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Loss of Phosphatidylinositol 3-Kinase Activity in Regulatory
T Cells Leads to Neuronal Inflammation

Anne-Katrien Stark,""J”1 Elizabeth C. M. Davenport,""i’1 Daniel T. Patton,*
Cheryl L. Scudamore,:ﬁ’§ Bart Vanhaesebroeck,11 Marc Veldhoen,""|| Oliver A. Garden,*’# and
Klaus Okkenhaug*"

Class I PI3K enzymes are critical for the maintenance of effective immunity. In T cells, PI3K« and PI3KS are activated by the TCR
and costimulatory receptors, whereas PI3K<y is activated by G protein—coupled chemokine receptors. PI3K® is a key regulator of
regulatory T (Treg) cell function. PI3K isoform-selective inhibitors are in development for the treatment of diseases associated
with immune dysregulation, including chronic inflammatory conditions, cancer, and autoimmune diseases. Idelalisib (PI3K3),
alpelisib (PI3Ka), duvelisib (PI3K8/v), and copanlisib (pan-PI3K) have recently been approved for use in cancer treatment.
Although effective, these therapies often have severe side effects associated with immune dysregulation and, in particular, loss of
Treg cells. Therefore, it is important to gain a better understanding of the relative contribution of different PI3K isoforms under
homeostatic and inflammatory conditions. Experimental autoimmune encephalitis is a mouse model of T cell-driven CNS in-
flammation, in which Treg cells play a key protective role. In this study, we show that PI3KS is required to maintain normal Treg
cell development and phenotype under homeostatic conditions but that loss of PI3Kd alone in Treg cells does not lead to
autoimmunity. However, combined loss of PI3K« and PI3KS signaling resulted in increased experimental autoimmune enceph-
alitis disease severity. Moreover, mice lacking PI3Ka and PI3KS in Treg cells developed spontaneous peripheral nerve inflam-

mation. These results show a key role for PI3K signaling in Treg cell-mediated protection against CNS inflammation. The

Journal of Immunology, 2020, 205: 78-89.

PI(4,5)P, to PI(3.4,5)P; by phosphorylating the 3-OH
position on its inositol ring. This leads to the recruitment
of PH domain—containing proteins such as AKT to the plasma

C lass T PI3Ks convert the membrane phosphoinositide lipid
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membrane, resulting in multiple downstream effector path-
ways, including phosphorylation and nuclear exclusion of
Foxol and Foxo3a transcription factors and mTORC1/2 acti-
vation, which regulate cell survival, proliferation, and migra-
tion. The class IA PI3Ks are heterodimers that consist of one of
three catalytic subunits: pl110a, p110B, and p1103, each of
which associates with a regulatory subunit (p85a, pSOa, pS5a,
p85PB, or p55v). The class IB PI3K consists of the p110y cat-
alytic subunit, which associates with the p101 or p84 regulatory
subunit. The functional enzyme heterodimers are referred to as
PI3Ka, PI3KP, PI3K3, or PI3Kvy, according to the catalytic
subunit. The PI3K catalytic subunit isoforms differ in their
tissue distribution and function; whereas pl110a and p110{ are
ubiquitously expressed, p1108 and p110y expression is enriched
in immune cells. In general, class IA PI3Ks are activated down-
stream of tyrosine kinase—coupled receptors, whereas PI3K<y is
activated by G protein—coupled receptors, although exceptions
have been identified such as the activation of PI3K[3 downstream
of G protein—coupled receptors (1-3). PI3K-mediated signaling is
tightly controlled by phosphatases; Pten dephosphorylates PI(3,4,5)
P; at the 3-OH position to maintain homeostatic PI(4,5)P, levels,
whereas SHIP phosphatases dephosphorylate the 5-OH position to
yield PI(3,4)P,.. In addition, PHLPP phosphatases dephosphorylate
pAkt, providing a further level of control downstream of PI3K
activation. The class IA PI3Ks play differential roles in the regu-
lation of immune responses. Although p110f plays an important
role in myeloid cell development and function, its expression level
is low in lymphocytes (2, 4, 5). The main class IA PI3K isoforms
expressed in T cells are p1103 followed by p110a, whereas p110f
is barely detectable (1, 6, 7).

Normal class I PI3K signaling through the p1108 isoform is
essential for effective B and T cell-mediated immunity; both
PI3K3 inhibition and hyperactivation result in defective adaptive

2202 ‘S Yore |\ uo 1senb Aq /6.0 jounwiwu i ' mman//:dny wody papeojumoq


http://orcid.org/0000-0001-6241-3909
http://orcid.org/0000-0002-4211-5135
http://orcid.org/0000-0002-7101-1714
http://orcid.org/0000-0002-7074-3673
http://orcid.org/0000-0002-1478-9562
http://orcid.org/0000-0002-4133-9487
http://orcid.org/0000-0002-9432-4051
http://orcid.org/0000-0001-6241-3909
http://orcid.org/0000-0002-4211-5135
http://orcid.org/0000-0002-7101-1714
http://orcid.org/0000-0002-7101-1714
http://orcid.org/0000-0002-7074-3673
http://orcid.org/0000-0002-1478-9562
http://orcid.org/0000-0002-1478-9562
http://orcid.org/0000-0002-4133-9487
http://orcid.org/0000-0002-9432-4051
mailto:ko256@cam.ac.uk
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2000043/-/DCSupplemental
https://creativecommons.org/licenses/by/4.0/
http://www.jimmunol.org/

The Journal of Immunology

immune responses (8). In T cells, p110d is the main isoform ac-
tivated downstream of the TCR and is required for TCR and IL-2
signaling as well as costimulation and promotes the differentiation
and function of the CD4" Th1, Th2, and Th17 cell subsets (1, 9—12).
However, the role of PI3K3® signaling in regulatory T (Treg) cell
development and function is more complex and not completely
understood (13, 14). Treg cells develop in the thymus in response to
intermediate self-antigen avidity (thymic Treg cells). In addition,
Treg cells can develop in the periphery from naive T cells (pe-
ripheral Treg [pTreg] cells) under conditions of suboptimal Ag
stimulation and/or inflammation in the presence of TGF-. Mice
expressing catalytically inactive p1108 (p1103P210ADII0AY ghoy
increased thymic Treg cell development (15), possibly through
enhanced Foxo transcription factor activity, which is required for
Foxp3 expression and Treg cell function (16, 17). Treg cells also
express higher levels of the PTEN and PHLPP phosphatases com-
pared with conventional T (Tconv) cells, and deletion of these
phosphatases lead to Treg cell destabilization and loss of function
(18-20). In addition, withdrawal of TCR signaling and/or inhibition
of the PI3K/AKT/mTOR pathway 18 h after T cell activation results
in spontaneous Treg cell induction in vitro (induced Treg [iTreg])
(21). In contrast, work from our laboratory shows that despite the
increase in Treg cell numbers in the thymus of p1103>!0A/P9104
mice, pTreg cell numbers are reduced (15), whereas PI3Kd
hyperactivation in p1108%'%*®"WT mice results in increased pTreg
cell numbers (22). Treg cells from p1108°°'0AP219A pjce also have
impaired suppressive function in vitro, produce less IL-10, and
express lower levels of CD38, a marker associated with superior
suppressive function (15, 23).

PI3K3 signaling is also required for optimal Treg cell function
in vivo. Kinase-dead p1108°%'°4/P?194 mjce develop spontaneous
colitis, elicited by gut microflora including Helicobacter pylori,
which can be prevented by breeding mice under pathogen-free
conditions (9). In addition, pllOBDQlOA/D910A mice are resistant
to Leishmania major infection despite attenuated Thl cell responses
as a result of compromised Treg cell expansion and homing to sites of
infection (24). A similar mechanism also confers tumor resistance to
p1103P210ADIOA mice and mice with a Treg cell-conditional p1108
deletion (25). Importantly, patients treated with the selective PI3K3
inhibitor (idelalisib) suffer severe side effects, including auto-
inflammatory hepatotoxicity and colitis, which correlates with
reduced peripheral blood Treg cell frequency and suppressive
function (26, 27). Contrary to our expectations, mice with a Treg
cell-conditional p1103 deletion did not show obvious signs of
spontaneous autoimmunity or inflammation under pathogen-free
conditions (25).

We considered the possibility that autoimmunity may develop in
response to an inflammatory challenge in Treg cell-conditional
p1103-deficient mice. In addition, the other class I PI3K catalytic
subunit isoforms may also play a role in Treg cell development
and function, altering the requirement for signaling through PI3K&
under specific conditions.

