enhanced activation of Akt (and phosphorylation of FOXO1)freshly puri ed CD4 cells from the patient upon stimulation,
may not solely drive the gy phenotype observed in APDS however, basal phospho-Akt levels were not dierent than
patients. Thus, we sought another mechanism beyond the PI3Kontrols Figure 1Q). Basal pAkt is typically increased in T
PTEN axis that drivesdy di erentiation. cell blasts from APDS patient®)( Thus, we established PHA
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TABLE 1 | Lymphocyte phenotyping.

Patient | Patient II.LA Patient 11.B
Age (years) 9 14 19
cD4C T cells Ref. Range Ref. Range Ref. Range
CDA4C cells/microliter 590 650-1,500 340 530-1,300 284 530-1,300
CD4C CD45RAC naive T cells (%) 33 46-77 39 33-66 27 33-66
CD4C CD45RCC memory T cells (%) 60 13-30 59 18-38 72 18-38
CD4CHLA-DRC activated T cells (%) 21 3-13
cD8C T Cells
CD8C cells/microliter 1,728 370-1,000 175 330-920 518 330-920
CD8C CD45RAC naive T cells (%) 65 63-92 66 61-91 54 61-91
CD8CCD45R0O° memory T cells (%) 24 4-21 29 4-23 35 4-23
CD8CHLA-DRC activated T cells (%) 17 6-29
B Cells
CD19C cells/microliter 69 300-600 410 200-600 136 100-600
CD27° memory B cells (%) 6 18.6-46.7 3.3 13.3-47.9 15 17.5-46.5
cD38CIgM°E transitional B cells (%) 74 46-8.3
CD21'°% immature B cells (%) 12.3 5.9-25.8 58.5 2.9-13.2 15.4 3.2-19.6
Immunoglobulins
IgM (mg/dL) 1,230 53-334 199 40-140 320 44-277
Total IgG (mg/dL) 486 613-1,295 1,550 650-1,500 1,410 726-1,521
IgA (mg/dL) 9 69-309 143 60-310 214 87-426

Values outside of the reference range are in bold. Reference rangalues are from Shearer et al.19) for T cells and Piatosa et al.{0) for B cells.

