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BACKGROUND: Anthracyclines, such as doxorubicin (DOX), are potent 
anticancer agents for the treatment of solid tumors and hematologic 
malignancies. However, their clinical use is hampered by cardiotoxicity. 
This study sought to investigate the role of phosphoinositide 3-kinase γ 
(PI3Kγ) in DOX-induced cardiotoxicity and the potential cardioprotective 
and anticancer effects of PI3Kγ inhibition.

METHODS: Mice expressing a kinase-inactive PI3Kγ or receiving PI3Kγ-
selective inhibitors were subjected to chronic DOX treatment. Cardiac 
function was analyzed by echocardiography, and DOX-mediated signaling 
was assessed in whole hearts or isolated cardiomyocytes. The dual 
cardioprotective and antitumor action of PI3Kγ inhibition was assessed in 
mouse mammary tumor models.

RESULTS: PI3Kγ kinase-dead mice showed preserved cardiac function 
after chronic low-dose DOX treatment and were protected against 
DOX-induced cardiotoxicity. The beneficial effects of PI3Kγ inhibition 
were causally linked to enhanced autophagic disposal of DOX-damaged 
mitochondria. Consistently, either pharmacological or genetic blockade 
of autophagy in vivo abrogated the resistance of PI3Kγ kinase-dead 
mice to DOX cardiotoxicity. Mechanistically, PI3Kγ was triggered in DOX-
treated hearts, downstream of Toll-like receptor 9, by the mitochondrial 
DNA released by injured organelles and contained in autolysosomes. This 
autolysosomal PI3Kγ/Akt/mTOR/Ulk1 signaling provided maladaptive 
feedback inhibition of autophagy. PI3Kγ blockade in models of 
mammary gland tumors prevented DOX-induced cardiac dysfunction and 
concomitantly synergized with the antitumor action of DOX by unleashing 
anticancer immunity.

CONCLUSIONS: Blockade of PI3Kγ may provide a dual therapeutic 
advantage in cancer therapy by simultaneously preventing anthracyclines 
cardiotoxicity and reducing tumor growth.

© 2018 American Heart Association, Inc.
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Anthracyclines such as doxorubicin are among 
the most potent and widely prescribed che-
motherapeutics since the late 1960s and still 

remain cornerstones in cancer treatment in combina-
tion with new-generation targeted drugs. Their clinical 
use, however, is limited by cardiotoxicity, often requir-
ing modification or even discontinuation of potentially 
successful anticancer regimens.1 Cardiotoxicity occurs 
commonly within the first year after therapy comple-
tion, thus increasing morbidity and mortality among 
cancer survivors.2

Although clinical evaluation allows early detection 
of cardiotoxicity, effective prevention represents a still 
unmet clinical need. Small clinical trials have showed 
only modest effects of standard heart failure pharma-
cotherapy.2 Dexrazoxane is the only cardioprotectant 
approved by the US Food and Drug Administration, but 
its use has been hindered by increased risk of develop-
ing secondary malignancies.3,4 Ideally, optimal cardio-
protective treatments should not only interfere with 
the primary mechanisms of cardiotoxicity but at least 
preserve or even enhance the antitumor efficacy of che-
motherapy.

Phosphoinositide 3-kinase γ (PI3Kγ) has emerged as 
a crucial regulator of both cardiac function and tumori-
genesis. Among class I PI3Ks, including PI3Kα, PI3Kβ, 
and PI3Kδ isoenzymes,5 PI3Kγ plays a key maladaptive 
role in both heart disease and tumor growth.10,11 In the 
heart, the catalytic subunit of the PI3Kγ holoenzyme 
(p110γ, the product of the PIK3CG gene), is upregu-
lated under stress conditions and triggers adverse car-
diac remodeling and, ultimately, heart failure.6,7 PI3Kγ 
is also enriched in the tumor microenvironment and 

indirectly favors cancer growth by promoting macro-
phage trafficking and immunosuppressive polarization, 
which together prevent T cell-mediated tumor killing.8,9 
Accordingly, PI3Kγ inhibition protects against pressure 
overload-induced heart failure6,7 and delays the pro-
gression of highly immunosuppressive tumors such as 
lung and pancreatic cancers.8,10 Nonetheless, the role of 
PI3Kγ and the therapeutic potential of PI3Kγ inhibitors 
in anthracycline-mediated cardiomyopathy are so far 
unknown. Furthermore, how PI3Kγ-directed immunity 
interacts with anthracycline-based chemotherapy in the 
tumor remains unexplored.

Herein, we identify PI3Kγ as a key determinant of 
anthracycline cardiotoxicity, and we provide proof of 
concept that pharmacological inhibition of PI3Kγ is a 
unique means of preventing doxorubicin cardiotoxic-
ity while boosting its anticancer efficacy. In cardiomyo-
cytes, doxorubicin engages PI3Kγ signaling downstream 
of Toll-like receptor 9 (TLR9), converging on autophagy 
inhibition and maladaptive metabolic rewiring, which 
ultimately cause cardiomyocyte death and systolic 
dysfunction. Genetic or pharmacological blockade of 
PI3Kγ prevents anthracycline-induced heart disease and 
concomitantly synergizes with chemotherapy, delaying 
tumor growth and improving survival in xenograft and 
spontaneous mammary tumor models.

METHODS
The authors declare that all supporting data, analytic meth-
ods, and study materials are available within the article and its 
online supplementary files. Expanded methods can be found 
in the Methods section of the online-only Data Supplement. 
Key resources tables, including primary antibodies and quan-
titative reverse transcription-polymerase chain reaction prim-
ers, can be found in Tables I and II in the online-only Data 
Supplement.

Mice
Knockin mice expressing an inactive PI3Kγ holoenzyme 
(kinase dead [KD]) were generated by inserting a point muta-
tion in the Pik3cg gene encoding the p110γ catalytic subunit 
as previously described.11 For studies on spontaneous tumors, 
BALB/c mice overexpressing the activated form of the Neu 
oncogene (BALB/c rHER-2/NeuT) in the mammary gland were 
used.12 Authorities approved all animal experiments.

In Vivo Treatments
To mimic human therapeutic regimens, a cumulative dose 
of 12 mg/kg of doxorubicin (DOX) was administered via 3 
weekly IP injections (4 mg/kg on days 0, 7, and 14).13 Survival 
was monitored daily. To investigate Akt/mTOR/Ulk1 signal-
ing, wild-type (WT) and KD mice received a single IP injec-
tion of 4 mg/kg DOX alone or in combination with 100 µg of 
ODN2088 (TLR9 antagonist) for 3 days. 

To study the autophagic flux in vivo, mice were treated 
IP with 10 mg/kg bafilomycin A1 (BafA1) or vehicle 1 hour 

Clinical Perspective

What Is New?
•	 The present study uncovers phosphoinositide 

3-kinase γ as a major player of anthracyclines 
cardiotoxicity.

•	 The present study proposes phosphoinositide 
3-kinase γ inhibition as an effective means to pre-
vent the cardiac side effects of doxorubicin while 
boosting its anticancer action.

What Are the Clinical Implications?
•	 By virtue of its dual cardioprotective and anticancer 

action, phosphoinositide 3-kinase γ inhibition may 
ideally fit within chemotherapeutic regimens of 
both solid and hematologic tumors, including the 
highly prevalent form of breast cancer.