PI3K3 and PI3K<y act synergistically in thymic T cell devel-
opment, and deletion/inactivation of both p1108 and p110vy iso-
forms results in T cell lymphopenia (28). However, mice with a
deletion of p110y in addition to p110d inactivation have higher
frequencies of pTreg cells with partially reduced function as
measured by in vitro suppression assay (29). More recently, PI3K$
inhibition but not concurrent p110vy deficiency was also shown to
detrimentally affect Treg cell function in a mouse allograft
transplantation model (30). We have previously demonstrated that
PI3Ka can compensate for the loss of PI3K8 function during early
B cell development, with loss of both p110a and p1108 resulting
in a profound block at the pre—B cell stage, but deletion of p110a
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in addition to p1103 in T cells did not result in an obviously al-
tered phenotype (7). More recently, T cell-specific deletion of
p110a was shown to enhance effector T cell function and reduce
Treg cell expansion, resulting in delayed disease progression in a
B16 melanoma model (31). This stands in contrast with an earlier
study by Sauer et al. (21), showing that isoform-selective inhibi-
tors of PI3Ka can promote in vitro iTreg differentiation to a
greater extent than PI3K® or PI3Ky inhibition. These studies
highlight that the requirement of Treg cells for PI3K signaling
may depend on specific activation conditions, and we considered
that PI3Ka and PI3K® may have differential roles in Treg cell
induction, maintenance, and function.

In this study, we show that, contrary to previously published data
(32), genetic or pharmacologic inhibition of PI3K9 signaling does
not alter disease progression in an experimental autoimmune en-
cephalitis (EAE) mouse model, possibly because of a simulta-
neous inhibitory effect on both T effector and Treg cell responses.
By using mice with a Treg cell-conditional deletion of p110a,
p1108, or both isoforms, we show that PI3K3 is the main isoform
involved in maintaining a normal Treg cell phenotype, with partial
compensation from PI3Ka for the loss of PI3K8 activity. How-
ever, simultaneous deletion of both pl110a and p1108 isoforms
resulted in the loss of in vitro Treg cell suppressive function,
lymphoproliferation and significantly increased EAE disease se-
verity. Importantly, simultaneous loss of p110a and p1103 leads to
spontaneous neuronal inflammation (neuropathy) and hind limb
paresis in naive mice. These data indicate that PI3Ka can act
synergistically with PI3K$ to regulate Treg cell function under
inflammatory conditions.

Materials and Methods
Mice

All breeding and in vivo procedures were carried out in accordance with
the U.K. Home Office regulations (Animals [Scientific procedures] Act
1986) with approval from the Babraham Institute Animal Welfare and
Ethics Review Body. Mice were maintained in individually ventilated
cages under specific pathogen-free conditions at the Babraham Institute’s
Biological Services Unit. We used male and female animals aged between
8 and 15 wk in all experiments.

PI3K3 kinase dead (p1105P°10AP104) were as previously described
(9). For in vitro experiments, age- and sex-matched C57BL/6 mice from
the Babraham Institute breeding colony were used as controls in experi-
ments with p1108°?104P19A mjce and matched cohoused wild-type lit-
termate controls were used for in vivo experiments. Foxp3*Y™" ™ (FYC-WT)
mice (33) were obtained from Alexander Rudensky (Sloan Kettering Institute)
and rederived into the Babraham Institute Biological Services Unit. FYC-WT
mice were crossed to p110a™°* mice (34) and p1108™°¥1°* mice (35) to
delete p110a (FYC-p110a™), p1108 (FYC-p1108"), or both isoforms
simultaneously (FYC-p110a3"). Homozygous mice were used in all
experiments. Treg cell-specific deletion of p110d and/or pl10a was
confirmed by Western blot of cell lysates from sorted YFP* Treg and
YFP ™ Tconv cell populations (Supplemental Fig. 1).

Summary of mouse lines. The following mouse lines were used in this study.

p1103P1OADIOA, Komozygous PI3KS kinase dead.

FYC-WT: Foxp3YFPC X wild-type pl10a X wild-type p1103.

FYC-p110a™: Foxp3YFP-Cre X p110a/o¥/fox,

FYC-p1105™: Foxp3¥Y**-C x p110gfio/fex,

FYC-p110a8™: Foxp3Y™Cr X p110a /% x p1108foxMlox,

(Foxp3Y¥PC™ is X-linked; hence females were homozygous, males
hemizygous).

Buffers and media

Cell staining buffer. Cells were suspended in PBS/2% FCS/0.05% NaN;
before being incubated with Abs prior to flow cytometry.

T cell medium. T cells were maintained and stimulated in RPMI-1640 (Life
Technologies) with 5% v/v FCS, 0.005% v/v 2-ME (Sigma), 1% v/v
penicillin streptomycin (Life Technologies), 2 mM L-glutamine (Life
Technologies), and 1% v/v 1 M HEPES.
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T cell isolation buffer. T cells were resuspended in PBS/1.25 mM EDTA/
1% FCS before magnetic sorting.

Cell lysis buffer. The 2X lysis buffer (100 mM HEPES, 300 mM NaCl,
20 mM NaF, and 20 mM iodoacetamide) was diluted 1:1 in distilled water
and one Complete Mini Protease Inhibitor Cocktail Tablet (Roche) and
100 w1 NP40 (BD Horizon) was added per 10 ml of buffer.

Preparation of single cell suspensions from mouse tissues

Mice were culled by CO, inhalation followed by cervical dislocation;
dissected tissues were kept on ice while processed. Single cell suspensions
were prepared from spleens, thymi, and lymph nodes by pushing the tissue
through 40-pwm cell strainers (BD Biosciences) using a syringe plunger.
The cell suspensions were washed once with 5 ml cold PBS, and RBCs in
spleen samples were lysed using hypotonic ammonium chloride RBC lysis
buffer (Sigma), according to the manufacturer’s instructions. Spinal cord
samples were prepared by dissecting the cord tissue from the vertebrae and
pushing the tissue through 70-pwm cell strainers using a syringe plunger.
Cells were washed once in 5 ml cold PBS and collected by centrifugation.
The cell pellets were resuspended in 37.5% isotonic Percoll (Sigma) at
room temperature and centrifuged at 650 X g for 20 min with low ac-
celeration and brake settings. The supernatant containing myelin and tissue
debris was removed, and the cell pellets were washed twice by centrifu-
gation in cold PBS. Cells were then resuspended at 1-3 X 10° cells per
sample and stained for flow cytometry as described below.

T cell isolation

Negative selection of CD4* T cells from peripheral lymph node cell
suspensions were performed by immunomagnetic selection. All in-
cubation and wash steps were performed in T cell isolation buffer
unless otherwise indicated. Cells were resuspended at 1 X 108 cells/ml, and
FITC-conjugated Abs against mouse MHC class II, CD25, B220, CDS8a,
CD49b, and CD11b were added at a final dilution of 1:500 followed by
incubation for 30 min at 4°C. Negative selection was performed using anti-
FITC Microbeads (Miltenyi Biotec) and LS Magnetic Columns (Miltenyi
Biotec), according to the manufacturer’s instructions, and unlabeled cells in
the flow through were collected. Regular purity checks by flow cytometry
confirmed enrichment to >95% CD4* T cells.

T cell differentiation assay

Isolated CD4" T cells were stained with CFSE at a final concentration of 1 uM
(Sigma) for 7 min at room temperature, resuspended at 2 X 10° cells/ml in
T cell culture medium, and transferred to anti-CD3 (1 pg/ml) and anti-CD28
(2 pg/ml)—coated flat-bottom 96-well plates. T cell culture medium
supplemented with cytokines and blocking Abs was prepared as follows:
Th17: TGF-B at 1 ng/ml, IL-6 at 20 ng/ml, IL-23 at 10 ng/ml, IL-1b at
10 ng/ml, anti-mouse IL-4 at 5 pg/ml, and anti-mouse IFN-y at 10 wg/ml;
Thl: IL-12 at 4 ng/ml, IL-2 at 20 ng/ml, and anti-IL-4 at 5 pg/ml; and
Treg cell: TGF-B at 10 ng/ml, IL-2 at 20 ng/ml, anti-mouse IL-4 at 5 pg/ml,
and anti-mouse IFN-y at 10 pwg/ml. Cells were cultured for 72 h, when half
the culture medium was replaced with fresh medium containing re-
placement cytokines but not blocking Abs and cultured for a further 48 h.
For detection of IFN-y— and IL-17-producing cells, brefeldin A was
added 3 h before collecting the cells and staining for flow cytometry.