blasts from the patients PBMCs and compared phospho-Akincreased peripheral £y cells, albeit to a lesser degree than
and phospho-S6 levels to controls. Enhanced phosphorylation fatient | Figure 2B).
Akt and S6 was apparent, regardless of activatligure 1D). To assess the tendency to undergo di erentiation teyT
We also examined TCR signaling by stimulating €D4  we stimulated CD% T cells with a range of anti-CD3 mAb
cells with anti-CD3 mAb and assaying phosphotyrosine concentrations and anti-CD28 mAD, in the presence or absefice
levels by Western blot. The patients T cells respondetiCOS ligand (ICOS-L). Both control and patient cells maintin
similarly to controls Figure 1B. These results show that the their Tgy phenotype when oered sub-optimal levels of
Y524S variant increases PI3K activity in a similar fashion tstimulation and roughly doubled the percentage of CXERB-
other APDS variants. 1€ cells after 4 days of stimulation with a high concentratidn o
Staining of lymph node biopsies for CXCR5, ICOS, andanti-CD3 in the absence of di erentiation factorgigure 20.
PD-1 revealed intense staining in CB4T cells surrounding This increase likely represents increased receptor expressio
CD1(°Bcl-6° germinal centers Kigure 2A). In comparison, among previously di erentiated cells upon stimulation. In the
a reactive lymph node from a subject without primary presence of ICOS-L, control and patient cells di erentiated
immunode ciency has scattered PDELT cells stained in the to a similar extent upon high stimulation, while maximal
germinal center but not signi cantly in the band of lymphoeg  di erentiation occurred at 10-fold lower levels of stimuika in
that surround the germinal centeF{gures S2A,B. In agreement the patient's cellsKigure 20). Thus, the higher basal signaling
with recent results from APDS patients bearing variants &F5 in APDS p11d variants may act synergistically with receptor-
or E1021 (1), peripheral CD# T cells also had a circulating mediated PI3K signaling to driveg; di erentiation upon sub-
Ten phenotype. More than 30% of peripheral CBAr cells  optimal stimulation.
were CXCRSPD-1¢, compared to approximately 5% in a  Because signaling through PI3K negatively regulates
healthy control Figure 2B). Given that APDS-causing variants FoxP3 expression and Treg inductio 23), we examined
in both the helical (E525K and Y524S) and kinase (E1021Kyhether Patient | had a normal frequency of peripheral
domains enhance & di erentiation, we wondered whether CD4°CD25° FoxP¥ Treg cells and whether FoxP3 was
N-terminal APDS variants also result in accumulation ofqT normally upregulated in CD%4 T cells upon TCR mediated
cells in the periphery. To that end, we examined two siblingsctivation. The percentage of peripheral CB2D25° FoxP¥
(Patient 1.A and Patient II.B) with an E81K variant in the BB  Tregs was normal in the patient, but PHA blasts from Patient |
domain of pl1d (Table J). Patient 1l.A has been previously were impaired in their ability to express FoxP3 upon stimulation
described [Patient B.1 in Ref21)], and prior to this study was (Figure 3A). These results suggest that lymphoproliferation
the only APDS patient identi ed with an E81K variant. We and autoimmunity in these patients is due to impaired cell
found that both patients with the pathogenic E81K variant hadntrinsic regulation of proliferation rather than to lack of
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FIGURE 1| A novel Y524S variant in p110 causes APDS.(A) Pedigree showing ade novo variant in p110 . (B) Molecular model showing the location of the Y524S
variant in relation to p8%&. Note the loss of the hydrogen bond and buried surface area wn Tyr 524 is mutated to Ser.(C) Levels of phospho-Akt (Ser473) and
b-Actin in CD4 cells puri ed from control or patient PBMCs wereassayed by Western blotting. Cells were unstimulated () or stimulated with anti-CD3 and anti-CD28
for 5 min C). Results are representative of three experiment¢D) Flow cytometry of control or patient CD# PHA blasts. Cells were assayed for phospho-Akt
(Ser473) and phospho-S6 (Ser240/244) with or without stimation for 10 min with anti-CD3 and anti-CD28. Results are regsentative of two experiments.

(E) Western blotting for phosphotyrosine in freshly puri ed cotrol or patient CD4 T cells, either unstimulated or stimulated for the indicatetimes with anti-CD3.

Treg cells. However, we cannot exclude the possibility thétealthy controls Z5). Unfortunately, Patient | was lost to follow
inappropriate levels of stable FoxP3 expression during earlyp, but we examined cytokine production by CBA4T cell
thymic development could aect development of functional blasts from Patients II.A and 11.B. While IL-21 production sva
Treg and T e ector cells. Further experiments will be necessamgot signi cantly enhanced compared to control, there was a
to determine if the function of Treg cells is compromised instriking reduction of IFNg-producing cells Patient II.A and a
APDS patients. moderate reduction in Patient [l.Bf{gure 3B). Furthermore, the
Many APDS patients, including Patient | in this study, percentage of cells expressing CXCR3, the chemokine receptor
have CMV viremia. It is known that IFNy production by associated with Thl cells, was not signi cantly enhanced in
CD4C T cells is critical for controlling CMV infection 44).  either CXCRSPD-1° Tgy cells or CXCR5 non-Tgy cells
However, Bier et al. have recently shown that on average T (Figures 3C,D. We did note, however, an increase in the
cells from APDS patients actually have a moderately incceasgroportion of Try cells that expressed both CXCR3 and CCRS,
percentage of CXCRB IFN-g-producing cells compared to the chemokine receptor associated with Th17 cells. These
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FIGURE 2 | Peripheral and lymph node CD# T cells have a En phenotype in the Y524S APDS patient(A) Serial sections of a lymph node biopsy from the patient
stained for H&E, CD10, CD4, Bcl-6, CXCRS5, ICOS, and PD-1. Anmheads indicate areas of CD# cells that are also positive for CXCRS5, ICOS, and PD-1B) FACS
analysis of CXCR5 and PD-1 on CD% T cells from fresh control and patient PBMCs(C) CXCRS5 and PD-1 expression on activated T cells. Freshly isded cD4C T
cells from control and Patient | were stimulated for 4 days \h the indicated concentrations of plate-bound anti-CD3, vith or without 2 ug/mL ICOS-L-Fc. Anti-CD28
was included at 1 ug/mL in all cultures. Results are represeative of two experiments.