•	 Phosphoinositide 3-kinase γ inhibitors are currently 
in clinical trials, and future translational studies 
might help to validate our findings.
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before a single injection of 4 mg/kg DOX. Mice were eutha-
nized 6 hours after DOX.

To inhibit autophagy in vivo, PI3Kγ KD mice were treated 
with DOX or saline, followed by daily IP injections of 60 mg/
kg of hydroxychloroquine or 0.3 mg/kg of BafA1 or saline 
for 4 weeks. Cardiomyocyte-restricted, genetic inhibition of 
autophagy was performed by intravenous injection of either 
AAV9-GFP-U6-ATG7-small hairpin RNA or AAV9-GFP-U6-
scrmb-small hairpin RNA.

Echocardiography
Cardiac function was evaluated in mice anesthetized with 1% 
isoflurane using a Vevo2100 High Resolution Imaging System 
(Visual Sonics Inc). Echocardiographic parameters were mea-
sured under the long-axis M-mode when heart rate was ≈450 
bpm.

Tumor Studies
Mice were subcutaneously injected with 1×105 4T1 or TUBO 
cells. One week after cell injection, mice were treated with 
DOX or saline. Tumor size was measured twice per week for 
4 weeks. PI3Kγ was inhibited pharmacologically by using 
IPI14514 and AS605240.15

Isolation of Neonatal Mouse Ventricular 
Myocytes
Neonatal mouse cardiomyocytes (NMVMs) were isolated as 
previously described.16 Briefly, hearts from 1- to 3-day-old 
pups were minced and predigested with 0.5 mg/mL trypsin 
overnight, followed by 3 to 4 digestions with 330 U/mL col-
lagenase type II. Isolated cells were centrifuged at 800 rpm to 
separate nonmyocardial cells; resuspended in DMEM/M199 
(3:1) containing 10% horse serum, 5% fetal bovine serum, 
and 5 mM penicillin/streptomycin; and preplated twice to 
further reduce fibroblast contamination. 0.3 to 1×106 cardio-
myocytes per well were finally plated in gelatin (0.2%)/fibro-
nectin (10 µg/mL)-coated plates. Expanded methods can be 
found in the online-only Data Supplement.

In Vitro Treatments
Twenty-four hours before stimulation, NMVMs were cultured 
in serum-free DMEM/M199 (3:1) and H9c2 cells in DMEM 
supplemented with 0.5% fetal bovine serum. Cells were then 
treated with 1 µmol/L DOX for the indicated times, alone or 
in combination with AS605240 (0.5 µmol/L, 1-hour pretreat-
ment) or with the TLR9 antagonist ODN2088 (0.2 µmol/L, 
5-hour pretreatment) as described previously.17 Alternatively, 
NMVMs and H9c2 cells were stimulated with the TLR9 ago-
nist ODN1826 (0.2 µmol/L, 1 hour) with or without AS605240 
pretreatment. At the end of treatment, cells were processed 
as described previously.6

Flow Cytometry Staining and Analysis
Single-cell suspensions from mouse tumor samples (1x106 
cells) were incubated with the blocking reagent anti-CD16/
CD32, followed by incubation with fluorophore-labeled anti-
bodies. For staining of surface markers, the following primary 

antibodies were used: Gr1 Ly6G/Ly6C, F4/80, CD11b, and 
MHC class II. For CD206 staining, formalin-fixed cells were 
incubated with a fluorophore-labeled antibody. Cells were 
acquired with the AccuriC6 and analyzed with FlowJo x7.5.

Histological and Immunohistochemical 
Analysis
mtDNA, TLR9, PI3Kγ, and LAMP2 colocalization was assessed 
in NMVMs stimulated with either ODN1826 or DOX for 1 
hour. Standard protocols were used for immunofluorescence 
staining. For ex vivo analyses, hearts from WT and KD mice 
treated with DOX or saline were processed for histological 
and immunofluorescence analysis.18

Human heart samples were collected from a 21-year-old 
woman diagnosed with Ewing sarcoma and subjected to tri-
ple therapy with adriamycin, cyclophosphamide, and vincris-
tine. The patient manifested heart failure symptoms 5 years 
after chemotherapy and underwent heart transplantation 10 
years after the diagnosis of chemotherapy-induced cardiomy-
opathy (ejection fraction: 40%). Samples were archived at the 
Institute of Pathological Anatomy of the University of Padova. 
Samples were anonymous to the investigators and used in 
accordance with the directives of authorities. Formalin-fixed, 
paraffin-embedded human heart samples were processed for 
immunofluorescence study.19

Statistical Analysis
Prism software (GraphPad software Inc) was used for statisti-
cal analysis. P values were calculated with 1-way analysis of 
variance (ANOVA), 2-way ANOVA, 2-way repeated-measures 
ANOVA, followed by Bonferroni post hoc test or Student’s t 
test as appropriate. Log-rank test was used for survival analy-
sis. Data are presented as mean±SEM, and P<0.05 was con-
sidered statistically significant.

RESULTS
Genetic Inhibition of PI3Kγ Protects 
Against DOX Cardiotoxicity
To explore the role of PI3Kγ in anthracycline-induced 
cardiotoxicity, knockin mice expressing a kinase-inactive 
PI3Kγ (PI3Kγ KD) and WT controls were subjected to a 
low-dose DOX treatment13 (Figure IA in the online-only 
Data Supplement). The treatment was well tolerated by 
both WT and KD mice, as evidenced by preserved food 
intake and locomotor activity (Figure IB and IC in the 
online-only Data Supplement). In line with clinical evi-
dence of weight loss in DOX-treated patients,20,21 DOX 
induced a 10% decrease in body weight in both geno-
types, without significantly affecting survival (Figure ID 
and IE in the online-only Data Supplement). Echocar-
diographic assessment 6 weeks after the first DOX ad-
ministration revealed a significant reduction of cardiac 
contractility in WT mice (Figure 1A and Table III in the 
online-only Data Supplement), which was accompa-
nied by upregulation of cardiac injury markers such as 
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plasma concentrations of troponin T (Figure  1B) and 
myocardial Anf and Bnp mRNA levels (Figure 1C). The 
absence of lung and liver congestion in these mice (Ta-
ble IV in the online-only Data Supplement) excluded the 
development of overt heart failure and indicated the 

establishment of a subclinical myocardial dysfunction, 
reminiscent of that observed clinically in chronic DOX 
cardiomyopathy. Conversely, left ventricular systolic 
function, plasma troponin T, and Anf and Bnp mRNA 
levels were all unchanged in DOX-treated KD mice 