T cell suppression assay

YFP" Treg cells were isolated by sorting lymph node samples pre-enriched
for CD25" cells using a mouse CD25 MicroBead Kit (Miltenyi Biotec) on
a FACSAria (BD Biosciences). CD4*CD25~ Tconv cells were isolated
from the CD25 fraction obtained from the same samples by negative
selection using FITC-conjugated Abs and anti-FITC Microbeads (Miltenyi
Biotec) as described above (T cell isolation). Treg cells were cocultured in
known ratios with 1 X 10° Tconv cells per well in 96-well round-bottom
Nunclon plates (Nunc) and stimulated with 2 X 10* anti-CD3/anti-
CD28-coated Dyna Beads (Dynal). After 96-h incubation at 37°C in an
atmosphere of 5% CO,, proliferation was measured by [*H]thymidine
incorporation. [3H]thymidine was added at 0.5 pl per well, and plates
were incubated for 6 h before cells were harvested to UNIFILTER Plates
(PerkinElmer) using a Tomtec 96 Harvester. Collection plates were air
dried overnight and 30 wl MicroScint-20 (PerkinElmer) added to each
well. A TopCount Scintillation Counter (PerkinElmer) was then used to
read the relative incorporation of [*H]thymidine in each well.

Treg cell activation assay for pAkt analysis

Live cells were isolated from lymph node single cell suspensions by
layering over Lympholyte-M (Cedarlane Laboratories), according to the

manufacturer’s instructions. Cells were counted and resuspended in T cell
medium at 1 X 10% cells/ml. Cells were incubated for 1 h on ice with
biotinylated anti-mouse CD3 (clone 145-2C11) and anti-mouse ICOS
(clone 7E-17G9) (eBioscience) at 1 and 2 pg/ml, respectively. For Na;VO,
stimulation, cells were incubated for 1 h on ice without Abs. Cells were
washed twice by centrifugation, resuspended at 3 X 107 cells/ml in T cell
medium, and aliquoted into microcentrifuge tubes at 100 wl per condition.
For assessing the effects of PI3K inhibitors, cells were treated with ide-
lalisib (100 nM), alpelisib (500 nM), or DMSO control as required, in-
cubating for 15 min in a heat block at 37°C prior to stimulation. Where
PI3K inhibitor treatment was not required, cells were incubated for 2 min
at 37°C prior to stimulation. For anti-CD3/anti-ICOS stimulation, strep-
tavidin (Jackson ImmunoResearch) was added at a final concentration of
10 pg/ml; alternatively, 0.5 mM Na3;VO, was added. The reaction was
stopped after 5 min (anti-CD3/anti-ICOS) or 1 min (Na;VO,) by adding
300 pl ice-cold 4% paraformaldehyde (Intracellular Fixation Buffer;
BioLegend). Cells were incubated 15 min on ice, washed in Foxp3
Transcription Factor Wash Buffer (Invitrogen), and then stained with Abs
against CD4, CD8, CD25, Foxp3 and pAKT for 1 h at room temperature in
Foxp3 Transcription Factor Wash Buffer (Invitrogen). Cells were then
washed twice in PBS before analysis by flow cytometry.

Flow cytometry

Single cell suspensions (1-3 X 10° cells per sample) were stained for flow
cytometry. For detecting cell surface Ags, cells were washed once and
incubated for 30 min at 4°C with an Ab master mix prepared in cell
staining buffer (PBS/2% FCS/0.05% NaNj3). Cells were washed once and
fixed using a 4% paraformaldehyde solution. When biotinylated Abs were
used, cells were stained for 15 min at 4°C with fluorophore-conjugated
streptavidin prior to fixation. For the detection of intracellular cytokines,
cells were resuspended in T cell culture medium and stimulated with 50 ng/ml
phorbol dibutyrate (Tocris Bioscience), 1 wM ionomycin (Sigma), and bre-
feldin A (eBioscience) for 46 h at 37°C. Intracellular staining for the detection
of Foxp3 was performed using the eBioscience Foxp3/Transcription Factor
Staining Buffer Set, according to the manufacturer’s instructions. Intracellular
staining for the detection of cytokines were performed using the BioLegend
Intracellular Staining Permeabilization/Wash Buffer, according to the
manufacturer’s instructions. Stained samples were analyzed using BD
LSRIIFortessa/FortessaS, Cytek Aurora, or Life Technologies Attune
Flow Cytometers; data analysis was performed in FlowJo (Tree Star).
Flow cytometry Abs are summarized in Table 1.

EAE model

EAE was induced by s.c. injection of 250 g myelin oligodendrocyte glyco-
protein peptide aa 35-55 ([MOG3s_s5)] MEVGWYRSPFSRVVHLYRNGK)
(thinkpeptides) emulsified in CFA (Sigma) across two sites at the tail base/
flank. Mice also received an i.p. injection of 200 ng pertussis toxin (Bordetella
pertussis) (Sigma) in sterile PBS at the time of MOG 35_ss, immunization and
again 48 h postimmunization. The PI3KS inhibitor IC87114 was provided
by Jonathan Clark (Babraham Institute) and given twice daily by oral gavage at
30 mg/kg as a suspension in 0.5% carboxymethylcellulose in water. This
dosing strategy was previously shown to modulate T cell-mediated immune
responses in vivo (36). Treatment was started 24 h before EAE induction and
maintained for the duration of the study. Mice were weighed once weekly until
weight loss was detected and then daily until the weight remained stable for
three consecutive days. All mice were observed daily for 25-35 d and scored
according to the criteria in Table IT when clinical signs appeared. Scoring was
performed by at least two individuals who were blinded to genotype for each
study. Signs of ascending paralysis usually appeared from 7 d onwards. At this
stage, mice were housed on extra absorbent bedding (c-dri), and soft food and
water was provided on the cage floor. Animals were culled by a schedule 1
method when showing a score of five or had difficulty moving around the cage
on two consecutive days or when they lost 25% or more of their body weight.
On rare occasions, mice were found dead or moribund at which stage, they
were culled immediately and assigned an EAE score of 6. Peak disease se-
verity was observed at 14-16 d post-MOG3s_ss, immunization, and animals
were culled at this time to assess T cell infiltration into the CNS and draining
lymph nodes.

Western blot

YFP* Treg cells were sorted on a BD FACSAria cell sorter from pooled
lymph node samples preenriched for CD4* cells by immunomagnetic
negative selection, as described above. Cells were counted and suspended
in 35 pl cell lysis buffer per 1 X 10° cells before incubating on ice for
10 min. Samples were then centrifuged at 15,000 rpm at 4°C for 10 min.
Supernatant was aliquoted, and 10 wl NuPAGE Running Buffer (Life
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Table I. Flow cytometry Abs
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Ag Fluorochrome Clone Concentration (pg/ml) Supplier
CD3 FITC 145-2C11 1 eBioscience
CD4 V500; PerCPcy5.5 RM4-5 1 BD Horizon
CD8a eF450; APC-Cy7 53-6.7 1 eBioscience
CD25 PE; BV605 PC61 1 BioLegend
CD38 APC 90 0.5 BioLegend
ICOS (CD278) PE-cy5 TE.17G9 1 eBioscience
CD103 PE 2E7 1 eBioscience
Helios Pacific Blue 22F6 0.5 BioLegend
NRP1 (CD304) PE 3DS304M 1 eBioscience
IL-17A Alexa647 eBiol7B7 1 eBioscience
IFN-y PE-Cy7 XMG1.2 1 eBioscience
Foxp3 Alexa647; eF450 FJK-16S 2 eBioscience
B220 APC-cy7 RA3-6B2 1 BioLegend
CD45 PerCPcy5.5 30-F11 1 eBioscience
pAKT(serd473) Alexa647 D9E 2.5 Cell Signaling Technology
Viability dyes eF450; eF780 none 1:5000 eBioscience