“double-positive” cells have been noted in other PIDs; they a p11@was also pulled down in a similar ratio to p85ndicating
generally able to help B cells, but not as well as CCR6-ogly T the formation of a tri-molecular complex. To determine if
cells @6). It is possible that the discrepancy between our resultthe enhanced p&iOPN interaction was unique to the Y524S
and those of Bier et al. is due to the nature of the APDS vasiantvariant, we conducted immunoprecipitation experiments with
studied—a large majority of patients had the common E1021CD4C T cell blasts from the patients with an E81K variant.
variant in the catalytic domain of p1#Q25). Regardless, while We saw enhanced co-immunoprecipitation of iOPN when @85
enhanced Fy dierentiation appears to be universal among was pulled down Kigures 4G S1B. This result con rms that
APDS patients, the cytokines produced by thegg @ells appear pathogenic variants of pl@ienhance the interaction of iOPN
to be variable, and the failure to control CMV in these patientswith p8&a.
points to a defect in Type | immunity. Binding of iOPN to p8% results in translocation of iOPN into

In murine T cells, ICOS signaling results in a @B®PN  the nucleus where it stabilizes Bcl®BY. To determine if mutant
interaction, inducing Fy di erentiation, but whether these p11@ induces nuclear translocation of iOPN, we transduced
results hold for human ¥4 has not been shownlf). We CD4° T cells from healthy donors with WT or Y524S pHl0
hypothesized that our patient's variant in the helical domafn and examined nuclear and cytoplasmic fractions for the presen
p85a could disrupt inhibitory p11@-p85a contacts, enhancing of iIOPN. We found increased translocation of iOPN in the
p8%a-iOPN interactions. Unfortunately, Patient | was lost to presence of the Y524S mutant p@l@igures 4D S1Q. The
follow-up, so we developed am vitro system to investigate iOPN detected in the nucleus was of a slightly larger mokacul
the e ect of the Y524S variant on p85OPN interactions. As weight than the bulk of iOPN found in the cytoplasm, indicaiv
previously shown for the pathogenic variants E525K and E1021&f phosphorylation. Notably, p&preferentially interacts with
(2), immunoprecipitation experiments demonstrated that therephosphorylated iOPN in the cytoplasm and chaperones the
was no dierence in pll@p85a interactions for the Y524S phospho-protein into the nucleus.{).
variant (Figure 4A). To test for an enhancement of interactions
between p8&and iOPN, we transfected 293T cells with plasmidD|SCUSSION
encoding epitope-tagged iOPN, p85and either WT or variant
plla@and performed co-immunoprecipitation experiments. TheHere, we have described a patient with a novel APDS variant,
interaction between iOPN and p85was increased in the Y524S. The patient had excessive proportionsggf @ells, both
presence of the Y524S pHihMariant (Figures 4B S1A). Notably, in the periphery and in lymph nodes. Notably, the patient
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FIGURE 3 | Altered FOXP3 expression and cytokine production in T cellsom APDS patients.(A) FACS analysis of CD2EFOXP3C Treg cells in freshly isolated
PBMCs and in PHA blasts with or without restimulation with aiirCD3/28 beads and IL-2. Results are representative of threexperiments. (B) Intracellular staining of
CDA4C T cell blasts stimulated with PMA and ionomycin(C,D) FACS analysis of chemokine receptors on CD% cells from freshly isolated PBMCs. CXCR5- non-Tfh
cells (C) and CXCRECPD-1C Tth cells(D) were assayed for CXCR3 and CCR6 expression.

