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The Journal of Immunology

Inhibition of PI3Kd Reduces Kidney Infiltration by
Macrophages and Ameliorates Systemic Lupus in the Mouse

Abel Suárez-Fueyo,* José M. Rojas,* Ariel E. Cariaga,* Esther Garcı́a,†

Bart H. Steiner,‡ Domingo F. Barber,* Kamal D. Puri,‡ and Ana C. Carrera*

Systemic lupus erythematosus (SLE) is a human chronic inflammatory disease generated and maintained throughout life by au-

toreactive T and B cells. Class I phosphoinositide 3-kinases (PI3K) are heterodimers composed of a regulatory and a catalytic

subunit that catalyze phosphoinositide-3,4,5-P3 formation and regulate cell survival, migration, and division. Activity of the

PI3Kd isoform is enhanced in human SLE patient PBLs. In this study, we analyzed the effect of inhibiting PI3Kd in MRL/lpr

mice, a model of human SLE. We found that PI3Kd inhibition ameliorated lupus progression. Treatment of these mice with

a PI3Kd inhibitor reduced the excessive numbers of CD4+ effector/memory cells and B cells. In addition, this treatment reduced

serum TNF-a levels and the number of macrophages infiltrating the kidney. Expression of inactive PI3Kd, but not deletion of the

other hematopoietic isoform PI3Kg, reduced the ability of macrophages to cross the basement membrane, a process required to

infiltrate the kidney, explaining MRL/lpr mice improvement by pharmacologic inhibition of PI3Kd. The observations that p110d

inhibitor prolonged mouse life span, reduced disease symptoms, and showed no obvious secondary effects indicates that PI3Kd is

a promising target for SLE. The Journal of Immunology, 2014, 193: 544–554.

S
ystemic lupus erythematosus (SLE) is a complex multi-
genic disease caused by autoreactive T and B cells (1).
This chronic inflammatory process affects ∼1 in 1000

whites, with even higher frequencies in blacks, Native Americans,
and Asians (90% of patients are females) (1–3). Current immu-
nosuppressive therapy based on long-term corticosteroid treatment
presents side effects (4, 5); it is thus important to develop thera-
peutic approaches that are more specific. In both human and
murine lupus, autoreactive B and T cell numbers are increased,
and there is accumulation of long-lasting CD4+ memory cells,
which include the autoreactive T cells responsible for disease
maintenance throughout life (6–8).
Patients with SLE have large amounts of serum autoantibody

produced by activated autoreactive B cells (9, 10). SLE affects
various organs, including the kidney (in 60% of cases), which is

also the most affected organ in the mouse model (11–13). Kidney
dysfunction, the primary cause of fatal lupus, is provoked by the
deposition of circulating autoantibodies that activate the comple-
ment cascade (12). T cells and macrophages also infiltrate the
kidney and support local inflammation, producing renal failure at
advanced stages (12–15). The correlation of macrophage infiltra-
tion and kidney dysfunction in humans supports the contribution
of macrophages in lupus (12, 14). Macrophages also invade the
mouse kidney; CSF-1– or MCP-1–deficient mice that lack kidney
macrophage infiltrates present less severe disease (12, 14, 16–18).
Various B and T cell defects are reported in SLE, including altered
BCR and TCR signaling, reduced IL-2 production by T cells,
COX-2 upregulation, and increased PI3K activation (19–24).
Deregulation of T and B cells and kidney infiltration by macro-
phages are thus thought to be critical events in SLE progression.
Class I PI3K are heterodimers composed of a p110 catalytic

(p110a, p110b, p110d, or p110g) and a regulatory subunit. p85
regulatory subunits associate with p110a, b, and d, whereas p87
and p101 regulatory subunits bind to p110g. PI3K catalyze the
formation of phosphoinositide-3,4,5-P3 (PIP3) and, following the
action of SHIP 59 phosphatase, of phosphoinositide 3,4-P2. These
lipids initiate activation of downstream effector molecules such as
Akt, which triggers cell survival (25–27). p110a and p110b are
ubiquitous, whereas p110d and p110g are more abundant in cells
of hematopoietic origin. In the mouse, p110a or p110b deficiency
is lethal at the embryonic stage, whereas p110d or p110g deletion
impairs immune responses (25, 28). Indeed, p110d deletion
reduces T cell activation and B cell differentiation as well as the
allergic response (29, 30), whereas p110g deficiency impairs
T cell activation as well as macrophage and neutrophil migration
(31, 32).
Expression in T cells of a p85 mutant (p65PI3K) that mediates

enhanced PI3K activation is sufficient to trigger systemic lupus-
like disease in the mouse (24). The phenotype is similar to the
deletion of the negative regulator of the PI3K pathway, the
phosphatase PTEN (33). Inhibition or deletion of p110g in lupus-
prone mice alleviates disease symptoms (34, 35), suggesting that
this isoform might be useful for SLE treatment. Study of the PI3K
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pathway in SLE patient peripheral blood cells nonetheless showed
that p110d is the isoform most frequently activated in human patients
(36). The consequences of p110d inhibition for lupus development
in vivo are incompletely understood. The lupus disease in MRL/lpr
mice resembles human SLE in that it is caused by the combined
action of several susceptibility alleles (37). In this study, we tested
the effect of p110d inhibition in MRL/lpr lupus-prone mice.

Materials and Methods
GS-9829 structure, in vitro PI3K activity assays, and GS-9829
selectivity assays

GS-9829 (formerly CAL-129) was provided by Calistoga Pharmaceuticals
(a wholly owned subsidiary of Gilead Sciences, Foster City, CA); for the
chemical structure, see Fig. 1A. We tested GS-9829 inhibitory potency
(IC50) on class I PI3K isoforms using a time-resolved fluorescence reso-
nance energy transfer (TR-FRET) assay (38) that monitors PIP3 formation;
PIP3 in each sample competes with fluorescently labeled PIP3 for binding
to the GRP-1 pleckstrin homology domain. Class I PI3K isoforms were
expressed and purified as heterodimeric recombinant proteins. All assay
reagents were purchased from Millipore. Purified p110a, p110b, and
p110d (25–50 pM) as well as p110g (2 nM) were assayed in initial rate
conditions in kinase buffer (25 mM HEPES pH 7.4, 2 mM PIP2, 5%
glycerol, 5 mM MgCl2, 50 mM NaCl, 0.05% (v/v) CHAPS, 1 mM DTT,
and 1% [v/v] DMSO), at an ATP concentration of twice the Km for ATP of
each enzyme. Reactions proceeded for 30 min at 25˚C and were terminated
by adding 10 mM EDTA, 10 nM PIP3, and 35 nM europium-labeled GRP-
1 detector protein. TR-FRET was estimated on an Envision plate reader
(Ex: 340 nm; Em: 615/665 nm; 100 ms delay and 500 ms read window).
IC50 values were calculated as dose-response curves. All IC50 values are
the geometric mean of at least four assays (Fig. 1A, Table I). GS-9829
(10 mM) selectivity was tested in an ATP-binding competition assay
using a panel of 442 kinases (KinomeScan; Ambit Biosciences) (39)
(Supplemental Fig. 1). GS-9829 was considered active for a kinase
when the kinase fraction that remained bound to ATP was ,30%.