Technologies) was added per 30 .l supernatant. One molar DTT-reducing
agent (Life Technologies) was then added at a ratio of 1 in 50 to samples,
which were heated at 70°C for 10 min. NuPAGE 4-12% Bis-Tris Gels
were loaded with sample and run in NuPAGE SDS MOPS Running Buffer
using the XCell SureLock Mini-Cell Electrophoresis System (Life Tech-
nologies) for 50 min at 200 V and 210 mA. Blotting pads and filter paper
were soaked in transfer buffer (1 X NuPAGE Transfer Buffer [Life Tech-
nologies], 10% methanol (VWR), and 1:1000 NuPAGE Antioxidant [Life
Technologies]). PVDF membranes (GE Healthcare) were soaked for 1 min
in methanol and rinsed in double distilled water (ddH,0). Proteins were
transferred to the membrane at 30 V for 1 h using the XCell II Blot Module
(Life Technologies) in accordance with manufacturer’s instructions. Blots
were blocked for 1 h at room temperature in 5% w/v milk (Marvel
Biotech) in TBST (150 mM NaCl [AnalaR], 50 mM Tris-HCI [Melford]
[pH 7.6], plus 0.1% Tween 20). After rinsing in TBST, blots were probed
overnight at 4°C with 1:100 anti-p110a (C73F8; Cell Signaling Tech-
nology) or 1:2000 anti-p1108 (Abcam) in TBST with 5% w/v BSA and
0.05% w/v NaN3. Blots were washed three times in TBST and then in-
cubated for 1 h at room temperature with 1:25,000 HRP-conjugated goat
anti-rabbit 1gG (Dako) in 5% w/v milk in TBST. After three further
washes, light signals were detected using ECL detection reagent and
Hyperfilm (GE Healthcare), developed using a Compact X4 developer
(Xograph). To reprobe blots for proteins of similar size, blots were
stripped by incubation with stripping buffer (2% SDS, 100 mM 2-ME,
50 mM Tris [Sigma] [pH 6.8]) at 50°C for 15-30 min. Membranes were
washed three times in TBST before blocking and reprobing as described
above.

Histology

For histopathological review, formalin-fixed tissues were sent to ProPath
(Hereford, U.K.) for paraffin embedding, sectioning, and H&E staining.
Unstained slides were prepared for immunohistochemistry. To examine
demyelination, samples embedded by ProPath were sent to the histopa-
thology service at the Royal Veterinary College for Luxol Fast Blue
staining.

Table II. EAE scoring criteria

Score Observation

0 Normal

0.5 Weak tail

1 Flaccid tail

1.5 Flaccid tail, hind limb weakness, normal gait, and
righting reflex

2 Flaccid tail, hind limb weakness, abnormal gait, and/or
righting reflex

2.5 Flaccid tail, hind limb weakness, and absent righting

reflex

3 Flaccid tail and partial hind limb paralysis

4 Flaccid tail and total hind limb paralysis

5 Flaccid tail, total hind limb paralysis, and partial fore

limb paralysis
6 Moribund or found dead

Interpretation and scoring. H&E-stained sections were initially screened
unblinded for the presence of lesions. Pathological findings were then
scored blindly on a semiquantitative scale ranging from O to 5, according
to Table III (37).

Statistics and data analysis

Data analysis was performed in Graphpad Prism. D’ Agostino and Pearson
or Shapiro-Wilk normality tests were performed for all datasets. For
datasets following a Gaussian distribution, Student ¢ test with Welch cor-
rection was used to compare two groups; one-way ANOVA with Tukey
multiple comparisons test was used where three or more groups were
compared. Datasets not following a Gaussian distribution were analyzed
using the Mann—Whitney U test for comparing two groups or the Kruskal—
Wallis test with Dunn’s multiple comparison test for three or more groups.
Statistical significance is indicated in the figures as follows: *p = 0.05,
*##p =< 0.01, #**p =< 0.001, and ****p =< 0.001. For EAE studies, disease
scores for each timepoint were compared by one-way ANOVA, and survival
curves were compared using the Gehan—Breslow—Wilcoxon test. In vivo studies
were blinded as follows: animals were genotyped and allocated to age- and sex-
matched study groups. Mice were identified by implanted microchips so that the
identity was not apparent to the operator. MOG3s_ss, immunizations and EAE
scoring were done without knowledge of genotypes, and genotypes were
revealed only at the end of the study for analysis. For all studies, moni-
toring was shared between one to two researchers and two technicians not
responsible for the design, analysis, or interpretation of the study.

Results
Simultaneous loss of PI3Ké and PI3K« signaling increases
EAE disease severity

Inactivation of PI3K3 by point mutation (p1108P?104P2104) o by

administration of the PI3K3-selective inhibitor IC87114 did not
alter the progression of MOG3s_ss—induced EAE compared with
wild-type or vehicle-treated mice (Fig. 1A). The analysis of CD4"
T cells present in the draining lymph nodes and spinal cord of
p1103P21OADIOA mice during peak disease severity (day 15) showed
reduced proportions of IFN-y— and IL-17-producing cells compared
with wild-type littermate controls (Fig. 1B). However, proportions of
protective CD25'Foxp3™ Treg cells were also decreased in the

Table III. Histopathology grading scheme

Score Observation

Absent
Minimal
Slight
Moderate
Moderately severe
Severe

Nk W —=Oo

Grading scheme based on those presented in Shackelford et al. (37).
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draining lymph nodes of MOG-immunized mice (Fig. 1B).
Furthermore, naive T cells from pl108'3‘)1()"“/'3(”1()A mice were
less able to differentiate into Thl, Th17, or Treg cells in vitro
compared with wild-type T cells (Fig. 1C). In addition, previous
studies from our laboratory and others have demonstrated re-
duced Treg cell function in p1103°?!°4"P21%4 mice in vitro and
in vivo in the context of autoimmunity, infection, and cancer.

CFSE (Gated on live cells)

Therefore, we considered that the reduction in Treg cell numbers
and/or function may counteract the potential benefit of reduced
Thl and Th17 cells (Fig. 1B).

Contrary to our expectations, Treg cell-specific deletion of
p1108 did not affect MOGss_ssy—induced EAE progression
(Fig. 2A). This result was surprising as we have previously shown
that Treg cell-specific deletion of p110d renders mice resistant
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FIGURE 2. Simultaneous loss of p110a and p1108 in Treg cells promotes EAE disease development. (A) EAE was induced in mice by s.c. injection of
MOGs;s_s5 peptide in CFA, followed by two doses of pertussis toxin at 0 and 48 h postimmunization. Treg cell-restricted loss of both pl110a and p1108
leads to increased disease scores and mortality, whereas individual loss of p110« or p1108 does not significantly affect disease outcome compared with
wild-type controls. Survival curves were analyzed using the Gehan—Breslow—Wilcoxon test, and disease scores were compared by one-way ANOVA for
each timepoint, statistical significance indicated from day 27 onwards. Mean = SEM, n = 8—12, combined results from two independent experiments. (B)
The exacerbated disease phenotype in response to the loss of both pl110a and p1108 is associated with reduced Treg cell infiltration into the spinal cord.
Among the conventional CD4* T cells present in the spinal cord, cells expressing IFN-y are increased compared with control mice. Single cells were
identified by flow cytometry by excluding debris based on forward and side scatter and then gating on single cells. Mean + Scatter, n = 5-6; results
representative of at least two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

to tumor growth as a result of defective Treg cell function.
We considered that deleting the p1108 protein, instead of in-
activation by point mutation or an isoform-selective PI3Kd
inhibitor, could allow for compensation by p110a, which has
also been implicated in Treg cell function (21, 31). Indeed,
simultaneous deletion of pl110a and p11038 led to significantly
increased peak disease severity, increased mortality (Fig. 2A),
and increased CNS inflammation at day 16, as assessed by
histopathological scoring of H&E—-stained spinal cord sections
(Supplemental Fig. 2). Analysis of CD4™ T cells infiltrating the
spinal cord at peak disease severity (day 16) showed that there
was a trend toward increased proportions of total CD4™ T cells

in FYC-p110a™3" mice and that this was associated with a
significant reduction in the proportion of CD4*Foxp3* Treg
cells (Fig. 2B). In addition, the proportion of IFN-y—producing
CD4*Foxp3~ Tconv cells were increased in FYC-p110a”,
FYC-p1103", and FYC-p110a"8" mice compared with FYC-
WT controls. Simultaneous deletion of pl10a and p1108 in
Treg cells resulted in significantly higher proportions of IFN-y—
producing CD4" Tconv cells in the spinal cord compared with
Treg cell-conditional loss of either p110a or p1108 on its own
(Fig. 2B). These data indicate that pl110a can compensate for
the loss of p110d in maintaining the ability of Treg cells to
restrict effector T cell responses in the CNS.
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Differential roles of PI3KS and PI3Ke in Treg cell
development and function