Figure 1. Genetic inhibition of PI3Kγ protects against DOX-induced cardiotoxicity.  
WT and KD mice were treated with a cumulative dose of 12 mg/kg doxorubicin (DOX) or saline via 3 weekly injections (4 
mg/kg on days 0, 7, and 14). A, Representative M-mode echocardiographic images (left) and fractional shortening (right) of 
WT (n=9) and KD (n=9) hearts before treatment and 6 weeks after the first DOX injection. White and cyan lines indicate left 
ventricular end-diastolic diameter (LVEDD) and left ventricular end-systolic diameter (LVESD), respectively. Scale bars, 400 ms, 
4 mm. DOX 0 versus 6 weeks: ###P<0.001 and WT versus KD, ***P<0.001 by 2-way repeated-measures analysis of variance 
with Bonferroni post hoc test. B, Plasma troponin T (TnT) level in WT and KD mice 3 days after the first dose of DOX or saline. 
C, Relative quantification of Anf and Bnp mRNA levels in WT and KD whole hearts at 6 weeks after the first dose of DOX 
or saline. D, Representative images of H&E staining and relative quantification of cardiomyocyte area in heart sections from 
mice treated as in (C). Scale bar, 20 µm. E, Representative images of TUNEL staining (left) and quantification of TUNEL positive 
nuclei per field (right) in WT and KD in heart sections from mice treated as in (C). Scale bar, 30 µm. F, Immunoblot (upper) and 
relative quantification (lower) of cleaved-caspase 9 in whole hearts from WT and KD mice treated as in (C). G, Representative 
images of PicroSirius Red staining (left) and relative quantification of collagen deposition (right) in heart sections from animals 
treated as in (C). Scale bar, 50 µm. H, Relative quantification of mRNA levels of profibrotic genes (Tgfb, Ctgf, Col1a1, and Co-
l3a1) in whole hearts from animals treated as in (C). For each panel in (B through H): n=5 to 7 animals/group, DOX (+) versus 
saline (‒): #P<0.05, ##P<0.01, and ###P<0.001 and WT versus KD: *P<0.05, **P<0.01, and ***P<0.001 by 2-way analysis of 
variance with Bonferroni post hoc test. Values represent mean±SEM. Anf indicates atrial natriuretic factor; Bnp, brain natri-
uretic peptide; Col1a1, collagen type I alpha-1; Col3a1, collagen type III alpha-1; Ctgf, connective tissue growth factor; DOX, 
doxorubicin; KD, kinase-dead; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; 
PI3Kγ, phosphoinositide 3-kinase γ; Tgfb, transforming growth factor beta; TnT, troponin T; TUNEL, terminal deoxynucleotidyl 
transferase dUTP nick end labeling; and WT, wild-type.
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(Figure 1A through 1C and Table III in the online-only 
Data Supplement), highlighting the protective effects 
of PI3Kγ inhibition against DOX-induced cardiac injury.

Cardiac wasting, apoptosis, and fibrosis are key 
hallmarks of anthracycline-related cardiotoxicity.22 In 
keeping with preserved cardiac contractility, KD mice 
showed normal cardiac mass and cardiomyocyte size 
after DOX (Figure  1D and Table IV in the online-only 
Data Supplement). Furthermore, TUNEL and cleaved 
caspase-9 assays revealed that, after DOX treatment, 
apoptosis was significantly lower in KD than in WT 
hearts (Figure 1E and 1F). Myocardial collagen deposi-
tion was significantly less abundant in DOX-treated KD 
than in WT hearts, as evidenced by reduced PicroSirius 
Red staining (Figure 1G) and by weaker expression of 
profibrotic genes such as Tgfb, Ctgf, Col1a1, and Co-
l3a1 (Figure 1H). 

Altogether, these findings demonstrate that PI3Kγ 
inhibition protects against DOX-induced myocardial 
damage and dysfunction.

PI3Kγ Inhibition Promotes Mitochondrial 
Autophagy
Although PI3Kγ can contribute to maladaptive cardiac 
remodeling by driving inflammation,7 analysis of inflam-
matory responses after DOX showed no significant leu-
kocyte recruitment to the myocardium of either WT or 
KD mice (Figure II in the online-only Data Supplement). 
This excluded the involvement of leukocyte PI3Kγ in 
DOX-induced cardiac remodeling.

Conversely, the PI3K pathway is a master regulator 
of autophagy,23 and dysregulation of autophagy in the 
myocardium is implicated in cardiovascular diseases, 
including DOX cardiotoxicity.24–27 The possible link be-
tween myocardial PI3Kγ signaling and autophagy was 
thus investigated in DOX-treated animals. The levels 
of LC3-II, a hallmark of autophagosome formation, 
were slightly but significantly increased in WT hearts 
at 3 days after the first injection of DOX (Figure 2A). In 
contrast, LC3-II accumulation was significantly higher in 

Figure 2. PI3Kγ inhibition promotes cardiac autophagy.  
A and B, Representative immunoblot (left) and relative quantification (right) of the autophagic marker LC3 in WT and KD 
hearts 3 days (A) and 6 weeks (B) after DOX. n=5 to 8 animals/group. A through B, DOX (+) versus saline (‒): #P<0.05 and 
###P<0.001 and WT versus KD: *P<0.05 and **P<0.01 by 2-way analysis of variance with Bonferroni post hoc test. C, 
Autophagic flux analysis in WT and KD mice pretreated with bafilomycin A1 (BafA1, 10 mg/kg) 1 hour before a single DOX 
injection (4 mg/kg) for 6 hours. Representative immunoblots (left) and relative quantification (right) are shown. D, Immunoflu-
orescence staining (left) and relative quantification (right) of LC3 puncta in heart sections from animals treated as in (C). Scale 
bar, 10 µm. C through D, n=5 to 6 animals/group, DOX+saline versus DOX+BafA1: #P<0.05 and ###P<0.001 and WT versus 
KD: **P<0.01 by 2-way analysis of variance with Bonferroni post hoc test. E, WT and KD neonatal mouse ventricular myocytes 
(NMVMs) were infected with an adenovirus encoding the tandem fluorescent mRFP-GFP-LC3 probe before treatment with 
DOX (1 µM, 16 hours). Representative pictures (left, magnification of Figure III in the online-only Data Supplement) and relative 
quantification (right) of autophagosomes (yellow dots) and autolysosomes (red free dots) are shown. Scale bar, 2 µm. n≥4 
independent experiments. DOX versus vehicle: ##P<0.01 and ###P<0.001 and WT versus KD: **P<0.01 and ***P<0.001 by 
2-way analysis of variance with Bonferroni post hoc test. Values represent mean±SEM. BafA1 indicates bafilomycin A1; DOX, 
doxorubicin; GFP, green fluorescent protein; KD, kinase-dead; LC3, microtubule-associated protein 1A/1B-light chain 3; mRFP, 
monomeric red fluorescent protein; NMVMs, neonatal mouse ventricular myocytes; PI3Kγ, phosphoinositide 3-kinase γ; and 
WT, wild-type.
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KD than in WT hearts, starting from this time point (Fig-
ure 2A) and up to the end of the treatment (Figure 2B), 
thus indicating that PI3Kγ acts as a negative regulator 
of autophagy. This result was further demonstrated in 
primary NMVMs expressing YFP-LC3, where LC3-punc-
ta (autophagosomes) elicited by DOX were significantly 
more abundant in KD than in WT cells (Figure IIIA in the 
online-only Data Supplement).