had low numbers of circulating B cells, but her profoundphosphorylation) seen with APDS variants synergize to promote
lymphadenopathy was successfully treated by B cell depletiongy di erentiation.
Our results suggest that the lymphadenopathy in APDS is the The Y524S variant described here alters a potential
result of accumulation of germinal center B cells secondary phosphorylation site. Interestingly, the constitutivelyiaet
inappropriate &y di erentiation. This exaggerated tendency D816V variant of the receptor tyrosine kinase c-kit, which
may drive B cell ymphomas as well. is found in leukemias and systemic mastocytosis, was shown
Co-immunoprecipitation experiments have shown that thereto phosphorylate Y524 of pldiloin a murine B cell line
is no dierence in pll@p8% interactions when plid (28). Although wild type c-kit could not phosphorylate
alleles containing APDS-causing variants are compared 11QJ, further research is needed to determine whether
WT [(2, 21) and Figure 4A]. However, hydrogen-deuterium phosphorylation of Y524 is physiologically relevant. The
exchange experiments have demonstrated that APDS variargashanced iOPN-p&b interaction that we observed in the
in p11a cause conformational changes that mimic or enhanc@resence of the Y524S pHl@Gariant is most likely the result
the changes seen upon activatioi7y, Of note, increased of increased accessibility of the nSH2 region of g8y
hydrogen-deuterium exchange was seen at the helical-nSHQPN, and thus the role of Y524 as a phosphorylation site
interface when the E525K helical domain variant was presers unlikely to be related to Ay di erentiation. We cannot
(27). The SH2 domain of p8b is thought to interact with rule out other deleterious e ects related to the loss of the
a region of iIOPN containing a phosphotyrosind4f. We phosphorylation site at Y524, although any e ects would be
hypothesize that the nSH2 domain is more accessible tonrelated to the lymphoproliferative aspects of the syndrome
iOPN when APDS variants are present, enhancingsp®PN  since phosphorylation at Y524 enhanced proliferation and
interaction and tipping the scales toward-{ di erentiation  survival in transformed cells.
(Figure 4B. However, the presence ofgf cells in patients Most reports describing APDS patients have focused the
with catalytic domain variants 1(1), indicate that multiple enhanced and unregulated lipid-kinase activity. Indeedg th
mechanisms are likely to enhance p8®PN interactions in  primary treatment for APDS has been sirolimus (rapamycin)
the presence of destabilizing APDS variants. Further exgarien  which inhibits mTOR downstream of hyperactive PI3K
will be required to determine how the enhanced p85 (4). Additionally, recent progress has been made treating
iOPN interactions and increased catalytic activity (andX@.  APDS with the p11@specic kinase inhibitor leniolisib Z9).
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FIGURE 4 | APDS variants enhance p8&-iOPN interactions.(A) Immunoprecipitation of WT or Y524S p11@ with p85a. 293T cells were co-transfected with
HA-p110d and Myc-p85a, and p85a was immunoprecipitated with an anti-Myc af nity gel. Resuk are representative of two experiments(B) Co-immunoprecipitation
of p85a with iOPN in the presence of WT or Y524S p116. 293T cells were co-transfected with WT or variant HA-p116, iOPN-FLAG and the indicated amount of
Myc-p85a. iOPN was immunoprecipitated with an anti-FLAG af nity gelResults are representative of two experiments(C) Co-immunoprecipitation of iOPN with
p85a from control and patient CD£ T cell blasts. Results are representative of two experimesit(D) Intracellular OPN expression in nuclear and cytoplasmic fctions
of transduced (GFFC) cells. CD4 T cells from a healthy donor ere transduced with WT or Y524S fl0d. Blotting for GAPDH shows proper fractionation.

Non-speci ¢ low molecular weight bands from the OPN blot showequal protein loading in the nuclear fractions. Results anepresentative of two experiments(E)
Model showing that enhanced interaction of iOPN with p8& in the presence of the variant p11@ drives Try differentiation.