In vitro stimulation of T cells from naive mice showed that Akt
phosphorylation was dependent on signaling through p1108 and
that p110a did not contribute or compensate for inactivation or
loss of p1103 (Fig. 3A, 3B). However, analysis of Treg cell
functional and phenotypic marker expression in the spleens of
naive mice revealed differential roles for p110a and p1103. Treg
cell-specific deletion of p1103 and combined pl110a/3d deletion
resulted in a comparable decrease in Treg cell proportions as well
as the proportion of CD38-expressing Treg cells consistent with
our previous findings in p1103P?194P9194 mice (15, 23). Deletion
of p1103 resulted in slightly fewer Treg cells expressing Helios
and neuropilin-1 (NRP1), but these markers were apparently not
affected by p110a deletion (Fig. 4). ICOS and CD103 expression
were not affected by pl10a deletion but were significantly in-
creased in response to the loss of p1103 in Treg cells. This effect
was exacerbated by the additional loss of p110a, indicating that
pl10a can partially compensate for the loss of pl1108 in this
context (Fig. 4). These data show that pl10a can contribute to
some phenotypic changes primarily controlled by p1108. How-
ever, simultaneous loss of pl110a and p1108 in Treg cells, but not
deletion of either isoform on its own, resulted in spontaneous
lymphoid hyperplasia in some mice (Fig. 5A) and reduced sup-
pressive capacity in vitro (Fig. 5B). In addition, the combined
inhibition of p1103 and pl10a using isoform-selective PI3K in-
hibitors resulted in a profound reduction in the proportion of
differentiated iTreg cells (Fig. 5C). We previously found that
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the thymus, which could reflect impaired negative selection of
autoreactive T cells that are instead induced to express Foxp3 (15).
However, Foxp3Y"“"_mediated deletion of p110a or p110d
did not result in altered thymic Treg cell numbers (Supplemental
Fig. 3A), perhaps reflecting a requirement for PI3K activity during
early thymic Treg cell differentiation (before Foxp3 is expressed)
rather than for maintenance of Treg cell numbers. This is supported
by the observation that TGF-B—mediated induction of Foxp3* Treg
cells is impaired in naive CD4" T cells from p110P%!0AP2104 pjce
or in wild-type cells treated with a PI3K$ inhibitor but not from
FYC-pl10a, FYC-p1108", or FYC-p110a8" mice (Supplemental
Fig. 3B).

Simultaneous loss of PI3Ké and PI3K« results in spontaneous
pelvic limb paresis

We noticed the onset of pelvic limb gait abnormalities in older
FYC-p110a3" mice but not in FYC-p110a™ or FYC-p1103™
mice. The earliest age of disease onset was 127 d. Therefore, we
retrospectively compared the health records for all mice aged over
127 d and found that females were more susceptible, with 32.1%
(9/28) of FYC-p110a™3" females developing hind limb paresis
compared with 13.6% (3/22) of FYC-p110a"3" males. In contrast,
none of the 34 FYC-WT mice, 36 FYC-pl 10a1 mice, or 37 FYC-
p1108" mice analyzed showed gait abnormalities (Fig. 6A). Fur-
thermore, histological examination of the sciatic nerve revealed
demyelination and inflammatory lesions in clinically affected FYC-
p110a"8™ mice. Cellularity of the sciatic nerve was increased, and
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FIGURE 3. PI3K3 is the major isoform involved in AKT phosphorylation in Treg cells following in vitro stimulation. (A) Lymph node single cell
suspensions from naive wild-type mice were incubated with biotinylated anti-CD3 and anti-ICOS, and cells were stimulated for 5 min at 37°C by cross-
linking with streptavidin in the presence of selective inhibitors for p110a (alpelisib, 500 nM), p110d (idelalisib, 100 nM), or both combined (A+I).
Unstimulated samples (US) were treated with DMSO and incubated for 5 min without the addition of streptavidin. Selective inhibition of p1103 and
combined inhibition resulted in significantly lower AKT phosphorylation in Treg cells as measured by flow cytometry. (B) Lymph node single cell sus-
pensions from naive FYC-WT, FYC-p110a”, FYC-p1108", or FYC-p110a"8" mice were stimulated with pervanadate for 1 min at 37°C. Treg cell-specific
deletion of p1108 and combined p110a/d deletion resulted in significantly lower AKT phosphorylation in Treg cells as measured by flow cytometry. Treg
cells were identified by flow cytometry by excluding debris based on forward and side scatter and then gating on single cells, followed by CD4" cells, and
then gating on CD25"Foxp3™ Treg cells. n = 5; results from five independent experiments combined. *p < 0.05, **p < 0.01.
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FIGURE 4. PI3K3 is required for the maintenance of normal Treg cell proportions and phenotype. Spleen single cell suspensions from naive FYC-WT,
FYC-pl 10a, FYC-pl 108", and FYC-pl 103" mice were stained with Treg cell functional and phenotypic markers and analyzed by flow cytometry. Treg
cell-specific deletion of p1103 results in reduced Treg cell proportions in the spleen and in reduced proportions of Treg cells expressing CD38, Helios, and
NRP1, whereas additional deletion of pl110a does not have an additive effect. Deletion of p1108 in Treg cells also results in increased expression of ICOS
and CD103, and additional deletion of p110« further leads to a significant increase in expression compared with p1103 deletion alone. CD4* T cells were
identified by flow cytometry by excluding debris based on forward and side scatter and then gating on single cells, followed by excluding B cells based on
B220 expression and then gating on CD4™ cells. n = 4-6; results representative of at least two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001,

wwy < 0,001,

inflammatory cells were present within and around the nerve
(Fig. 6B). These changes were indicative of nerve inflammation and
degeneration and were not reported in age-matched clinically
healthy FYC-p1100."3" mice or in age-matched individuals from
any other genotype. In addition, FYC-p110a.™8" mice exhibiting

spontaneous pelvic limb paresis also showed significant lesions of the
thigh muscle. These animals showed a small increase in the preva-
lence of degenerating and regenerating muscle fibers and, more
prominently, inflammation around the nerves (Fig. 6B). These data,
together with the increased susceptibility to MOGs;s_ss—induced EAE,
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FIGURE 5. Simultaneous deletion of both p1103 and p110« in Treg cells results in reduced suppressive function and defective Treg cell differentiation
in vitro. (A) Total lymph node cell numbers were determined by automatic counting (CASY counter), and YFP" Treg cell numbers were determined by flow
cytometry (see gating strategy in Fig. 4). Combined deletion of p1108 and p110a in Treg cells results in increased cellularity of the peripheral lymph nodes,
whereas deletion of p1108 and combined p110a/d deletion lead to a similar reduction in Treg cell number. (B) CD4"YFP* Treg cells were sorted from
FYC-WT, FYC—pllOaﬂ, FYC—pllOBﬂ, and FYC—pllOOLﬁBﬂ mice and cocultured in known ratios with FYC-WT Tconv cells for 96 h. Cocultures were
stimulated with anti-CD3— and anti-CD28—coated beads, and proliferation was measured by [*H]thymidine incorporation. Combined deletion of p110a and
p1103 results in a suppressive defect at ratios of 1:1 and 1:4. Results are representative of two independent experiments. (C) Naive T cells were isolated
from wild-type mice and cultured for 5 d in the presence of anti-CD3/anti-CD28/ml IL-2 in the presence of selective PI3K inhibitors under Treg cell—
polarizing conditions (10 pg/ml anti-CD4 and anti-IFN-y, 10 ng/ml TGF-$, and 20 ng/ml IL-2). PI3K8 inhibitor: idelalisib, 100 nM; PI3Ka alpelisib:
500 nM; or both inhibitors combined (A+I). PI3K« inhibition does not have a significant effect on in vitro Treg cell differentiation but exacerbates the effect of
PI3K3 inhibition. CD4" cells were identified by flow cytometry by excluding debris based on forward and side scatter and then gating on single cells, followed
by live CD4* cells. n = 5-6; results are representative from at least two independent experiments. *p < 0.05, **p < 0.01, **¥p < 0.001, ***¥p < 0.001.

show that loss of both p110a and p1108 in Treg cells predisposes
mice to autoimmune neuropathy. This observation indicates that the
PI3Ka complex can functionally compensate for the loss of PI3K$
activity in Treg cells.

Discussion

Class I PI3K signaling impacts multiple aspects of the immune
response, with the PI3Ka, PI3KpB, PI3Kvy, and PI3K® complexes
playing distinct roles in the development, proliferation, migration,
and function of myeloid cells as well as B and T lymphocytes.
Although several unresolved complexities remain, catalytic sub-
unit isoform-specific inhibition of the class I PI3K signaling
pathway has become a therapeutic option in the treatment of
cancer, inflammatory conditions, and immunodeficiencies associated
with PI3K hyperactivation (8, 26, 38—42). However, the sometimes-
severe adverse effects associated with the PI3K3-specific inhibitor
idelalisib underlines the importance of understanding the relative
contribution of PI3K signaling in different immune cell subsets under
steady-state and inflammatory conditions (26).