To assess whether LC3-II accumulation in KD 
hearts resulted from enhanced autophagosome for-
mation or impaired autophagosome-lysosome fu-
sion, autophagic flux was studied after blocking 
autophagosome-lysosome fusion with BafA1. BafA1 
further increased LC3-II levels (Figure  2C) and LC3 
puncta density (Figure 2D) in DOX-treated KD hearts, 
thus revealing that loss of PI3Kγ catalytic function en-
hances activation of the autophagic flux. These find-
ings were confirmed in primary NMVMs expressing 
the mRFP-GFP-LC3 probe, which allows the concomi-
tant detection of autophagosomes (yellow dots) and 
autolysosomes (free red dots) in living cells.28 Both 
yellow and red puncta were significantly more abun-
dant in KD than in WT NMVMs (Figure 2E and Figure 
IIIB in the online-only Data Supplement), confirming 
an accelerated autophagic flux in KD cardiomyocytes 
exposed to DOX. Pretreatment with BafA1 prevented 
the formation of autolysosomes in both groups and 
further proved enhanced formation of autophago-
somes in KD cells compared with WT controls (Figure 
IIIC in the online-only Data Supplement). Thus, PI3Kγ 
acts as a negative regulator of autophagy in DOX-
treated hearts.

Alteration of the autophagic flux in cardiomyo-
cytes can reduce their ability to eliminate DOX-dam-
aged organelles such as mitochondria.29 Electron mi-
croscopy studies revealed the presence of autophagic 
vacuoles containing damaged mitochondria in DOX-
treated WT hearts (Figure 3A), indicating the activa-
tion of mitochondrial autophagy. In keeping with an 
enhanced autophagic flux (Figure  2C through 2E), 
these structures were more abundant in KD hearts 
than in WT controls (Figure 3A). Immunofluorescence 
studies showing the colocalization of mitochondrial 
DNA (mtDNA) with the autophagosome marker LC3 
(Figure 3B), and LC3-II immunoblot in mitochondria-
enriched fractions (Figure IVA in the online-only Data 
Supplement) both confirmed that mitochondrial au-
tophagy was significantly more active in KD than in 
WT hearts after DOX.

Enhanced elimination of injured organelles led to 
preserved mitochondrial respiration in NMVMs exposed 
to DOX concomitantly to the PI3Kγ inhibitor AS605240 
(Figure IVB in the online-only Data Supplement). In-
stead, in cells treated with DOX alone, the bioenergetic 
efficiency of mitochondria (P/O ratio) was significantly 
reduced and triggered a compensatory metabolic switch 

from fatty acid oxidation to glycolysis, as indicated by 
increased activity of major glycolytic enzymes, higher 
lactate dehydrogenase activity, and lactate production 
(Figure IVB in the online-only Data Supplement). PI3Kγ 
was not expressed in the mitochondria (Figure IVC in 
the online-only Data Supplement), thus excluding the 
involvement of PI3Kγ in intrinsic mitochondrial regula-
tion and suggesting that PI3Kγ inhibition preserves mi-
tochondrial metabolism indirectly by favoring autopha-
gic disposal of damaged organelles.

DOX Activates an Autolysosomal 
Toll-Like Receptor 9 /PI3Kγ Pathway 
Promoting Feedback Inhibition of 
Autophagy
Given that damaged mitochondria within autolyso-
somes can trigger Toll-like receptor 9 (TLR9),17 and 
TLRs can signal through PI3Kγ activation,30 the ability 
of mtDNA from DOX-injured mitochondria to engage 
TLR9 and, in turn, PI3Kγ signaling was investigated. 
Immunofluorescence assays revealed that mtDNA colo-
calized with both TLR9 and PI3Kγ in NMVMs exposed 
to DOX (Figure  4A), in line with the localization of 
PI3Kγ in endosomes31 as well as with the enrichment 
of these 3 moieties in similar endocytic compartments. 
In resting cells, TLR9 mainly resides in the endoplasmic 
reticulum but translocates to lysosomes on induction of 
autophagy.32 Consistently, immunofluorescence (Fig-
ure 4B) and coimmunoprecipitation studies (Figure 4C) 
showed that colocalization of TLR9 with PI3Kγ can only 
be detected in cells challenged with the TLR9 activator 
ODN1826, a CpG-rich oligonucleotide similar to mtD-
NA, but not in untreated controls. In NMVMs treated 
with ODN1826, both TLR9 and PI3Kγ were found in 
LAMP2-positive compartments (autolysosomes) (Fig-
ure 4D), thus indicating that the TLR9/PI3Kγ signaling 
complex assembles on these organelles.

Next, PI3Kγ pathway activation by the DOX/mito-
chondrial damage/mitochondrial autophagy/mtDNA/
TLR9 cascade was investigated in H9c2 cardiac-like 
cells, primary NMVMs, and whole hearts. In H9c2, 
DOX increased the phosphorylation of the PI3K down-
stream target Akt as early as 30 minutes and until 2 
hours after treatment, and the PI3Kγ selective inhibitor 
AS605240 completely prevented DOX-dependent Akt 
activation (Figure VA in the online-only Data Supple-
ment). Similarly, Akt phosphorylation was upregulated 
2-fold in WT but not in KD primary NMVMs exposed to 
DOX (Figure VB in the online-only Data Supplement). 
It is notable that DOX-dependent PI3Kγ/Akt activa-
tion occurred downstream of TLR9 because the TLR9 
antagonist ODN2088 prevented Akt phosphorylation 
in both NMVMs (Figure 5A) and H9c2 (Figure VIA in 
the online-only Data Supplement), mimicking the ef-
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fects of PI3Kγ inhibition (WT NMVMs treated with 
AS605240 and KD NMVMs in Figure 5A; AS605240-
treated H9c2 cells in Figure VIA in the online-only Data 

Supplement). In further support of the activation of a 
TLR9/PI3Kγ/Akt signaling on induction of mitochon-
drial autophagy, the mtDNA-like oligonucleotide and 

Figure 3. PI3Kγ inhibition promotes autophagic clearance of damaged mitochondria.  
A, Transmission electron micrographs of WT and KD hearts 3 days after a single injection of doxorubicin (DOX, 4 mg/kg). Scale 
bar, 1 µm. Black arrows and magnification insets show autophagic vacuoles containing damaged mitochondria. B, Double 
staining of mitochondrial DNA (mtDNA) with PicoGreen (green) and autophagosomes with an anti-LC3 antibody (red) in heart 
sections from WT and KD mice treated as in (A). In merged images and magnification insets, arrows indicate double posi-
tive deposits (yellow dots). Scale bar, 10 µm. In (A) and (B), representative pictures from n=3 experiments are shown. DOX 
indicates doxorubicin; KD, kinase-dead; LC3, microtubule-associated protein 1A/1B-light chain 3; mtDNA, mitochondrial DNA; 
PI3Kγ, phosphoinositide 3-kinase γ; Veh, vehicle; and WT, wild-type.
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TLR9 agonist, ODN1826, significantly elevated Akt 
phosphorylation in NMVMs (Figure 5A) and H9c2 cells 
(Figure VIB in the online-only Data Supplement). This 
effect was completely abolished by PI3Kγ inactivation 
in KD NMVMs (Figure 5A) and in AS605240-treated 
H9c2 cells (Figure VIB in the online-only Data Supple-
ment).