Cell-based GS-9829 inhibitory assays and analysis of serum
GS-9829 levels

To study GS-9829 selectivity on class I PI3K isoforms in cell-based assays,
wemeasured Akt phosphorylation (Ser473) in murine embryonic fibroblasts
incubated in serum-free medium (2 h), followed by stimulation with
platelet-derived growth factor (10 ng/ml PDGF [Cell Signaling], 10 min,
37˚C) for p110a or with LPS (10 mM LPA [Echelon], 10 min, 37˚C) for
p110b (40). p-Akt and Akt levels in cell extracts were analyzed by Western
blot. To analyze inhibition by GS-9829 of p110d and p110g, we measured
basophil activation in isolated PBMCs using the Flow2-CAST kit
(B€uhlmann Laboratories; human p110d and p110g proteins were 95% and
94% identical, respectively, to mouse isoforms and .95% conserved).
Blood samples were obtained with informed consent according to the
Helsinki declaration, and PBMCs were isolated by filtration-capture
(WBF-2 filter; Pall Biomedical). For p110d activation, cells were treated
with anti-FcεRI Ab (Millipore). N-formyl-L-methionyl-L-leucyl-L-phenyl-
alanine for p110g were used. To monitor basophil activation alone or after
incubation with GS-9829, we analyzed CD63-FITC and CCR3-PE (BD
Biosciences) staining on an FC500MPL flow cytometer. Dose-response
curves to estimate the GS-9829 IC50 for each isoform (Fig. 1A, Table II)
were used.

GS-9829 concentration in serum was determined after liquid-liquid
extraction by liquid chromatography–mass spectroscopy (Fig. 1B). The
lower quantification limit was 1 ng/ml.

Abs and reagents

We used rabbit polyclonal anti–phospho-Thr308-Akt, phospho-Ser473,
-Akt, -p110b -p110a (Cell Signaling), and anti–b-actin (Sigma-Aldrich)
for Western blot. Rabbit anti-p110g was obtained from Santa Cruz Bio-
technology, and rabbit anti-p110d was obtained from Abcam. For flow
cytometry, Abs conjugated to appropriate fluorochromes for CD3 (145-
2C11), CD4 (L3T4, H129.19), CD8 (Ly-2, 53-6), CD44 (pgp1, IM7),
CD11b, B220 (Becton Dickinson), F4/80 (Serotec), and CD62L (Phar-
mingen) were used. Peanut oil was obtained from Sigma-Aldrich.

Mouse treatment

MRL/lpr mice were maintained in the Centro Nacional de Biotecnologı́a
animal facility. The CNB Ethics Committee approved all studies in accor-

dance with European Union legislation (Directive 2010/63/EU).We inhibited
p110d with GS-9829 (30 mg/kg) dissolved in peanut oil (stock at 7.5 mg/
ml); controls were treated with vehicle (peanut oil). Vehicle and GS-9829
were administered orally every 12 h. In experiment 1, mice were treated
from month 3 to month 5.5. We included two groups in experiments 2 and 3,
with treatment starting at month 3 or 3.5 and finishing at month 5.5, at which
time some untreated mice showed renal failure. For bone marrow–derived
macrophages (BMDMs), p110g2/2 and p110g+/2 (31) or p110dWT/WT and
p110dD910A/D910A mice (29) were maintained in pathogen-free conditions.
BMDMs were obtained from 3–4-mo-old p110g2/2 and p110g+/2 or
p110dWT/WT and p110dD910A/D910A littermates, using a modification of
a previously described method (41). Briefly, bone marrow cells were
cultured with 50 ng/ml recombinant mouse M-CSF (Peprotech) in bacterial
grade 100-mm plastic plates (4–5 d). Nonadherent cells were then dis-
carded, and adherent cells were cultured with fresh medium containing 50
ng/ml M-CSF until day 7. Purity and expression of macrophage markers
was assessed with flow cytometry. M-CSF was removed from the culture
on day 7 for 24 h to synchronize the BMDMs, and cells were plated on
basement membranes as described below.

Basement membrane assay

Basement membrane from murine peritoneum was isolated as described
(42). The membrane was obtained from the mouse peritoneum and
transferred to the plastic cup of a Boyden chamber (with the filter re-
moved), and edges were sealed with a 50:50 wax-paraffin mixture. The
membrane was treated with 0.2 mM ammonium hydroxide (1 h, room
temperature), followed by three washes with ice-cold PBS. The Boyden
chamber with the basement membrane was placed in a 24-well plate
containing 50 ng/ml M-CSF (Peprotech) and 3 3 105 macrophages seeded
onto the membrane (100 ml) and incubated (3 d, 37˚C). Cells were fixed
with 4% formaldehyde, permeabilized with 0.05% Triton X-100, and in-
cubated with rabbit anti-collagen IV (1:200, 100 ml; ab19808 Abcam) for
30 min. After washing with PBS, cells were incubated with goat anti-rabbit
(1:500; A594), Alexa 488-labeled phalloidin (1:500), and DAPI (1:200; 45
min). Cells were washed three times with PBS and stored at 4˚C. Mem-
brane cultures were performed in duplicate, and three to six random
fields were acquired for each culture. For imaging, PBS was removed,
Fluoromount-G added (Southern Biotech) and images acquired on a Leica
TCS SP5 confocal microscope with a 403/1.25 NA oil objective and
recorded with a three-channel PMT detector. Collagen IV degradation was
measured by projection of all z-planes acquired and quantified with ImageJ
software. Cell numbers in basement membrane layers were enumerated
with ImageJ using the DAPI-captures in z-planes for the bottom, center, or
top membrane section (cumulative data, n = 4).