We found that PI3K3 inhibition did not affect the progression or
disease severity of T cell-mediated autoimmune inflammation in
an EAE mouse model. This finding was unexpected and stands in
contrast to a previous study showing that PI3K3 inactivation could
ameliorate disease severity through reduced Th17 cell-mediated
inflammation (32). Although the reason for this discrepancy is not
completely clear, small differences in the microbiome of experi-
mental and control animals bred separately can affect the outcome
of EAE disease progression. Therefore, we used littermate controls
in all in vivo experiments, whereas Haylock-Jacobs et al. used wild-
type C57BL/6 mice purchased from an external supplier. Although

we found a significant reduction in Th17 and Thl1 cells in response
to PI3K3 inhibition, we also saw a reduction in the numbers of Treg
cells. Treg cell-mediated immune regulation is important in con-
trolling autoimmune inflammation in this model (43-46). There-
fore, it is possible that any potential benefit from an attenuated
effector T cell response is balanced by a concomitant reduction in
immune regulation. In fact, work from our laboratory showed that
PI3K3 inhibition can promote anti-tumor immune responses by
restraining Treg cell responses to a greater extent compared with
effector T cell responses (25). Consequently, we predicted that Treg
cell—conditional deletion of p1108 would result in a more severe
EAE disease phenotype but found that this was not the case, despite
decreased pTreg cell proportions and numbers as well as reduced
CD38-expressing Treg cells under steady-state conditions. These
data mimic previous findings in p1103°°'%4P?194 mjce and indicate
that although PI3KS3 is the main isoform involved in the homeo-
static regulation of Treg cells, other compensatory mechanisms may
exist to preserve Treg cell function in response to the loss of PI3K$
signaling. We explored the possibility that p110a could compensate
for the loss of p1103 in the context of CNS inflammation.

Two studies indicate opposing roles for PI3Ka in Treg cell
differentiation (21, 31). We found that conditional deletion of
pl10a in Treg cells did not alter EAE disease progression or Treg
cell numbers and phenotype. However, deletion of pl110«a in ad-
dition to p1103 significantly increased the upregulation of ICOS
and CD103 seen in response to the deletion of p1108 alone. ICOS
is expressed on a subpopulation of highly suppressive Treg cells;
however, signaling through ICOS in CD4" T cells depend on PI3K
activity (12, 31, 47, 48). It is possible that the upregulation of
ICOS in response to the loss of PI3K activity is a consequence of
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FIGURE 6. Simultaneous deletion of both p1108 and p110a in Treg cells results in spontaneous pelvic limb paresis. (A) The prevalence of pelvic limb
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specifically to examine pelvic limb paresis, and breeders are included in the data. Female mice deficient in both pl110a and p1108 were more likely to
develop spontaneous pelvic limb paresis. (B) This was associated with sciatic nerve demyelination as assessed by Luxol Fast Blue staining (images at
original magnification X20) as well as sciatic neuropathy and thigh muscle lesions as assessed by H&E staining (images at original magnification X10).

disrupted PI3K-dependent negative feedback. A previous study
showed that PI3Ka preferentially binds to phosphorylated ICOS
peptides and to ICOS immunoprecipitates from activated T cells
(49). This indicates a potential role for PI3Ka in maintaining
ICOS-dependent Treg cell function in vivo and could explain why
increased CNS inflammation and EAE severity is only observed
when both p1108 and p110a are deleted in Treg cells. ICOS co-
stimulation plays an important role in effector T cell responses
and in maintaining B cell responses through T follicular helper
cell generation, and ICOS/ICOSL inhibition ameliorates several
autoimmune conditions, such as acute graft-versus-host disease,
rheumatoid arthritis, and systemic lupus erythematosus (50).
However, ICOS is also critical for the normal function of pTreg
cells (51). ICOS-deficient mice developed more severe EAE;
furthermore, ICOS blockade in the first 10 d after EAE induction
lead to increased disease severity (52, 53). These studies did not
differentiate between the role of ICOS in effector versus Treg
cells, and it is possible that ICOS plays a specific role in Treg cell-
mediated immune regulation in the CNS. Indeed, in NOD mice,
ICOS deficiency protects against the spontaneous development
of autoimmune type 1 diabetes but results in the development of
neuromuscular autoimmunity associated with inflammatory cell
infiltrates in the CNS (54, 55). This condition resembles the
spontaneous hind limb paresis associated with sciatic nerve

demyelination and inflammation we observed in FYC-p110a3"
mice (aged 32-81 wk). This was not observed in wild-type mice
or in response to individual p110a or p1103 deletion in the same
cohort. It is interesting to note that females were more susceptible
than male mice as this is often the case in human autoimmune
disorders and indicate that the mechanisms underlying this phe-
notype could be relevant to human disease (56). Spontaneous
peripheral neuropathy has been described in females aged 99-100
wk from several mouse strains, including C57BL/6 mice (57).
However, among 2930 48—78-wk-old C57BL/6 mice housed at the
Babraham Institute breeding unit while the current study was in
progress, only 12 cases of spontaneous hind limb paresis have
been recorded, indicating that the prevalence of hind limb paresis
among wild-type C57BL/6 mice housed under the same condi-
tions as the FYC-pllOotﬂﬁﬂ mice is very low (0.4%). Therefore,
we can conclude that the combined loss of p110a and p1109 in-
creases susceptibility to CNS damage in the context of EAE and
spontaneous peripheral nerve damage leading to paralysis or pa-
resis, respectively.

These data indicate that although p1108 is the dominant PI3K
isoform in Treg cells, p110a can compensate in part for the loss of
p110d in maintaining Treg cell function in the context of auto-
immune inflammation. This is further supported by the observa-
tion that only combined Treg cell-conditional deletion of p110a
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and p1103 results in the failure to control Tconv cell proliferation
in response to anti-CD3 and anti-CD28 stimulation in vitro. This
effect is context dependent as the deletion of p1103 in Treg cells
results in a functional defect that unleashes a potent anti-tumor
response (25). It remains to be determined whether the differential
requirements for p1108 and p110a in suppressing anti-tumor re-
sponses versus autoimmunity are due to different thresholds of
PI3K activity required under these distinct pathophysiological
processes or whether there are CNS- or inflammation-specific
factors that favor a role for pl10a in EAE and spontaneous
neuropathy.

Acknowledgments

We thank Alexander Rudensky for providing the Foxp3Y™" ™ mice and
Jonathan Clark for providing the PI3KS$ inhibitor IC87114. We thank
Christina Courreges for critical reading of the manuscript. We also thank
members of the Babraham Institute Biological Services Unit and the Flow
Cytometry Core Facility for expert help and advice.

Disclosures
The authors have no financial conflicts of interest.

References

1.

2.

Okkenhaug, K. 2013. Signaling by the phosphoinositide 3-kinase family in
immune cells. Annu. Rev. Immunol. 31: 675-704.

Hawkins, P. T.,, and L. R. Stephens. 2015. PI3K signalling in inflammation.
Biochim. Biophys. Acta 1851: 882-897.

. Schmid, M. C., C. J. Avraamides, H. C. Dippold, I. Franco, P. Foubert,

L. G. Ellies, L. M. Acevedo, J. R. Manglicmot, X. Song, W. Wrasidlo, et al.
2011. Receptor tyrosine kinases and TLR/IL1Rs unexpectedly activate myeloid
cell PI3ky, a single convergent point promoting tumor inflammation and pro-
gression. Cancer Cell 19: 715-727.

. Kulkarni, S., C. Sitaru, Z. Jakus, K. E. Anderson, G. Damoulakis, K. Davidson,

M. Hirose, J. Juss, D. Oxley, T. A. M. Chessa, et al. 2011. PI3Kp plays a critical
role in neutrophil activation by immune complexes. Sci. Signal. 4: ra23.

. Leverrier, Y., K. Okkenhaug, C. Sawyer, A. Bilancio, B. Vanhaesebroeck, and

A. J. Ridley. 2003. Class I phosphoinositide 3-kinase pl10B is required for
apoptotic cell and Fcgamma receptor-mediated phagocytosis by macrophages.
J. Biol. Chem. 278: 38437-38442.