Under stress conditions, engagement of the PI3K/
Akt pathway may result in mTOR-mediated suppres-
sion of autophagy.33 Therefore, activation of the au-
tolysosomal TLR9/PI3Kγ/Akt signaling may provide a 
negative feedback regulation of autophagy. In H9c2 
cells, DOX-mediated activation of Akt correlated with 
increased phosphorylation of mTOR targets, including 
S6 kinase, but also the autophagy inducer Ulk1 that 
is inactive when phosphorylated on Ser-757 (Figure 
VIA and VIC in the online-only Data Supplement).34 

In agreement, blockade of either TLR9 or PI3Kγ abro-
gated the inhibitory phosphorylation of Ulk1 (Figure 
VIA in the online-only Data Supplement). Converse-
ly, direct activation of TRL9 with ODN1826 resulted 
in a PI3Kγ-dependent increase of Ulk1 phosphoryla-
tion (Figure VIB in the online-only Data Supplement). 
To confirm these observations in the heart of DOX-
treated mice, activation of the PI3Kγ/mTOR pathway 
was studied by immunohistochemistry 3 days after 
treatment. Whereas WT hearts stained positive for 
phospho-Akt, phospho-mTOR, and phospho-Ulk1, no 
staining was detected in KD tissues (Figure 5B). This 
response was accompanied by the canonical TLR9-
dependent transcriptional upregulation of inflamma-
tory cytokines in WT but not KD hearts (Figure VID in 
the online-only Data Supplement), thus indicating a 
TLR9 involvement in vivo. In further agreement, inhibi-

Figure 4. mtDNA, PI3Kγ, and TLR-9 colocalize in autolysosomes.  
A, Double staining of mitochondrial DNA (mtDNA) and either TLR9 (red, upper) or PI3Kγ (red, bottom) in neonatal mouse 
ventricular myocytes (NMVMs) treated with doxorubicin (DOX, 1 μM) for 1 hour. Arrows indicate colocalization of mtDNA with 
either TLR9 or PI3Kγ. DOX has an intrinsic red fluorescence on nuclei. B, Double staining of TLR9 (green) and PI3Kγ (red) in 
NMVMs treated with vehicle or a CpG-rich oligonucleotide similar to mtDNA, ODN1826 (0.2 μM, 1 hour). C, Representative 
immunoblot (left) and relative quantification (right) of PI3Kγ bound to TLR9 in HEK-293 cells transfected with TLR9-YFP and 
PI3Kγ and treated with the TLR9 agonist ODN1826. Values represent mean±SEM, n≥4 independent experiments, **P<0.01 
by 1-way analysis of variance with Bonferroni post hoc test. D, Double staining of either TRL9 (green) or PI3Kγ (green) with 
the autolysosomal marker LAMP2 (red) in NMVMs treated with ODN1826 (0.2 μM, 1 hour). A, B, and D, Enlargements of 
the outlined areas and fluorescence intensity profiles in the green and red channels of the regions underneath the white lines 
(right). Scale bar, 5 μm. Representative pictures from n=3 experiments are shown. DOX indicates doxorubicin; KD, kinase-
dead; LAMP2, lysosome-associated membrane protein 2; mtDNA, mitochondrial DNA; NMVMs, neonatal mouse ventricular 
myocytes; ODN1826, CpG oligodeoxynucleotide 1826; PI3Kγ, phosphoinositide 3-kinase γ; TLR9, toll-like receptor 9; Veh, 
vehicle; WT, wild-type; and YFP, yellow fluorescence protein.
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tion of TLR9-mediated sensing of mtDNA by intrave-
nous administration of the TLR9 antagonist ODN2088 
blocked DOX-induced Akt/mTOR/Ulk1 signaling in WT 
hearts (Figure 5B). 

Altogether these data indicate that DOX triggers 
an autolysosomal TLR9/PI3Kγ signaling converging on 
Ulk1 inactivation and, in turn, feedback inhibition of 
autophagy.

Inhibition of Autophagy in KD Mice 
Abrogates the Protection From DOX 
Cardiotoxicity
Resistance of KD mice to DOX-induced cardiotoxicity 
appeared linked to the loss of a negative feedback in-
hibiting autophagy. To test this hypothesis, autophagy 
was blocked genetically by an adeno-associated viral 
vector (AAV9) encoding a small hairpin RNA target-
ing the key autophagy initiating gene Atg7 as well as 

a GFP probe labeling infected cells (AAV9-ATG7sh). 
Six weeks after infection, AAV9-ATG7sh led to a 
45% reduction of cardiac Atg7 mRNA levels (Figure 
VIIA in the online-only Data Supplement), and, as ex-
pected, KD animals either transduced with a control 
vector (AAV9-CTRLsh) or infected with AAV9-ATG7sh 
showed normal cardiac contractility (Figure 6A). Con-
versely, infection with the AAV9-ATG7sh significantly 
blunted the protection of KD mice against DOX-
induced deterioration of fractional shortening (Fig-
ure  6A). In these hearts, the area of infected green 
cardiomyocytes was significantly lower than in nonin-
fected controls (Figure 6B and 6C). Thus, genetic inhi-
bition of cardiac autophagy abrogated the protection 
of PI3Kγ KD mice against DOX cardiotoxicity. Similar 
results were observed when autophagy was inhibited 
pharmacologically, with either BafA1, or compounds 
in clinical use, such as hydroxychloroquine. Similar to 
AAV9-ATG7sh, BafA1 and hydroxychloroquine im-