Our results suggest that patients should also be monitoreMATERIALS AND METHODS

for alterations in T cell dierentiation. These defects are

likely to occur independently of the kinase activity of PI3K\Whole-Exome and Sanger Sequencing

and may not improve with rapamycin or pl@pecic Whole exome and Sanger sequencing were performed in the
inhibitor treatment. Baylor College of Medicine medical genetics lab.
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Molecular Modeling 8mg/mL polybrene. The cells were then plated on non-TC treated
The crystal structures of pldip85a (5DXU), pll@-p85a  wells pre-coated with RetroNectin and centrifuged for 1h at
(3HMM), and pll@p85a (5T27) were loaded in Coot to 1,200 g Lentiviral supernatants were replaced with fresh T cell
generate a model of p1d®85a that includes the loop bearing media supplemented with 50 U/mL IL-2. GERells were sorted
Y524 and the mutated Ser. Structural representation of that day 5-7 post-transduction. Sorted cells were restimulateti
variant was made in PyMol. expanded with Dynabeads prior to use. Cells maintained uniform
levels of GFP expression while in culture.
T Follicular Helper Differentiation
CD4C T cells were isolated from PBMCs by immunomagneticFACS Analysis
negative selection (EasySep; STEMCELL), or were purieBreshly isolated PBMCs or cultured T cells were resuspended
from whole blood with RosetteSep (STEMCELL). FosyT in FACS buer (PBS with 2% FBS and 1mM EDTA) and
di erentiation experiments, T cells were cultured in 96-welltreated with Human TruStain FcX to block Fc receptors
plates in complete T cell media (RPMI-1640 supplemente@Biolegend). Cells were stained with the following antilesi
with 10% FBS, 10mM HEPES, 2mM L-Glutamine, andall from Biolegend: anti-CD4 PerCP-Cy5.5 (clone RPA-T4),
Pen/Step). The wells were pre-coated with the indicatednti-ICOS Alexa Fluor 488 (clone C398.4A), anti-CXCR5 PE
concentrations of anti-CDB (clone OKTS3; Biolegend) and (clone J252D4), anti-CXCR3 PE-Cy7 (clone GO025H7), anti
2mg/mL ICOS-ligand-Fc (R&D Systems; 165-B7-100). SolubleCR6 Alexa Fluor 488 (clone GO34E3), and anti-PD-1 Alexa
anti-CD28 (clone CD28.2; Biolegend) was addedmag/InL. At  Fluor 647 (clone EH12.2H7)For staining of Tregscells

day 4, the T cells were harvested and stained as below. were surface stained with anti-CD3 BV 605 (clone OKT3),
_ anti-CD4 APC-Cy7 (clone RPA-T4), and anti-CD25 BV 421
Generation of T Cell Blasts (clone M-A251) (all from Biolegend), xed and permeabilized

For the Treg experimentBeripheral blood mononuclear cells with the FOXP3 Staining Bu er Set (ThermoFisher Scienti c)
(PBMC) were isolated by density centrifugation using Hicol and then stained with anti-FOXP3 Alexa Fluor 647 (clone
paque plus (GE Healthcare). The cells were plated in X-VIVO 1259D/C7; BD Biosciences).

medium supplemented with gentamycin (Lonza) and 5% pooled

AB human serum (HS; Sigma-Aldrich). Phytohaemagglutininintracellular Cytokine Staining

(2mg/mL; Sigma-Aldrich) and 30 u/mL IL-2 (Peprotech) wereCD4% T cell blasts were cultured in fresh media with
added at the beginning of the culture. The cell cultures werer without 50ng/mL PMA and 1InM ionomycin (Sigma-
supplemented with 50 U/mL IL-2, 10 ng/mL IL-7 (R&D Systems) Aldrich) for 4h. Golgiplug (BD Biosciences) was added to
and 10 ng/mL IL-4 (R&D Systems). Cells were collected, washedl wells for the nal 3h of culture. Cells were stained with
with PBS, and restimulated with Dynabeads coated with antianti-CD4 BV 421(clone OKT4; Biolegend), xed with 2%
CD3 and anti-CD28 antibodies (Life Technologies) at a 1:2@araformaldehyde in PBS for 30 min at RT, and permeabilized
bead:cell ratio in the presence of IL-2 (50 u/mL). After 72e t with 0.5% saponin (Sigma-Aldrich) in FACS bu er for 10 min
cells were collected, washed and stairfeat. the ICCS and co- at RT. Cytokines were stained with anti-IRIN-PE (clone
immunoprecipitation experimenBD4° cells were puri ed from  4S.B3; Biolegend) and anti-IL-21 Alexa Fluor 647 (clone
PBMC as above. Cells were stimulated with plate-bound antBA3-N2.1; BD Biosciences).