. Howden, A. J. M., J. L. Hukelmann, A. Brenes, L. Spinelli, L. V. Sinclair,

A. I. Lamond, and D. A. Cantrell. 2019. Quantitative analysis of T cell pro-
teomes and environmental sensors during T cell differentiation. Nat. Immunol.
20: 1542-1554.

. Ramadani, F., D. J. Bolland, F. Garcon, J. L. Emery, B. Vanhaesebroeck,

A. E. Corcoran, and K. Okkenhaug. 2010. The PI3K isoforms p110alpha and
pl10delta are essential for pre-B cell receptor signaling and B cell development.
Sci. Signal. 3: ra60.

. Lucas, C. L., A. Chandra, S. Nejentsev, A. M. Condliffe, and K. Okkenhaug.

2016. PI3K3 and primary immunodeficiencies. Nat. Rev. Immunol. 16: 702-714.

. Okkenhaug, K., A. Bilancio, G. Farjot, H. Priddle, S. Sancho, E. Peskett,

W. Pearce, S. E. Meek, A. Salpekar, M. D. Waterfield, et al. 2002. Impaired B
and T cell antigen receptor signaling in pl10delta PI 3-kinase mutant mice.
Science 297: 1031-1034.

. Okkenhaug, K., D. T. Patton, A. Bilancio, F. Gar¢on, W. C. Rowan, and

B. Vanhaesebroeck. 2006. The pllOdelta isoform of phosphoinositide
3-kinase controls clonal expansion and differentiation of Th cells. J. Immunol. 177:
5122-5128.

. Garcon, E, D. T. Patton, J. L. Emery, E. Hirsch, R. Rottapel, T. Sasaki, and

K. Okkenhaug. 2008. CD28 provides T-cell costimulation and enhances PI3K
activity at the immune synapse independently of its capacity to interact with the
p85/p110 heterodimer. Blood 111: 1464-1471.

. Li, J., J. Heinrichs, J. Leconte, K. Haarberg, K. Semple, C. Liu, M. Gigoux,

M. Kornete, C. A. Piccirillo, W. K. Suh, and X. Z. Yu. 2013. Phosphatidylinositol
3-kinase-independent signaling pathways contribute to ICOS-mediated T cell
costimulation in acute graft-versus-host disease in mice. J. Immunol. 191:
200-207.

. Soond, D. R., E. C. Slack, O. A. Garden, D. T. Patton, and K. Okkenhaug. 2012.

Does the PI3K pathway promote or antagonize regulatory T cell development
and function? Front. Immunol. 3: 244.

. Pompura, S. L., and M. Dominguez-Villar. 2018. The PI3K/AKT signaling

pathway in regulatory T-cell development, stability, and function. J. Leukoc.
Biol. DOI: 10.1002/JLB.2MIR0817-349R.

. Patton, D. T., O. A. Garden, W. P. Pearce, L. E. Clough, C. R. Monk, E. Leung,

W. C. Rowan, S. Sancho, L. S. Walker, B. Vanhaesebroeck, and K. Okkenhaug.
2006. Cutting edge: the phosphoinositide 3-kinase p110 delta is critical for the
function of CD4+CD25+Foxp3+ regulatory T cells. J. Immunol. 177: 6598-6602.

. Kerdiles, Y. M., E. L. Stone, D. R. Beisner, M. A. McGargill, I. L. Ch’en,

C. Stockmann, C. D. Katayama, and S. M. Hedrick. 2010. Foxo transcription

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

factors control regulatory T cell development and function. [Published erratum
appears in 2011 Immunity 34: 135.] Immunity 33: 890-904.

Ouyang, W., W. Liao, C. T. Luo, N. Yin, M. Huse, M. V. Kim, M. Peng, P. Chan,
Q. Ma, Y. Mo, et al. 2012. Novel Foxol-dependent transcriptional programs
control T(reg) cell function. Nature 491: 554-559.

. Huynh, A., M. DuPage, B. Priyadharshini, P. T. Sage, J. Quiros, C. M. Borges,

N. Townamchai, V. A. Gerriets, J. C. Rathmell, A. H. Sharpe, et al. 2015. Control
of PI(3) kinase in Treg cells maintains homeostasis and lineage stability. Nat.
Immunol. 16: 188-196.

. Patterson, S. J., J. M. Han, R. Garcia, K. Assi, T. Gao, A. O’Neill, A. C. Newton,

and M. K. Levings. 2011. Cutting edge: PHLPP regulates the development,
function, and molecular signaling pathways of regulatory T cells. J. Immunol.
186: 5533-5537.

Shrestha, S., K. Yang, C. Guy, P. Vogel, G. Neale, and H. Chi. 2015. Treg cells
require the phosphatase PTEN to restrain TH1 and TFH cell responses. Nat.
Immunol. 16: 178-187.

Sauver, S., L. Bruno, A. Hertweck, D. Finlay, M. Leleu, M. Spivakov,
Z. A. Knight, B. S. Cobb, D. Cantrell, E. O’Connor, et al. 2008. T cell receptor
signaling controls Foxp3 expression via PI3K, Akt, and mTOR. Proc. Natl.
Acad. Sci. USA 105: 7797-7802.

Stark, A. K., A. Chandra, K. Chakraborty, R. Alam, V. Carbonaro, J. Clark,
S. Sriskantharajah, G. Bradley, A. G. Richter, E. Banham-Hall, et al. 2018.
PI3K3 hyper-activation promotes development of B cells that exacerbate
Streptococcus pneumoniae infection in an antibody-independent manner. Nat.
Commun. 9: 3174.

Patton, D. T., M. D. Wilson, W. C. Rowan, D. R. Soond, and K. Okkenhaug.
2011. The PI3K p1108 regulates expression of CD38 on regulatory T cells. PLoS
One 6: €17359.

Liu, D., T. Zhang, A. J. Marshall, K. Okkenhaug, B. Vanhaesebroeck, and
J. E. Uzonna. 2009. The pll0delta isoform of phosphatidylinositol 3-kinase
controls susceptibility to Leishmania major by regulating expansion and tissue
homing of regulatory T cells. J. Immunol. 183: 1921-1933.

Ali, K., D. R. Soond, R. Pineiro, T. Hagemann, W. Pearce, E. L. Lim, H. Bouabe,
C. L. Scudamore, T. Hancox, H. Maecker, et al. 2014. Inactivation of PI(3)K
p1108 breaks regulatory T-cell-mediated immune tolerance to cancer. [Published
erratum appears in 2016 Nature 535: 580.] Nature 510: 407—411.

Lampson, B. L., S. N. Kasar, T. R. Matos, E. A. Morgan, L. Rassenti,
M. S. Davids, D. C. Fisher, A. S. Freedman, C. A. Jacobson, P. Armand, et al.
2016. Idelalisib given front-line for treatment of chronic lymphocytic leukemia
causes frequent immune-mediated hepatotoxicity. Blood 128: 195-203.
Chellappa, S., K. Kushekhar, L. A. Munthe, G. E. Tjgnnfjord, E. M. Aandahl,
K. Okkenhaug, and K. Taskén. The PI3K p1108 isoform inhibitor idelalisib pref-
erentially inhibits human regulatory T cell function. J. Immunol. 202: 1397-1405.
Webb, L. M., E. Vigorito, M. P. Wymann, E. Hirsch, and M. Turner. 2005.
Cutting edge: T cell development requires the combined activities of the
pl10gamma and p110delta catalytic isoforms of phosphatidylinositol 3-kinase.
J. Immunol. 175: 2783-2787.

Ji, H., F. Rintelen, C. Waltzinger, D. Bertschy Meier, A. Bilancio, W. Pearce,
E. Hirsch, M. P. Wymann, T. Riickle, M. Camps, et al. 2007. Inactivation of
PI3Kgamma and PI3Kdelta distorts T-cell development and causes multiple
organ inflammation. Blood 110: 2940-2947.

Uehara, M., M. M. McGrath, S. Ohori, Z. Solhjou, N. Banouni, S. Routray,
C. Evans, J. P. DiNitto, A. Elkhal, L. A. Turka, et al. 2017. Regulation of T cell
alloimmunity by PI3K-y and PI3K®. Nar. Commun. 8: 951.

Aragoneses-Fenoll, L., G. Ojeda, M. Montes-Casado, Y. Acosta-Ampudia,
U. Dianzani, P. Portolés, and J. M. Rojo. 2018. T-cell-specific loss of the PI-3-
Kinase p110a catalytic subunit results in enhanced cytokine production and
antitumor response. Front. Immunol. 9: 332.