Figure 5. DOX activates a TLR9/PI3Kγ/Akt/Ulk1 pathway promoting feedback inhibition of autophagy.  
A, WT and KD neonatal mouse ventricular myocytes (NMVMs) were treated with DOX (1 µmol/L, 1 hour) alone or in combi-
nation with the PI3Kγ inhibitor AS605240 (AS, 0.5 µmol/L, 1-hour pretreatment) or with the TLR9 antagonist ODN2088 (0.2 
µmol/L, 5-hour pretreatment). Alternatively, NMVMs were stimulated with TLR9 agonist ODN1826 (0.2 µmol/L, 1 hour). Repre-
sentative immunoblot (upper) and relative quantification (lower) of Akt phosphorylation on Thr308 (T308) and Ser473 (S473) 
residues are shown. DOX/ODN1826 versus vehicle: ##P<0.01 and ###P<0.001 and DOX+ODN2088/AS versus DOX: **P<0.01 
and ***P<0.001 by 1-way analysis of variance with Bonferroni post hoc test. n≥4 independent experiments. Values represent 
mean±SEM. B, Immunohistochemical analysis of the phosphorylation status of Akt (S473), mTOR (S2448), and Ulk1 (S757) in 
WT and KD hearts 3 days after a single injection of saline or doxorubicin (DOX, 4 mg/kg) alone or in combination with the TLR9 
antagonist ODN2088 (100 µg/mouse). Scale bar, 100 µm. Representative pictures from n=3 experiments are shown. Akt indicates 
protein kinase B; AS, PI3Kγ inhibitor AS605240; ctrl, control; DOX, doxorubicin; KD, kinase-dead; mTOR, mechanistic target of 
rapamycin; NMVMs, neonatal mouse ventricular myocytes; ODN2088/1826, CpG oligodeoxynucleotide 2088/1826; PI3Kγ, phos-
phoinositide 3-kinase γ; TLR9, toll-like receptor 9; Ulk1, Unc-51 like autophagy activating kinase 1; and WT, wild-type.
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Figure 6. Genetic and pharmacological inhibition of autophagy abolishes cardioprotection in PI3Kγ KD mice.  
A through C, PI3Kγ KD mice were transduced with an adeno-associated viral vector (AAV9)-encoding GFP and either a small 
hairpin (sh) RNA against the Atg7 gene (ATG7sh) or a control sh (CTRLsh) and treated with vehicle or doxorubicin (DOX, 4 
mg/kg on days 0, 7, and 14). A, Fractional shortening before and 4 weeks after the first DOX injection is shown. 0 versus 4 
weeks: ###P<0.001; ATG7sh DOX versus either CTRLsh DOX or ATG7sh saline: **P<0.01 and ***P<0.001 by 2-way repeated-
measures analysis of variance with Bonferroni post hoc test. ATG7sh, n=9; CTRLsh DOX, n=9; and ATG7sh DOX, n=9. B, 
Representative images of dystrophin and GFP staining in heart sections from KD mice treated as described in (A). Scale bar, 10 
µm. C, Quantification of the area of GFP-positive cardiomyocytes (GFP+ CMs) and GFP-negative cardiomyocytes (GFP‒ CMs) 
in sections as shown in (B). GFP+ CMs versus GFP‒ CMs: ###P<0.001; ATG7sh DOX versus either ATG7sh or CTRLsh DOX: 
***P<0.001 by 2-way analysis of variance with Bonferroni post hoc test. D through G, KD mice were treated with doxorubicin 
(DOX, 4 mg/kg on days 0, 7, and 14; n=7), hydroxychloroquine (HCQ, 60 mg/kg daily from days 0–28; n=7), or a combination 
of DOX and HCQ (n=9). D, Fractional shortening before and 4 weeks after the first DOX injection is shown. Before versus after 
the treatment: ##P<0.01 and DOX+HCQ versus single treatments (DOX or HCQ): *P<0.05 by 2-way repeated-measures analysis 
of variance with Bonferroni post hoc test. E, Representative images of H&E staining (left) and quantification of cardiomyocyte 
area (right) in KD hearts 4 weeks after the first dose of DOX or saline. Scale bar, 20 µm. F, Representative images of TUNEL 
staining (left) and quantification of TUNEL-positive nuclei per field (right) in KD whole hearts treated as in (D). Scale bar, 30 
µm. G, Representative images of PicroSirius Red staining (left) and relative quantification of collagen deposition (right) in heart 
sections from KD animals treated as in (D). Scale bar, 50 µm. E through G, DOX+HCQ versus single treatments (DOX or HCQ): 
*P<0.05, **P<0.01, and ***P<0.001; and DOX versus saline: #P<0.05 by 2-way analysis of variance with Bonferroni post hoc 
test. Values represent mean±SEM. AAV9 indicates adeno-associated viral vector; ATG7sh, AAV9-encoding GFP and small hairpin 
(sh) RNA against the Atg7 gene; CMs, cardiomyocytes; Ctrl, control; CTRLsh, AAV9-encoding GFP and small hairpin (sh) RNA 
against control gene; DOX, doxorubicin; GFP, green fluorescence protein; HCQ, hydroxychloroquine; KD, kinase-dead; PI3Kγ, 
phosphoinositide 3-kinase γ; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; and WT, wild-type.
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paired cardiac contractility in DOX-treated KD mice 
(Figure  6D and Figure VIIB in the online-only Data 
Supplement) and restored their susceptibility to DOX-
induced cardiomyocyte atrophy, apoptosis, and myo-
cardial fibrosis (Figure 6E through 6G).

To test whether enhanced autophagy triggered by 
PI3Kγ inhibition protects against other known DOX-in-
duced toxic effects,35 disruption of mitochondrial mem-
brane potential, Ca2+ mishandling, reactive oxygen spe-
cies (ROS) production and DNA damage were studied. 
In DOX-treated WT cardiomyocytes, the PI3Kγ inhibitor 
AS605240 but not the combination of this drug with 
the autophagy blocker BafA1 prevented both the im-
pairment of mitochondrial membrane potential and the 
induction of spontaneous Ca2+ waves (Figure VIIIA and 
VIIIB in the online-only Data Supplement). Furthermore, 
KD hearts and AS605240-treated NMVMs showed 
significant protection against DOX-induced ROS pro-
duction and DNA damage, which was abrogated by 
blocking autophagy with either BafA1 or an adenovi-

rus harboring an ATG7 small hairpin RNA (Figure VIIIC 
through VIIIE in the online-only Data Supplement). 

Altogether these results corroborate the view that 
PI3Kγ inhibition protects against DOX cardiotoxicity by 
unleashing autophagy.

PI3Kγ Inhibition Potentiates the 
Anticancer Activity of Anthracyclines by 
Restoring Antitumor Immune Responses
To evaluate the potential use of PI3Kγ inhibitors as cardio-
protectants in the context of anthracycline therapy, the 
combined effect of DOX and PI3Kγ inhibition on tumor 
growth was explored. DOX-sensitive 4T1 breast cancer 
cells, which do not express PI3Kγ,36 were initially studied. 
Accordingly, in vitro administration to 4T1 cells of the 
PI3Kγ inhibitor AS605240 did not affect growth (Figure 
IXA in the online-only Data Supplement), but treatment 
of the same cells with DOX resulted in a concentration-
dependent lethality (Figure IXB in the online-only Data 

Figure 7. PI3Kγ inhibition potentiates the anticancer activity of DOX by restoring antitumor immune responses.  
A, Tumor growth in WT and KD mice injected with 1x105 4T1 breast cancer cells and treated with a cumulative dose of doxoru-
bicin (DOX, 12 mg/kg) or saline via 3 weekly injections (4 mg/kg on days 0, 7, and 14). n=12 to 20 animals/group. Saline versus 
DOX: ###P<0.001; and WT versus KD: ***P<0.001 by 2-way repeated-measures analysis of variance with Bonferroni post 
hoc test. B, Representative immunofluorescence staining from n=3 experiments of the myeloid marker CD11b in 4T1 tumors 
from WT and KD mice treated as in (A). Scale bar, 30 µm. C, Representative FACS plots (left) and relative quantification (right) 
of Gr1lowF4/80hi (antitumor) and Gr1intF4/80low (protumor) macrophages in 4T1 tumors from mice treated as in (A). D and E, 
Representative FACS plots (left) and relative quantification (right) of CD206+ protumor macrophages (D), characterized by low 
MHC-II expression (CD206+MHClow) (E) in 4T1 tumors from mice treated as in (A). F, Relative mRNA expression of antitumor and 
protumor cytokines in 4T1 tumors from mice treated as in (A). G, Representative immunofluorescence images (left) and relative 
quantification (right) of CD8+ T cells in 4T1 tumors from mice treated as in (A). Scale bar, 30 µm. C‒G, n=5 to 8 animals/group. 
C and E, *P<0.05 by 2-way analysis of variance with Bonferroni post hoc test. D, F, and G, *P<0.05 and **P<0.01 by Student’s 
t test. Values represent mean±SEM. DOX indicates doxorubicin; KD, kinase-dead; M1, classically activated antitumoral macro-
phages; M2, alternatively activated protumoral macrophages; PI3Kγ, phosphoinositide 3-kinase γ; and WT, wild-type.
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Supplement). Nonetheless, 4T1 cells grew in vivo signifi-
cantly less in KD than in WT mice (Figure 7A), and DOX 
further delayed tumor growth, leading to significantly 
smaller tumors in KD than in WT mice (Figure 7A).