CD3+(1 mg/mL) and soluble anti-CD28 (@g/mL). Atday 3, cells

were removed from anti-CD8coated wells and cultured in the Intracellular Phospho-Akt Staining

presence of 100 U/mL IL-2. C[§4blasts were used between dayFrozen day 12 PHA blasts were thawed and cultured in complete

7 and 12. T cell media supplemented with 50 U/mL IL-2 for 3 h. Cells were
. o then either xed directly with an equal volume of pre-warmed
Generation of Lentiviral Supernatants Cyto x bu er (BD Biosciences) or stimulated. For stimulatip

Lenti-X 293T cells (Takara) were co-transfected (Lipofeite cells were preincubated with rig/mL anti-CD3+ and anti-
3000 reagent; ThermoFisher) with a lentiviral transfer plas  CD28 on ice for 20min and washed. Cells were stimulated
containing WT or mutant PIK3CD (see below), the pCMV with 20mg/mL goat anti-mouse IgG (Jackson ImmunoResearch)
delta R8.2 packaging plasmid (Addgene #12263) and tHer 10 min in complete T cell media and then xed with pre-
pMD2.G envelope plasmid (Addgene #12259) at a l:1xarmed Cyto x bu er. Cells were washed with FACS bu er and
molar ratio. Supernatants were collected at 24 and 48 h pospermeabilized with BD PhosFlow Perm Bu er Il pre-chilled
transfection, pooled and pelleted by centrifugation usingtle to 20 C and incubated for 30 min on ice. Cells were washed
X Concentrator (Takara). The resulting pellets were genthextensively and then stained with the following antibod@s

resuspended in T cell media and used immediately. appropriate isotype controls from Cell Signaling Technology:
. anti-pAkt (Ser473) Alexa Fluor 647 (clone D9E) and anti-pS6
T Cell Transduction (Ser240/244) Alexa Fluor 488 (clone D68F8).

CD4® T cells were isolated from the PBMC of deidenti ed,

healthy donors as above. Cells were stimulated with Dyrdbealmmunoblot Analysis

at a 1:1 bead:cell ratio for 24 h prior to transduction. T cellsPuried CD4® T cells from freshly isolated PBMCs were
were resuspended in lentiviral supernatants supplemented witbre-incubated with 3%ng/mL anti-CD3e and anti-CD28
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on ice for 20min, washed and resuspended in serum-frep85a. Prior to use, anity gels were blocked for 2 h with
RPMI-1640. Cells were stimulated by adding goat anti-mous293T lysates from untransfected cells. After extensive wgshi
IgG at a nal concentration of 56g/mL and incubating at with RIPA buer, the anity gel was incubated with Bolt
37 C for the indicated times. The stimulation was stoppedLDS sample buer and NuPAGE Sample Reducing Agent
and cells were lysed by adding Bolt LDS sample buer ando release precipitated protein and reduce DSP crosslinks.
sample reducing agent (ThermoFisher Scientic) directlyWhole cell lysates and immunoprecipitates were separated on
to the tubes. Samples were separated on Bolt 4-12% Bgels as above and transferred to nitrocellulose membranes.
Tris gels and transferred to PVDF membranes with theMembranes were probed with anti-Myc tag (clone 9B11),
iBlot 2 system (ThermoFisher Scientic). Membranes wereanti-HA tag (clone C29F4), and polyclonal anti-FLAG tag
blocked with PBS containing 5% BSA and probed with(Cat# 2368) all from Cell Signaling Technology. Fluorescent
the following antibodies: anti-pAkt-Ser473 (clone D9E;secondary antibodies against mouse and rabbit were from
Cell Signaling Technology), anti-phosphotyrosine (4G10LI-COR and blots were imaged with an Odyssey Infrared Imggin
EMD Millipore), and anti-b-actin-HRP (clone C4; Santa System (LI-COR).