Haylock-Jacobs, S., I. Comerford, M. Bunting, E. Kara, S. Townley, M. Klingler-
Hoffmann, B. Vanhaesebroeck, K. D. Puri, and S. R. McColl. 2011. PI3K3 drives
the pathogenesis of experimental autoimmune encephalomyelitis by inhibiting
effector T cell apoptosis and promoting Th17 differentiation. J. Autoimmun. 36:
278-287.

. Rubtsov, Y. P, J. P. Rasmussen, E. Y. Chi, J. Fontenot, L. Castelli, X. Ye,

P. Treuting, L. Siewe, A. Roers, W. R. Henderson, Jr, et al. 2008. Regulatory
T cell-derived interleukin-10 limits inflammation at environmental interfaces.
Immunity 28: 546-558.

Graupera, M., J. Guillermet-Guibert, L. C. Foukas, L. K. Phng, R. J. Cain,
A. Salpekar, W. Pearce, S. Meek, J. Millan, P. R. Cutillas, et al. 2008. Angio-
genesis selectively requires the p110alpha isoform of PI3K to control endothelial
cell migration. Nature 453: 662-666.

Rolf, J., S. E. Bell, D. Kovesdi, M. L. Janas, D. R. Soond, L. M. Webb,
S. Santinelli, T. Saunders, B. Hebeis, N. Killeen, et al. 2010. Phosphoinositide
3-kinase activity in T cells regulates the magnitude of the germinal center re-
action. J. Immunol. 185: 4042-4052.

Soond, D. R., E. Bjgrgo, K. Moltu, V. Q. Dale, D. T. Patton, K. M. Torgersen,
F. Galleway, B. Twomey, J. Clark, J. S. Gaston, et al. 2010. PI3K p110delta
regulates T-cell cytokine production during primary and secondary immune re-
sponses in mice and humans. Blood 115: 2203-2213.

Shackelford, C., G. Long, J. Wolf, C. Okerberg, and R. Herbert. 2002. Quali-
tative and quantitative analysis of nonneoplastic lesions in toxicology studies.
Toxicol. Pathol. 30: 93-96.

Stark, A. K., S. Sriskantharajah, E. M. Hessel, and K. Okkenhaug. 2015. PI3K
inhibitors in inflammation, autoimmunity and cancer. Curr. Opin. Pharmacol.
23: 82-91.

Ball, J., S. Archer, and S. Ward. 2014. PI3K inhibitors as potential therapeutics
for autoimmune disease. Drug Discov. Today 19: 1195-1199.

2202 'S UoRe Al uo 159nB Ag /610" jounuuu 1 :mmmy/:dny Wwouy papeo lumod


http://10.1002/JLB.2MIR0817-349R
http://www.jimmunol.org/

The Journal of Immunology

40.

41.

42.

43.

44,

45.

46.

47.

48.

Rao, V. K., S. Webster, V. A. S. H. Dalm, A. Sedivd, P. M. van Hagen,
S. Holland, S. D. Rosenzweig, A. D. Christ, B. Sloth, M. Cabanski, et al. 2017.
Effective “activated PI3Kd syndrome”-targeted therapy with the PI3K3 inhibitor
leniolisib. Blood 130: 2307-2316.

Cahn, A., J. N. Hamblin, M. Begg, R. Wilson, L. Dunsire, S. Sriskantharajah,
M. Montembault, C. N. Leemereise, L. Galinanes-Garcia, H. Watz, et al. 2017.
Safety, pharmacokinetics and dose-response characteristics of GSK2269557, an
inhaled PI3KJ inhibitor under development for the treatment of COPD. Pulm.
Pharmacol. Ther. 46: 69-77.

Fruman, D. A., H. Chiu, B. D. Hopkins, S. Bagrodia, L. C. Cantley, and
R. T. Abraham. 2017. The PI3K pathway in human disease. Cell 170: 605-635.
McGeachy, M. J., L. A. Stephens, and S. M. Anderton. 2005. Natural re-
covery and protection from autoimmune encephalomyelitis: contribution of
CD4+CD25+ regulatory cells within the central nervous system. J. Immunol.
175: 3025-3032.

Zhang, H., J. R. Podojil, J. Chang, X. Luo, and S. D. Miller. 2010. TGF-beta-
induced myelin peptide-specific regulatory T cells mediate antigen-specific sup-
pression of induction of experimental autoimmune encephalomyelitis. J. Immunol.
184: 6629-6636.

O’Connor, R. A., M. D. Leech, J. Suffner, G. J. Himmerling, and
S. M. Anderton. 2010. Myelin-reactive, TGF-B-induced regulatory T cells can be
programmed to develop Thl-like effector function but remain less proin-
flammatory than myelin-reactive Thl effectors and can suppress pathogenic
T cell clonal expansion in vivo. J. Immunol. 185: 7235-7243.

Selvaraj, R. K., and T. L. Geiger. 2008. Mitigation of experimental allergic
encephalomyelitis by TGF-beta induced Foxp3+ regulatory T lymphocytes
through the induction of anergy and infectious tolerance. J. Immunol. 180:
2830-2838.

Lee, H.J.,S. N. Kim, M. S. Jeon, T. Yi, and S. U. Song. 2017. ICOSL expression
in human bone marrow-derived mesenchymal stem cells promotes induction of
regulatory T cells. Sci. Rep. 7: 44486.

Vocanson, M., A. Rozieres, A. Hennino, G. Poyet, V. Gaillard, S. Renaudineau,
A. Achachi, J. Benetiere, D. Kaiserlian, B. Dubois, and J. F. Nicolas. 2010.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

89

Inducible costimulator (ICOS) is a marker for highly suppressive antigen-specific
T cells sharing features of TH17/TH1 and regulatory T cells. J. Allergy Clin.
Immunol. 126: 280-289, 289.e1-289.¢7.

Acosta, Y. Y., M. P. Zafra, G. Ojeda, I. S. Bernardone, U. Dianzani, P. Portolés,
and J. M. Rojo. 2011. Biased binding of class IA phosphatidyl inositol 3-kinase
subunits to inducible costimulator (CD278). Cell. Mol. Life Sci. 68: 3065-3079.
Zhang, Q., and D. A. A. Vignali. 2016. Co-stimulatory and co-inhibitory path-
ways in autoimmunity. Immunity 44: 1034-1051.

Zhang, M., Y. Wu, D. Bastian, S. Iamsawat, J. Chang, A. Daenthanasanmak,
H. D. Nguyen, S. Schutt, M. Dai, F. Chen, et al. 2018. Inducible T-cell co-
stimulator impacts chronic graft-versus-host disease by regulating both patho-
genic and regulatory T cells. Front. Immunol. 9: 1461.

Dong, C., A. E. Juedes, U. A. Temann, S. Shresta, J. P. Allison, N. H. Ruddle,
and R. A. Flavell. 2001. ICOS co-stimulatory receptor is essential for T-cell
activation and function. Nature 409: 97-101.

Rottman, J. B., T. Smith, J. R. Tonra, K. Ganley, T. Bloom, R. Silva, B. Pierce,
J.-C. Gutierrez-Ramos, E. Ozkaynak, and A. J. Coyle. 2001. The costimulatory
molecule ICOS plays an important role in the immunopathogenesis of EAE. Nat.
Immunol. 2: 605-611.

Prevot, N., C. Briet, H. Lassmann, 1. Tardivel, E. Roy, J. Morin, T. W. Mak,
A. Tafuri, and C. Boitard. 2010. Abrogation of ICOS/ICOS ligand costimulation
in NOD mice results in autoimmune deviation toward the neuromuscular system.
Eur. J. Immunol. 40: 2267-2276.

Briet, C., G. Bourdenet, U. C. Rogner, C. Becourt, I. Tardivel, L. Drouot,
C. Arnoult, J.-C. do Rego, N. Prevot, C. Massaad, et al. 2017. The spontaneous
autoimmune neuromyopathy in ICOSL”" NOD mice is CD4* T-cell and Inter-
feron-y dependent. Front. Immunol. 8: 287.

Purnamawati, K., J. A.-H. Ong, S. Deshpande, W. K.-Y. Tan, N. Masurkar,
J. K. Low, and C. L. Drum. 2018. The importance of sex stratification in auto-
immune disease biomarker research: a systematic review. Front. Immunol. 9: 1208.
Tabata, H., H. Ikegami, and K. Kariya. 2000. A parallel comparison of age-
related peripheral nerve changes in three different strains of mice. Exp. Anim. 49:
295-299.

2202 'S UoRe Al uo 159nB Ag /610" jounuuu 1 :mmmy/:dny Wwouy papeo lumod


http://www.jimmunol.org/