Because PI3Kγ regulates cancer immune suppres-
sion,8,9 to understand how PI3Kγ inhibition synergizes 
with DOX, tumor-associated leukocytes were analyzed. 
CD11b immunostaining revealed reduced myeloid infil-
tration in 4T1 tumors implanted in KD recipients (Fig-
ure  7B). Fluorescence-activated cell sorting analysis on 
CD11b+ cells from the same tumors confirmed a lower 

number of Gr1intF4/80low protumor macrophages in KD 
than in WT, whereas Gr1lowF4/80hi antitumor macro-
phages were unchanged (Figure 7C). To better character-
ize this population, the expression of CD206, in combina-
tion with that of MHC class II molecule, was analyzed.37 
The percentage of CD206+ cells (Figure 7D) characterized 
by low MHC-II expression (Figure 7E), showing a pheno-
type typically associated to protumor macrophages, was 
significantly lower in tumors grown in KD than in WT 
recipients. In line with reduced recruitment of protumor 
macrophages, KD tumors expressed significantly smaller 

Figure 8. Pharmacological inhibition of PI3Kγ simultaneously prevents cardiomyopathy and tumor growth under 
DOX treatment.  
A, PI3Kγ staining in human heart sections from a healthy donor (left) and a patient who developed cardiomyopathy after doxo-
rubicin (DOX) treatment (right) (details in online-only Data Supplement). Enlargements of the outlined areas (right). Scale bar, 50 
µm. B and C, WT and KD mice were injected with 1×105 4T1 breast cancer cells and treated with doxorubicin (DOX) or saline via 
3 weekly injections (4 mg/kg on days 0, 7, and 14). The PI3Kγ inhibitor IPI145 or vehicle was administered daily for 3 weeks since 
the first DOX injection. B, Tumor growth is shown. Animals/group: vehicle, n=6; IPI145, n=6; DOX, n=12; IPI145+DOX, n=12. 
DOX versus vehicle: ###P<0.001; IPI145 versus vehicle: ***P<0.001; DOX+IPI145 versus DOX: †††P<0.001; DOX+IPI145 versus 
IPI145: §§§P<0.001 by 2-way repeated-measures analysis of variance with Bonferroni post hoc test. C, Fractional shortening 
of animals treated with vehicle+DOX (n=12) and IPI145+DOX (n=12). 0 versus 4 weeks after DOX: #P<0.05 and vehicle versus 
IPI145: **P<0.01 by 2-way repeated-measures analysis of variance with Bonferroni post hoc test. Values represent mean±SEM. 
D through F, Her2/NeuT transgenic mice bearing spontaneous tumors (2 mm in mean diameter) were administered with saline or 
DOX as above, together with daily treatment with vehicle or the PI3Kγ inhibitor AS605240 (AS) for 3 weeks since the first DOX 
injection. D, Growth curve of Her2/NeuT tumors in all mammary glands. Mean tumor volume per mammary gland is shown. Ani-
mals/group: vehicle, n=6; AS605240, n=6; DOX, n=16; AS605240+DOX, n=15. DOX versus vehicle: ###P<0.001; AS605240 ver-
sus vehicle: ***P<0.001; DOX+AS605240 versus DOX: †††P<0.001; DOX+ AS605240 versus AS605240: §§§P<0.001 by 2-way 
repeated-measures analysis of variance with Bonferroni post hoc test. E, Fractional shortening of Her2/NeuT mice treated with 
vehicle+DOX (n=8) or AS605240+DOX (n=8). 0 versus 4 weeks after DOX: ##P<0.01 and vehicle versus AS605240: *P<0.01 
by 2-way repeated-measures analysis of variance with Bonferroni post hoc test. Values represent mean±SEM. F, Kaplan‒Meier 
survival curves of Her2/NeuT mice treated with vehicle+DOX (n=16) and AS605240+DOX (n=15). Arrows indicate DOX injections. 
Log-rank test was used for statistical analysis. G, Schematic representation of the diverse function of PI3Kγ in cardiomyocytes 
and tumor-associated macrophages during anthracycline therapy. (Left) In the heart, DOX-damaged mitochondrial DNA activates 
autolysosomal TLR9/PI3Kγ pathway and engages feedback inhibition of autophagy, resulting in the accumulation of damaged 
mitochondria and cardiotoxicity. (Right) In the tumor microenvironment, macrophage PI3Kγ mediates protumoral inflammation 
and promotes tumor growth. DOX indicates doxorubicin; PI3Kγ, phosphoinositide 3-kinase γ; and TLR9, toll-like receptor 9.
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amounts of protumor cytokines (Tgfb, Il-13, Il-10, Ccl17, 
and Ccl22) than WT, whereas antitumor signals were not 
different between the 2 groups (Figure 7F). In accordance 
with the immune-suppressive action of protumor macro-
phages,38 tumor-killing CD8+ T cells were more abundant 
in tumors from KD than from WT mice (Figure 7G). 

Overall, these data indicate that inhibition of PI3Kγ 
synergizes with the antitumor action of DOX by inter-
fering with the recruitment of protumor macrophages 
and eventually unleashing antitumor T-cell responses.

PI3Kγ Inhibition Simultaneously Prevents 
Cardiotoxicity and Tumor Growth Under 
Anthracycline Treatment
The clinical translatability of PI3Kγ inhibition was evalu-
ated next. PI3Kγ protein expression was analyzed in 
human heart sections from a patient who developed 
severe DOX-induced cardiomyopathy requiring heart 
transplantation. Immunofluorescence assays revealed 
higher and more punctate expression of the catalytic 
p110γ subunit in DOX-damaged hearts than in healthy 
controls (Figure 8A and Figure XA and XB in the on-
line-only Data Supplement), highlighting a correlation 
between PI3Kγ upregulation and DOX-induced cardio-
toxicity. PI3Kγ upregulation might also occur in other 
more easily accessible tissues and potentially represent 
a biomarker of DOX-induced cardiotoxicity. In silico 
analysis of PIK3CG (encoding p110γ) mRNA levels in 
blood samples from patients subjected to anthracycline 
chemotherapy showed that PIK3CG mRNA was 50% 
more abundant in patients who developed heart dis-
ease after anthracycline treatment (group 3) than in 
healthy controls (group 1). No PIK3CG upregulation 
was detected in subjects showing normal heart func-
tion after chemotherapy (group 2) (relative PIK3CG 
mRNA level: group 1=1.00±0.02, group 2=1.09±0.09, 
group 3=1.52±0.16; group 3 versus group 2: P<0.05 
by 1-way ANOVA with Bonferroni post hoc test). This 
modulation appeared isoform-specific because the 
mRNA levels of PIK3CA (the gene encoding the p110α 
catalytic subunit of PI3Kα, the most abundant cardiac 
PI3K isoform) were not affected by DOX (relative PIK3CA 
mRNA level: group 1=1.00±0.06, group 2=1.12±0.07, 
group 3=1.02±0.05; no significance among groups by 
1-way ANOVA with Bonferroni post hoc test). Overall, 
these data provide preliminary evidence that aberrant 
expression and activation of PI3Kγ may correlate with 
DOX cardiotoxicity in human patients.