We assessed the cytotoxic effects of PI3K inhibitors on BMDMs dif-
ferentiated from C57BL/6J mice (day 7). BMDMs were cultured with
DMSO, GS-9829, or AS-605240 (PI3Kg-specific inhibitor) (43) at 10, 1, or
0.1 mM for 3 d. Cultures were supplemented with inhibitors every 12 h
to mimic in vivo drug delivery. Cells were harvested at 24, 48, and 72 h,
and viability was assessed with flow cytometry using annexin-V–FITC
(Beckman) and 7-amino-actinomycin D staining. To analyze the effect of
isoform-specific PI3K inhibition on BMDM invasion of basement mem-
branes, BMDMs were allowed to invade for 3 d in the presence of 0.2 mM
GS-9829, 1 mM AS-605240, or DMSO, renewed every 12 h. After 72 h,
cells were fixed with 4% paraformaldehyde in PBS, and collagen IV
degradation and BMDM position in the membrane were analyzed as
above.

Flow cytometry analysis, cell preparation

Spleen and lymph node cell suspensions were prepared as described previously
(34). For cytometry, 10-color immunofluorescence in a Gallios flow cytometer
(Beckman Coulter) were used. Regulatory T cells (Tregs) were detected using
the Treg Bioscience Kit. Cells for Th17 staining were prestimulated with 50
ng/ml PMA and 1 mg/ml ionomycin (4 h) in the presence of 2 mg/ml brefeldin
A, and then fixed and permeabilized using Intraprep (Beckman Coulter).

Biochemical and serological analyses and cytokine production

Cell extracts were prepared in lysis buffer containing 1% Triton-X100 and
Western blot was performed as described (36). We evaluated PI3K pathway
activation in cell extracts by analyzing phosphorylation of the PI3K ef-
fector Akt using an anti–p-Akt Ab (Thr 308; Cell Signaling) (36). p-Akt,
Akt, and actin levels were assessed with Western blot. The p-Akt signal
was normalized to that of Akt. Serum Ig, isotype-specific anti-dsDNA Ab
and urine protein levels were measured as described (24, 34). Mice were
examined daily. When severe SLE symptoms appeared, affected mice were
sacrificed and organs were collected for histologic analysis, Western blot,
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or flow cytometric analysis. Serum cytokine levels were measured using
the Cytokine 25-Plex Panel (Millipore; Fig. 6A, Supplemental Fig. 2).
Cytokines produced by activated T cells were tested using PBMCs (2 3
105 cells per 125 ml per well). Serial dilutions of GS-9829 were pre-
incubated with cells (60 min) before cell activation with Cytostim (anti-
CD3/MHC-II, Miltenyi Biotec; 60 h), as indicated by the manufacturer.
Cytokine levels in supernatants were assessed with Multiplex cytokine and
chemokine kits (Meso Scale Discovery). Activated T cell supernatants (25
ml) were transferred to assay plates and developed according to manu-
facturer’s protocols (Supplemental Fig. 3A).

Histology

Tissue samples for histology were fixed in 10% buffered formalin, em-
bedded in paraffin, sectioned (∼4 mm), and stained with H&E as de-
scribed (24, 34). For immunofluorescence, fresh organs were placed in
a cryoprotective embedding medium (OCT; Tissue-Tek), maintained at
280˚C, sectioned (4–10 mm), blocked in PBS with 10% goat serum and
2% BSA, stained with anti-F4/80 (Rat MAb; Abcam), and incubated
with FITC-conjugated goat anti-rat IgG (Pharmingen) or F4/80 (Serotec)
with FITC-conjugated goat anti-rat Ab. For immunohistochemistry,
sections were deparaffinized, treated with citrate buffer for Ag retrieval,
blocked with an avidin/biotin blocking kit (Vector), and stained with
anti-CD3 (145-2C11; Pharmingen). Biotinylated anti–CD3-stained sec-
tions were developed with streptavidin-peroxidase (Dako). Images were

captured with a DP-10 digital camera on an Olympus Vanox microscope
or in a Microfluor Leica SP5 microscope.

Statistics and quantitation

The Western blot signal in the linear range was quantitated with ImageJ.
Data are presented as mean6 SEM. For statistics, an unpaired two-tailed
Student t test (unless otherwise indicated) was used, and was ANOVA-
calculated with GraphPad Prism version 5.0 software.

Results
GS-9829 is a potent and selective inhibitor of p110d

To determine the effect of p110d inhibition in murine systemic
lupus, we first characterized the selectivity and in vivo potency of
the pharmacologic p110d inhibitor GS-9829 [(S)-2-(1-(9H-purin-6-
amino-ethyl)-3-(2,6-difluorophenyl)quinazolin-4([3H])-1] (Fig. 1A),
a close structural analog of GS-1101 (idelalisib) (44), GS-9820 (45)
and IC87114 (46), because they all derive from the same quina-
zolinone core structure. GS-9829 was characterized using a FRET-
based in vitro kinase assay that measures PIP3 production (detailed
in Materials and Methods). This assay showed that GS-9829 was
selective for p110d relative to other PI3K class I enzymes (IC50:
p110a . 10 mM; p110b . 10 mM; p110g . 10 mM; p110d = 70.3
nM) and was .103-fold more selective against p110d than against
other related kinases such as CIIa, hVPS34, DNAPK, and the
mammalian target of rapamycin (Fig. 1A, Table I).
Isoform potency and selectivity was also determined using

a cell-based assay, as described (40). In fibroblasts, the PDGF
receptor activates primarily p110a and the LPA receptor acti-
vates predominantly p110b (47, 48). In basophils, FcεRI acti-
vates p110d and fMLP activates p110g; activation of FcεRI and
fMLP receptors induce CD63 expression (30, 49). GS-9829
reduced PDGF or LPA-induced Akt phosphorylation by ,50%
at 10 mM, the highest concentration tested (Fig. 1A, Table II).
GS-9829 suppressed FcεRI p110d-mediated CD63 expression
with an EC50 of 78 nM. In contrast, fMLP p110g-mediated
CD63 expression was inhibited by ,50% at 10 mM (Fig. 1A,
Table II), confirming its potency and selectivity for p110d in
cells.
Although GS-9829 selectivity for the p110d Class I PI3K isoform

was shown by IC50 determinations, we tested GS-9829 binding to
kinases outside the PI3K family. A high GS-9829 concentration
(10 mM) in a KinomeScan assay (36) was used. GS-9829 only binds
class I PI3K (Supplemental Fig. 1, Supplemental Table I) and
inhibits p110d at an IC50 of ∼70 nM.
We administered GS-9829 dissolved in peanut oil (30 mg/kg)

by oral administration to MRL/lpr mice. Pharmacokinetic anal-
ysis showed maximal serum concentration 4 h after adminis-
tration (Fig. 1B). p110d inhibition in vivo led to a reproducible
reduction in p-Akt levels of ∼50% in GS-9829–treated mouse
splenocyte extracts. This reduction was detectable 12 h after GS-
9829 administration (Fig. 1C), suggesting that GS-9829 can be
administered in vivo (twice daily).