Cruz Biotechnology). For the co-immunoprecipitation experiments with T
. . . cell blasts Cells were cross-linked with DSP and lysed
Nuclear/Cytoplasmic Fractionation as above. Lysates were pre-cleared with Protein A/G-

Cells were washed in ice-cold PBS and fractions were preparggarose (Santa Cruz Biotechnology) for 1h aC4 p8&
using a Nuclear and Cytoplasmic Extraction Kit, following theywas immunoprecipitated with ~anti-p85-agarose (16—107;
manufacturers instructions (G-Biosciences). Westernttiolg  Millipore Sigma) overnight at 4C. Immunoprecipitates
was conducted as abOVe, USing the fOIlOWing antibodies: anRNere processed as above and membranes were probed with

Osteopontin (ab8448; Abcam), anti-GAPDH (clone G-9; Santanti-pgs (ABS233; Millipore Sigma) and anti-Osteopontin
Cruz Biotechnology), and anti-HA tag (clone C29F4; Cellclone 53; Abcam).

Signaling Technology).

. L Study Approval
Constructs and Co-immunoprecipitation Research on human subjects was performed after written
The entire coding sequences of huma&iK3R1 (encoding informed consent was obtained and under the auspices

p8%a) and PIK3CD (encoding p110) were cloned from cDNA  of the Stanford University and UCLA Institutional
(Open Biosystems BC094795 and BC132921, respectivepydview Boards.

into pcDNA 3.1C (Invitrogen) or murine stem cell virus

(MSCV) vectors, respectively. A c-Myc tag was cloned OntETHICS STATEMENT

the N-terminus of p8&, and an HA tag was cloned onto

the N-terminus of pll@ and variants were introduced This study was carried out after written informed consent
with PCR-based site-directed mutagenesis. For lentiviralom all subjects. All subjects gave written informed consen
constructs, HA-tagged WT or mutanPIK3CD was upstream gccordance with the Declaration of Helsinki. The protocokwa

of the EFR promoter in the EF.PGK.GFP plasmid (Addgeneapproved by the Stanford University and UCLA Institutional
#17618). The coding sequence of hum@RP1(Osteopontin, Review Boards.

Open Biosystems, BC017387) minus bases corresponding to

the 16 amino acid N-terminal signal sequence was cloneg\yTHOR CONTRIBUTIONS

into pcDNA3.1C, and a DYKDDDDK tag was attached to

the C-terminus. MB provided patient care and obtained IRB approval. RO
HEK-293T cells were co-transfected (Lipofectamine LT>prepared histology images. MB, TT, and RB designed the

reagent; ThermoFisher) with a total of ég of plasmid research. TT and LP conducted experiments and analyzed

DNA; 2 mg each of plasmids encoding pE85p1l@, and data. MB made the molecular model. MB and TT wrote

iOPN. In some experiments, only p&5and pll@ were the manuscript.

transfected. Forty-eight hours after transfections, scellere

harvested, washed extensively with PBS and crosslinkdd WiEFUJNDING

2.5mM dithiobis(succinimidyl propionate) (DSP) in PBS for

20min at RT. The reaction was stopped with the additionFunding for this work came from the Je rey Modell Foundation

of 1M Tris-HCI to a nal concentration of 10mM and and from the NIH/NIGMS (RO1 GM110482 to MB).

the cells were washed with ice-cold PBS and lysed in RIPA

bu er containing HALT protease inhibitors (ThermoFisher). SUPPLEMENTARY MATERIAL

Insoluble material was removed by centrifugation and lgsat

were incubated with anti-DYKDDDDK (FLAG) anity gel The Supplementary Material for this article can be found

(clone L5; Biolegend) overnight at @. Alternatively, an anti- online at: https://www.frontiersin.org/articles/10.388nmu.

Myc anity gel (9E10; Biolegend) was used to pull down 2019.00753/full#supplementary-material
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