FIGURE 1. GS-9829 selectively blocks p110d in vivo. (A) GS-9829

structure. The table shows IC50 values of GS-9829 (nanomolar concen-

tration for 50% inhibition) for the indicated purified p110 isoforms in

a FRET-based assay to measure PIP3 production. GS-9829 selectivity was

also tested in cell-based assays (see Materials and Methods). GS-9829

IC50 was estimated for each isoform using dose-response curves. IC50

values shown are the geometric mean of at least three determinations. (B)

The graph shows the GS-9829 concentration in MRL/lpr mouse serum at

various times after initial treatment (t = 0) with a single dose of GS-9829

(30 mg/kg). (C) MRL/lpr mice were treated orally every 12 or 24 h with

GS-9829 (30 mg/kg) for 3 d, left untreated for 12 or 24 h and then ex-

amined. Splenocyte extracts were analyzed in Western blot. The graph

shows p-Akt signal normalized to cell Akt levels (mean 6 SD; n = 4).

*p , 0.05, Student t test. A.U., arbitrary units.

Table I. GS-9829 inhibitory potency (IC50 value) and selectivity

Class I PI3K Class II Class III Related Kinases

p110a p110b p110g p110d CIIa hVPS34 PIK5a PIK5b DNAPK mTOR

.104 .104 .104 70.3 .104 .104 .104 .104 .105 .105

n = 5 n = 5 n = 5 n = 14 n = 1 n = 1 n = 1 n = 1 n = 3 n = 3

The inhibitory potency (IC50 value) and selectivity of GS-9829 was tested using purified enzymes in a TR-FRET assay that monitors PIP3
production. Data were normalized based on positive (DMSO) and negative (1mM wortmannin) controls. IC50 values were calculated from the dose-
response curves. All values shown are IC50 (nM).
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p110d inhibition diminish lupus disease in MRL/lpr mice

To determine whether selective p110d inhibition reduces lupus-
like disease in MRL/lpr mice, we treated a group of mice with GS-
9829 twice daily (every 12 h). Treatment began at 3 or 3.5 months
old, the period in which most untreated MRL/lpr mice show
the first signs of kidney disease (as determined by proteinuria;
Fig. 2A). Treatment was terminated at ∼5.5 mo, when half of the
control mice (vehicle-treated) showed signs of discomfort because
of renal disease. GS-9829 administration reduced proteinuria
(Fig. 2A).
Histologic examination of the kidney at experiment termination

(∼5.5 mo) showed that whereas control MRL/lpr mice had severe
mesangioproliferative glomerulonephritis (GN) with scores of 4–6
based on International Society of Nephrology–Renal Pathology
Society criteria (50), the GN score for GS-9829–treated mice was
lower (0–2; Fig. 2B, 2C). The experiment initiated at 3.5 mo
showed that GS-9829 treatment induced a moderate improve-
ment, even when treatment began after the appearance of disease
symptoms (∼3 mo).
Glomerulonephritis in lupus-prone mice is caused by the

combined action of local inflammation and deposition of Ig
complexes (12–15). We examined immunocomplex accumulation
and kidney infiltration by inflammatory cells in control and GS-
9829–treated mice. Treated mice showed less immunocomplex
deposition and lower serum anti-dsDNA Ab levels (Fig. 3A, 3B).
Moreover, mice treated beginning at 3 or 3.5 mo had a longer
lifespan, indicating clinical improvement by p110d inhibition even
after the appearance of proteinuria (at ∼3 mo; Fig. 3C). The
results show that p110d inhibition reduces the severity of systemic
lupus-like disease in the mouse.
We evaluated T cell and macrophage infiltration into the kidney.

There were no significant differences in T cell infiltration between
control and treated MRL/lpr mice. In contrast, treated mice
showed more than 50% reduction in macrophage infiltration
(Fig. 3D, 3E). We also tested whether GS-9829 administration
induced undesired side effects such as weight loss or altered
glucose levels. Mice were weighed every 5 d, and blood glucose
levels were measured every 15 d. There were no significant dif-
ferences in these parameters between GS-9829–treated and con-
trol mice (Fig. 3F).

Effect of p110d inhibition on lymphocyte populations in
lupus-prone mice

MRL/lpr mice show marked enlargement of spleen and lymph
nodes because of the accumulation of hematopoietic cells, in-
cluding T and B lymphocytes (37). We analyzed hematopoietic
cell populations in control and treated mouse spleens. GS-9829

treatment reduced spleen weight and the absolute number of
mononuclear cells (Fig. 4A, Supplemental Fig. 2A). The numbers
of B (B220+CD32) and T (B2202CD3+) cells tended to be lower
in treated mice, as was also the case for CD4+ T cells (Fig. 4B,
4C). The CD42CD82CD3+B220+ lymphocyte population present
in human and murine lupus (30) was significantly reduced by

Table II. GS-9829 acts selectivity in p110d in the cell-based assays

PI3K Isoforms p110a p110b p110g p110d

Cell Primary Primary Human Human
Type Fibroblasts Fibroblasts Basophils Basophils
Stimulus PDGF-induced LPA-induced fMLP-induced FcgRI-induced

pAkt pAkt CD63 CD63
EC50 (nM) .104 .104 .104 78.0

n = 3 n = 3 n = 3 n = 6

To examine the action of GS-9829 in p110a, b, d, and g in cell-based assays, murine embryonic fibroblasts (MEFs) for
p110a and p110b were used. MEFs were stimulated for 15 min with PDGF (10 ng/ml for p110a) or with LPA (10 mM for
p110b) with or without increasing concentrations of GS-9829. After stimulation, MEF were lysed and lysates examined
with Western blot using pAkt and Akt Ab. For the analysis of p110d and p110g, basophil activation was measured in
isolated PBMCs. Cells were activated with anti-FcεRI Ab (for p110d) or with N-formyl-methionyl-leucyl-phenylalanine
(200 nM for p110g) in the absence or presence of increasing concentrations of GS-9829. To monitor the basophil activation,
we examined CD63 and CCR3 expression. The dose-response curves to GS-9829 were used to estimate the IC50 (nM) of
GS-9829 for each isoform. All values shown are IC50 (nM).

FIGURE 2. p110d inhibition reduced glomerulonephritis in MRL/lpr

mice. (A) MRL/lpr mice (3 mo old) were treated every 12 h with GS-9829

(30 mg/kg) for 70 d. Protein concentration in urine was measured every

15 d. The graph shows proteinuria levels (mean 6 SD; n = 12). (B and C)

MRL/lpr mice were treated orally every 12 h with GS-9829 (30 mg/kg)

from age 3 or 3.5 mo until ∼5.5 mo, when they were sacrificed and kidney

sections were stained with H&E. The graph (B) shows the mean 6 SD

glomerulonephritis (GN) International Society of Nephrology–Renal Pa-

thology Society score (ranking from 0 to 6) in controls and GS-9829–

treated mice (n = 12, each). Images (C) show representative sections from

control or GS-9829-treated MRL/lpr mice. GN score is indicated. Original

magnification 320. *p , 0.05, Student t test. A.U., arbitrary units.
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p110d inhibition. CD11b+ numbers, which include macrophages
and neutrophils, were not affected (Fig. 4C).
We analyzed memory T cells because they include autoreactive

T lymphocytes (6–8). Naive lymphocyte numbers were low in MRL/
lpr mice, as reported previously (24). p110d inhibition led to a sig-
nificant reduction in the percentage and numbers of CD4+ effector
memory cells (CD44highCD62Llow) and a tendency to increased per-
centages of naive (CD44lowCD62Llow) and central memory (CD44high

CD62Lhigh) cells (Fig. 5A, Supplemental Fig. 2B). MRL/lpr mice
have fewer CD8+ than CD4+ effector memory cells. CD8+ effector
memory cells were unaffected by GS-9829 treatment (Fig. 5A).
Tregs and Th17 cells have both been implicated in the pathogenesis
of autoimmune disease (51, 52). p110d regulates Treg differentia-
tion (53); accordingly, p110d inhibition reduced Treg numbers and
the proportion of Th17 CD4+ T cells (Fig. 5B, 5C). These analyses

showed that p110d inhibition in MRL/lpr mice tends to reduce total
B and T cell numbers as well as the percentages of CD4+IL-17+,
CD42CD82CD3+B220+, CD4+ effector memory, and Tregs.
More than 50% of human SLE patients show enhanced p110d

activation in T cells and defective activation-induced cell death
(AICD) (36). p110d inhibition corrected the AICD defect of SLE
patient T cells in vitro (36), suggesting that p110d enhances acti-
vated and/or memory T cell survival and promotes T and B cell
accumulation in SLE. AICD cannot be studied in MRL/lpr mice
because Fas is mutated in this mouse strain (lpr mutation) (37).
Nonetheless, given that CD42CD82CD3+B220+ cells, autoan-
tibody-producing B cells and CD4+ memory cells were reduced
by p110d inhibition (Figs. 4, 5A), we hypothesized that p110d
could regulate cell survival in the MRL/lpr mouse via a different
cell death receptor.

FIGURE 3. Prolonged life span and reduced kidney damage in MRL/lpr mice treated with p110d pharmacologic inhibitors. (A) MRL/lpr mice were

treated orally every 12 h with GS-9829 (30 mg/kg) from 3 to 5.5 mo of age, at which time they were sacrificed. The images show a representative kidney

section from a control and a GS-9829–treated MRL/lpr mouse, stained with anti-mouse IgG Ab. The graph shows IgG signal intensity normalized for

kidney area in each section and relative to 1 (maximal; mean6 SD). *p, 0.01, Student t test. (B) MRL/lpr mice were treated as in (A). Serum anti–double

strand (ds)-DNA Ab levels (A.U.) were measured by ELISA (n = 10; mean 6 SD). *p , 0.05, Student t test. (C) Mouse survival (percent) at various times

after GS-9829 treatment. MRL/lpr mice were treated with vehicle (control) or GS-9829 (30 mg/kg) starting at month 3 (n = 20) or 3.5 (n = 13). *p , 0.05,

log-rank Mantel-Cox test. (D and E) Kidney sections from MRL/lpr mice treated as in (A) were examined by immunohistochemistry using CD3 Ab (D) or

F4/80 MAb, which recognizes macrophages (E). Images show representative sections from control or treated MRL/lpr mice. Graphs show the number of

T cells (mean6 SD; n = 12) in a 0.1 mm2 area (D) or normalized F4/80 signal intensity (examined as in A; n = 12) (E). (F) MRL/lpr mice were treated as in

(A). The graph (left panel) shows mouse weight as measured every 5 d (mean 6 SD; n = 12). Blood glucose levels (right panel) in control or GS-9829–

treated animals (n = 4 per group). n.s., not significant (ANOVA).
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PI3K regulates NF-kB transcription factor activity, which in
turn controls expression of the prosurvival factor Bcl-xL (54, 55).
We tested whether levels of Bcl-xL, which regulate activated B
and T cell survival (56, 57), were affected by GS-9829 treatment
in splenocytes collected at experiment termination. As a control,
we analyzed p-Akt levels. We found a marked decrease in p-PKB
and Bcl-xL levels in GS-9829–treated MRL/lpr mouse cells
compared with controls (Fig. 5D). The reduction in Bcl-xL levels
likely mediates the reduction in the number of autoreactive B and
T cells (the latter included in the CD4+ effector memory T cell
population) in GS-9829–treated mice.

Altered cytokine production in GS-9829–treated MRL/lpr mice

We tested whether p110d inhibition altered serum levels of repre-
sentative cytokines and chemokines. Most were found at very low
levels in serum (such as GM-CSF, IFN-g, IL-1a, IL-1b, IL-2, IL-
17). Another group showed higher levels that did not vary after GS-
9829 treatment (e.g., IL-10, G-CSF, IP-10, MIP1a; Supplemental
Fig. 2C). In contrast, IL-6 and TNF-a were at high levels in MRL/
lpr mice and decreased after GS-9829 treatment (Fig. 6A).
Serum cytokine levels are also low in healthy mice, but can be

examined after T cell activation in vitro. Compared with controls,
activated p110d-deficient T cells show lower levels of Th1 cyto-
kines (e.g., IFN-g). Similarly, TCR-activated PBMCs treated with
a p110d inhibitor show decreased Th1 cytokine levels (58). We
determined the GS-9829 dose needed to inhibit production of
various cytokines in activated PBMCs; TNF-a and IL-17 were the
most sensitive cytokines, but IL-12, IL-4, and IL-13, and to
a lesser extent IL-10 and IL-5 were also inhibited at nanomolar
GS-9829 concentrations (Supplemental Fig. 3A).
To study Th1/Th2 cell polarity further, we measured the levels of

IgG isotypes produced in these mice. All IgG tended to be reduced
in GS-9829–treated mice, with a significant decrease in the Th1-
linked isotype IgG2b (Fig. 6B). Although both Th1 and Th2

cytokines tended to be reduced by GS-9829 treatment in MRL/lpr
mice, Ab production and the reduction in proinflammatory cyto-
kines IL-6 and TNF-a after treatment indicate a more marked
inhibition of Th1 than of Th2 polarity in these mice.

p110d regulates macrophage ability to cross the basement
membrane

An unpredicted effect of p110d inhibition in MRL/lpr mice was
the apparent decrease in kidney macrophage infiltration (Fig. 3E),
which is not observed after pharmacologic inhibition of the other
hematopoietic isoform, p110g (34). The effect of GS-9829 treat-
ment in reducing TNF-a levels could alter macrophage infiltra-
tion, as TNF-a regulates vascular permeability (59, 60). In
addition, p110d inhibition might affect intrinsic macrophage ca-
pacity to cross basement membranes and infiltrate the kidney.
We isolated native basement membrane from wild type mice and

derived macrophages from the bone marrow of mice that express an
inactive form of p110d (p110dD910A/D910A; [p110dDA/DA]). As
controls, we derived macrophages from wild type and p110g-de-
ficient mice (31). BMDM numbers generated from p110g2/2 and
p110dDA/DA mice were slightly lower than those from wild type
littermates, although the difference was not significant (Fig. 7A).
BMDM from these mice did not differ in phenotypic markers
(CD11b+ and F4/80+) from their wild type littermates (Fig. 7A).
Compared with control or p110g-deficient macrophages, p110dDA/DA-
expressing macrophages showed a reduced capacity to cross the
basement membrane and degrade collagen IV (Fig. 7B, 7C).
We also compared basement membrane invasion of BMDMs

treated with isoform-specific p110d (GS-9829, 0.2 mM) or p110g
inhibitor (AS-605240, 1 mM; Ref. 43). We used a dose sufficient
to inhibit p110 in cultured cells but that did not induce cell death
after 3 d in culture (Supplemental Fig. 3B). A slightly cytotoxic
effect was observed only when inhibitors were used at 10 mM
(Supplemental Fig. 3B). We assessed macrophage invasion on

FIGURE 4. p110d inhibition reduces B and T

lymphocyte numbers in MRL/lpr mice. (A) MRL/lpr

mice were treated orally every 12 h with GS-9829 (30

mg/kg) from 3 or 3.5 mo of age until ∼5.5 mo of age,

at which time they were sacrificed. Spleen weight and

cell numbers are shown. (B and C) Mice were treated

as in (A). Graphs show cell number or percentage of

B and T cells (B) or indicated populations (C). *p ,
0.05, Student t test.
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basement membranes treated with GS-9829 (0.2 mM), AS-605240
(1 mM), or DMSO as control. BMDMs treated with the PI3Kd
inhibitor GS-9829 degraded less collagen IV than did those treated
with DMSO or the PI3Kg inhibitor AS-605240 (Fig. 7D). More-
over, treatment with p110d inhibitor led to macrophage accumu-
lation in the upper layer of the basement membrane and fewer
macrophages crossing the membrane compared with DMSO- or
AS-605240-treated BMDM (Fig. 7D). These findings confirmed
our observations that p110d deficiency impaired macrophage in-
vasion in BMDM from p110dDA/DA but not from p110g2/2 mice.
The data suggest that defective kidney infiltration after p110d
inhibition might also be caused by a direct effect on the trans-
migratory capacity of macrophages.

Discussion
Development of specific therapeutic approaches for SLE autoim-
mune disease is still an objective of basic research. Increased PI3K
activation in T cells is sufficient to trigger systemic lupus in the
mouse (24). Genetic inactivation of the p110g isoform in MRL/lpr
mice, a mammalian SLE model, reduces this disease (34).
Nonetheless, p110d is the isoform frequently activated in human

SLE (36). In this study, we examined the effect of p110d inhibi-
tion in a mouse model of systemic lupus. p110d inhibition in
MRL/lpr mice reduced lupus symptoms and extended life span.
Analysis of the mechanism by which the p110d inhibitor acted on
MRL/lpr mice showed that p110d inhibition reduced the excessive
number of B and activated/memory T cells as well as serum TNF-a
levels and kidney infiltration by macrophages. The decrease in
TNF-a levels might affect macrophage infiltration, as TNF-a
regulates vascular permeability (59, 60). In addition, p110d inhi-
bition impeded macrophage capacity to cross basement mem-
branes, and could thus help to reducing the macrophage infiltrate.
These results validate the use of p110d pharmacologic inhibitors
for SLE treatment.
Comparison of GS-9829 with previously described inhibitors

showed comparable selectivity for p110d (compared with p110a,
p110b, and p110g) and potency to those of AS15 and PIK-39
(61); this selectivity was maintained in cell-based assays. In the
mouse, GS-9829 (oral administration at 30 mg/kg) appeared
rapidly in serum and enabled 50% p-AKT inhibition in spleno-
cytes at 12 h. GS-9829 is a close structural analog of GS-1101
(idelalisib), a selective inhibitor of p110d currently in clinical

FIGURE 5. p110d inhibition reduces CD4+ effector memory cells in MRL/lpr mice. (A) MRL/lpr mice were treated orally every 12 h with GS-9829 (30

mg/kg) from age 3 or 3.5 mo to age 5.5 mo, at which time they were sacrificed. Percentage and total number of CD4+ or CD8+ T cells with naive (CD44low

CD62Llow), effector (CD44highCD62Llow) or central memory (CD44high CD62Lhigh) phenotypes, as determined with flow cytometry. (B and C) Mice were

treated as in (A). The percentage and total cell number of CD4+CD25+Foxp3+ Tregs (B) (3 and 3.5 mo plotted together) or of CD4+IL-17+ T cells (C) was

measured with flow cytometry. (D) MRL/lpr mice were treated orally every 12 h with GS-9829 (30 mg/kg) from month 3 or 3.5 (indicated) until ∼5.3 mo,

at which time they were sacrificed. Splenocyte extracts were analyzed with Western blot using the indicated Ab. The graphs show the signal in arbitrary

units (A.U.) of indicated proteins normalized to the loading control. *p , 0.05, Student t test; **p , 0.01; t test in (C) was paired.
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testing for the treatment of hematological malignancies (44). We
selected GS-9829 for study in the MRL/lpr SLE model because it
has a longer half-life in serum than GS-1101 does. Human
kinome-screen assays showed that at high concentration (10 mM),
GS-9829 remained selective to class I PI3K. GS-9829 treatment
was well tolerated by MRL/lpr mice, and we observed no sig-
nificant treatment-related adverse events. In addition, GS-9829
improved kidney function (as assessed by reduction in protein-
uria and nephritis) and extended lifespan in MRL/lpr mice, pro-
viding in vivo evidence that p110d is a potential therapeutic target
for SLE. The effectiveness of GS-9829 in our murine lupus model
also suggests its utility in treatment of the recently described
“activated PI3Kd syndrome” (62, 63).
Inhibition of the other hematopoietic PI3K isoform, PI3Kg, also

improves lupus symptoms in MRL/lpr mice (34, 35). Pharmaco-
logic inhibition of p110d (Fig. 4) or p110g (34) reduced B and
T cell numbers in MRL/lpr mice. Because p110d regulates T and
B cell survival (26, 64, 65), this might explain the reduction
in lymphocyte numbers following GS-9829 treatment. CD42

CD82CD3+B220+ cells increase markedly in murine lupus and are
found in kidneys of lupus nephritis patients, indicating a contri-
bution to kidney damage (51). These cells were also reduced by
p110d (Fig. 4) or p110g inhibitors (34). CD4+ effector memory
cell numbers were also decreased by GS-9829 and p110g inhib-
itors in MRL/lpr mice (Fig. 5) (34–36); at least in the mouse,
PI3Kg therefore cooperates with PI3Kd for memory cell survival.
In contrast, PI3Kd inhibition, but not that of PI3Kg, reduced
kidney-infiltrating macrophages. Although PI3Kg contributes to
murine lupus, only the PI3Kd isoform is frequently activated in
human SLE (36), supporting that PI3Kd is a more appropriate
target for human SLE.

Treg and Th17 cell numbers were also reduced in GS-9829-
treated MRL/lpr mice. These populations have not been exam-
ined in PI3Kg inhibitor-treated MRL/lpr mice (34, 35), although
the observation that differentiation of these cells requires PI3Kg
and PI3Kd activity (53, 66, 67) suggests that both isoforms control
these cell types. Although Tregs are needed to counteract auto-
reactive T cells, the decrease in the CD4+Foxp3+ population in
GS-9829–treated MRL/lpr mice might be beneficial, as in human
SLE there is a CD4+Foxp3+ T cell population functionally de-
fective for effector cell inhibition and for production of proin-
flammatory cytokines such as IL-17 (68). CD42CD82CD3+B220+

cell population also contributes to the pathogenesis of kidney
damage in lupus (51). The smaller number of Th17 T cells and of
CD42CD82CD3+B220+ cells, which also produce IL-17 (69),
could help to alleviate lupus in MRL/lpr mice after GS-98292
treatment.
Analysis of the effect of PI3Kd inhibition on autoantibody and

cytokine production in MRL/lpr mice showed that all IgG isotypes
were moderately decreased in serum, with a greater reduction in
the Th1-IgG2b isotype. Most Th1 and Th2 cytokines were barely
detectable in serum; nonetheless, in vitro stimulation of T cells
showed that GS-9829 treatment reduced Th1 and Th2 cytokines.
A similar assay using T cells from inactive PI3Kg or inactive
PI3Kd transgenic mice shows a modest PI3Kg contribution to Th1
and Th2 cell differentiation, and a more marked role for PI3Kd in
Th cell differentiation (66, 67). These observations suggest that
PI3Kd and PI3Kg have a partially redundant function in helper
cell differentiation (Th1 and Th2), with a greater contribution by
PI3Kd. The most notable effect of GS-9829 treatment in MRL/lpr
mouse cytokines was the reduction in IL-6 and TNF-a.
TNF-a is a pleiotropic inflammatory cytokine with a critical

function in acute phase responses; it is produced mainly by
macrophages, T lymphocytes, and kidney-resident cells (in lupus)
(59, 70). TNF-a is necessary for pathogen clearance (71), but
excess TNF-a production mediates the uncontrolled immune re-
sponse observed in fatal septic shock (70). TNF-a initiates a cy-
tokine cascade that increases vascular permeability, thereby
regulating macrophage recruitment to different organs; TNF-a
levels are increased in lupus patients (59, 60). As TNF-a regulates
macrophage infiltration to kidney, it is likely that defective TNF-a
production helps to reduce this infiltrate after PI3Kd inhibition.
IL-6 is secreted by T cells and macrophages, induced during the
physiologic immune response, and increased in SLE patients (72).
Reduction of TNF-a and IL-6 levels by PI3Kd inhibitors appears
to be isoform-specific. Although the effect of PI3Kg inhibition on
these cytokines in MRL/lpr mice has not been studied, inhibition
of PI3Kd but not of PI3Kg decreases TNF-a production in T cells
from healthy mice (73). TNF-a and IL-6 involvement in kidney
damage in lupus (59, 60, 72) suggests that GS-9829 reduction of
their levels help to mitigate disease in MRL/lpr mice.
We report that p110d inhibition reduced kidney infiltration

by macrophages (Fig. 3). Previous studies examined the effect of
impaired PI3Kd activity in murine lupus. Winkler et al. (74) de-
scribed a dual PI3Kd/PI3Kg inhibitor (IPI-145) that blocks the
adaptive and innate immune responses by inhibiting B and T cell
proliferation, neutrophil migration, and basophil activation. They
explored IPI-145 activity in collagen-induced arthritis, OVA-
induced asthma, and SLE; IPI-145 showed potent activity in all
these systems. In lupus, IPI-145 (1 mg/kg) reduced glomerulo-
nephritis in NZBWF1/J mice, but had no effect on dsDNA auto-
antibody levels, although PI3Kd was inhibited (74). Our results
are in agreement with their findings on the therapeutic action of
PI3Kd inhibition in a distinct lupus model, although they did not
test the action of the dual inhibitor on macrophages. Maxwell

FIGURE 6. GS-9829 treatment reduced serum TNF-a and IL-6 levels in

MRL/lpr mice. (A) Cumulative data for serum TNF-a and IL-6 levels in

control and GS-9829–treated MRL/lpr mice. GS-9829 treatment started at

3 or 3.5 mo of age until ∼5.5 mo of age, when they were sacrificed (30 mg/

kg every 12 h). (B) Anti-dsDNA IgG1, IgG2a, IgG2b, and IgG3 in mice

treated as in (A). Abs and cytokines were measured by ELISA. *p , 0.05,

paired Student t test; **p , 0.01.
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et al. (75) also studied the effect of heterozygous PI3Kd inacti-
vation in Lyn-deficient lupus-prone mice, which showed de-
creased autoantibody levels and kidney damage. B cell signaling
was unaltered by heterozygous PI3Kd inactivation, but IgG titers
and T cell activation were markedly reduced, indicating a contri-
bution of T cell inhibition in disease amelioration (75), in accor-
dance with our study. PI3Kd inhibition in BXSB mice also reduces
autoantibody levels and proteinuria and improves survival (76);
the authors found reduced pAKT and MCP-1 levels in kidney,
which might contribute to the reduction in kidney-infiltrating
macrophages described here.
p110d action on kidney infiltration by macrophages (Fig. 3) has

not been observed after pharmacologic inhibition of p110g (34).

We show that, in addition to reducing TNFa and presumably
TNF-a–mediated macrophage recruitment to the kidney (59, 60),
p110d inactivation attenuated macrophage transmigration. To in-
filtrate the kidney, macrophages must cross the blood vessel and
kidney basement membranes. We derived macrophages from bone
marrow of mice expressing an inactive p110d form (p110dDA/DA),
wild type, or p110g-deficient mice, and we analyzed their ability
to cross native basement membrane purified from syngeneic wild
type mice. Whereas M-CSF–induced macrophage differentiation
was not significantly affected by p110d inactivation or p110g
deletion, the ability of macrophages from p110dDA/DA mice to
cross the basement membrane and degrade collagen IV was re-
duced compared with p110g-deficient or control mice. Results

FIGURE 7. p110d inactivation impairs BMDM

basement membrane degradation. (A) BMDM were

generated from p110g2/2, p110dDA/DA mice, and con-

trol littermates (see Materials and Methods). The graph

shows BMDM numbers from the different mice (mean6
SD; n = 6; two-tail Wilcoxon matched-pairs sign rank

test). CD11b+ and F4/80+ expression in BMDM was

examined with flow cytometry using appropriate Ab. (B)

BMDMs generated as in (A) were seeded onto basement

membrane from wild type mice. After 3 d in culture

alone or with the indicated BMDM, basement mem-

brane collagen IV was stained by immunofluorescence,

and the signal in a similar area was quantitated using

ImageJ for the different conditions. Data are presented

as the remaining collagen IV signal in basement mem-

branes cultured with different BMDMs compared with

control membranes (considered 100%; mean 6 SEM;

n = 4). (C) BMDMs were seeded on basement mem-

branes from wild type mice as in (A) for 72 h. Basement

membrane invasion was analyzed by immunofluores-

cence staining of BMDM (F-actin with phalloidin-A488

and nuclei with DAPI) and of basement membrane

(collagen IV, red). The graph shows the proportion of

BMDMs in each layer compared with total BMDMs in

the different layers examined in different z-sections

(100%; mean 6 SEM; n = 3). (D) BMDMs from

C57BL/6J mice were seeded onto basement membrane

as in (A) and treated with GS-9829 (0.2 mM) or AS-

605240 (1 mM) every 12 h. BMDM invasion was ex-

amined as in (B) and (C). Remaining collagen (left

panel) was as in (B), and the percentage of BMDMs in

the different layers is relative to total (100%; mean 6
SEM; n = 3; right panel). Student t test (two-tailed

Mann–Whitney test), *p , 0.05, **p , 0.01, ***p ,
0.001. n.s., not significant.
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were similar when we tested the effect of p110g and p110d in-
hibition. These observations suggest that p110d inhibition induces
a reduction in TNFa levels and in macrophage transmigration
capacity, which might explain the reduction in kidney infiltration
by macrophages. Macrophage infiltrates contribute to lupus ne-
phritis (16–18, 77, 78), suggesting that the therapeutic action of
GS-9829 treatment involves reduction of this infiltrate. Although
irrelevant in macrophage infiltration of the kidney in our system,
p110g regulates macrophage chemotaxis toward RANTES MIP-5,
MDC, SDF-1, as well as C5a and is necessary for peritoneal re-
cruitment of macrophages in a septic shock model (31).
We show that treatment of the MRL/lpr SLE mouse model with

a p110d inhibitory compound extended lifespan and reduced kidney
damage, even when administered after appearance of disease
symptoms (∼3 mo). GS-9829 treatment had no apparent second-
ary effects. Restoration of renal function is important, because
kidney failure remains the main cause of death in patients with
SLE (79). p110d inhibition in lupus-prone mice reduced several
pathogenic cell populations, including B cells, Th17, and effector
memory CD4+ T cells. In addition, GS-9829 treatment decreased
TNF-a and IL-6 cytokine levels as well as macrophage transmi-
gration capacity, thereby reducing the macrophage infiltrate in the
kidney, which contributes to kidney dysfunction. These observa-
tions validate that PI3Kd is a promising therapeutic approach in
SLE.
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