The ability of PI3Kγ inhibition to delay tumor growth 
and, at the same time, protect the heart during DOX 
treatment was assessed in preclinical models of breast 
cancers. Consistent with the findings in tumor-free ani-
mals, KD mice bearing a tumor derived by the injection 
of either 4T1 or TUBO mammary gland cancer cells 

were protected against DOX-induced remodeling and 
contractile dysfunction (Figures XIA and XIB and XIIA 
through XIIC and Table V in the online-only Data Sup-
plement). With both cell lines, the tumor led to 50% of 
mortality in WT mice, but significantly higher survival 
was observed in KD mice (Figure XIC and XID in the 
online-only Data Supplement). Thus, PI3Kγ inactivation 
improves survival by limiting tumor growth and con-
comitantly prevents DOX cardiotoxicity.

Next, the ability of pharmacological inhibition of 
PI3Kγ to recapitulate the protection observed in the 
genetic model was explored. AS605240 significantly 
prevented DOX-induced contractile dysfunction, cardio-
myocyte atrophy, and apoptosis as well as myocardial fi-
brosis in tumor-free mice (Figure XIIIA through XIIIC and 
Table VI in the online-only Data Supplement). Similarly, 
the more clinically advanced PI3Kγ (and PI3Kδ) inhibitor 
IPI-14514 delayed tumor growth per se and potentiated 
the antitumor effect of DOX (Figure 8B) while preventing 
DOX-induced contractile dysfunction (Figure 8C) in 4T1 
tumor-bearing animals. The dual therapeutic potential of 
PI3Kγ inhibitors was validated in a model of spontaneous 
mammary tumor growth. Her2/NeuT tumors grew sig-
nificantly less in mice treated with AS605240 compared 
with vehicle, and the PI3Kγ inhibitor synergized with 
DOX when administered in combination (Figure  8D). 
The antitumor effects of AS605240 were accompanied 
by cardioprotection of DOX-treated mice (Figure 8E and 
Figure XIID through XIIF in the online-only Data Supple-
ment) and ultimately resulted in significantly lower mor-
tality than in vehicle-treated animals (Figure 8F). 

Altogether these data uncover PI3Kγ inhibition as a 
unique means of synergizing with the antitumor activity 
of standard chemotherapy while defending the heart 
from the iatrogenic cardiotoxicity.

DISCUSSION
The present study uncovers PI3Kγ as a major player of 
anthracyclines cardiotoxicity and proposes PI3Kγ inhi-
bition as an effective means of preventing the cardiac 
side effects of DOX while boosting its anticancer action. 

Despite major efforts in understanding the mecha-
nism of anthracyclines-induced cardiotoxicity, molec-
ular and cellular details are not yet fully understood. 
Potential mechanisms include generation of ROS and 
targeting of topoisomerase II-β, together leading to 
DNA damage, mitochondrial dysfunction, and Ca2+ mis-
handling.13,39,40 Yet the ROS-scavenging iron chelator 
and topoisomerase II-β modulator dexrazoxane failed 
to provide significant benefit, suggesting the existence 
of additional factors. Whether PI3Kγ, a well-known in-
ducer of maladaptive responses in various cardiac con-
ditions,11,41,42 was involved in DOX-elicited cardiotoxicity 
has remained unknown so far. Our findings now fill this 

D
ow

nloaded from
 http://ahajournals.org by on July 10, 2020



Li et al� PI3Kγ Inhibition in Cardio-Oncology

Circulation. 2018;138:696–711. DOI: 10.1161/CIRCULATIONAHA.117.030352� August 14, 2018 709

ORIGINAL RESEARCH 
ARTICLE

gap and support PI3Kγ-mediated block of autophagy as 
a major driver of DOX-evoked cardiotoxicity.

Although the role of cardiac autophagy in anthracy-
clines cardiotoxicity has been the subject of debate,43,44 
our results support the notion that DOX impairs but does 
not abolish the autophagic flux in cardiomyocytes26 and 
that this reduction is detrimental to the heart.42,45 Our 
study also indicates that DOX-related cardiomyopathy 
can be prevented by the stimulation of autophagy, like-
ly driving efficient disposal of damaged mitochondria, 
the major sites of DOX-induced ROS production.26,29,46 
Consistent with this view, our findings showed that the 
prompt clearance of injured and potentially harmful 
organelles ensured a general protection against ROS-
related toxic effects, including DNA damage, Ca2+ mis-
handling, and disruption of mitochondrial metabolism.

Nonetheless, activation of PI3Kγ was found to trigger 
a negative feedback loop eventually inhibiting autophagy. 
Mitochondrial damage elicited by DOX led to an initial mi-
tochondrial autophagy, which stimulated PI3Kγ through 
the activation of endosomal TLR9, a receptor sensing 
CpG-rich mtDNA released in autolysosomes.17 This find-
ing was unexpected, especially in view of the classic role 
played by PI3Kγ signaling downstream of G protein-cou-
pled receptors.47 Conversely, this result appeared in agree-
ment with studies showing PI3Kγ being noncanonically 
activated downstream of TLRs30 and being localized in 
endosomes.31 Our findings showed that in the absence of 
PI3Kγ, TLR9 signaling is severely impaired and the TLR9-
dependent cytokine production is decreased. However, 
whereas in pressure-overloaded hearts TLR9 engagement 
by mitochondrial damage initiates inflammation, leu-
kocyte infiltration, and, ultimately, maladaptive cardiac 
remodeling,17 leukocyte recruitment to the myocardium 
is almost negligible in DOX-induced cardiomyopathy.48 
Instead, TLR9-mediated activation of PI3Kγ converged 
on the feedback inhibition of autophagy (Figure 8G) and 
the concomitant metabolic reprogramming of cardio-
myocytes. This likely represents an attempt of PI3Kγ to 
cope with the cardiac damage elicited by chemotherapy 
through a 2-pronged action. On the one hand, the block 
of autophagy may avoid the accumulation of potentially 
harmful undegraded autolysosomes.26,45 This situation is 
likely to occur in DOX-treated hearts, where lysosomes are 
dysfunctional and cannot properly deal with an exagger-
ated autophagosome formation.26,45 On the other hand, 
PI3Kγ activation may be poised to interrupt the vicious 
cycle of ROS formation by injured organelles by promoting 
a switch toward a more ROS-sparing, nonmitochondrial 
metabolism. Although these PI3Kγ-directed events may 
be initially compensatory, anaerobic glycolysis may even-
tually fail to sustain cardiac energy demand and, together 
with impaired autophagic disposal of injured mitochon-
dria, may lead to metabolic derangement and cardiotoxic-
ity. This metabolic switch and its long-term consequences 

can account for the emergence of cardiac damage long 
after completion of anthracyclines treatment.

Pharmacological interference with PI3Kγ-dependent 
signaling in cardiomyocytes may indirectly improve can-
cer prognosis by increasing tolerability of cardiotoxic 
anticancer treatments. PI3Kγ inhibitors also display ma-
jor antineoplastic properties and are thus particularly 
attractive dual-action therapeutic agents for cancer pa-
tients. PI3Kγ does not impact tumor growth directly but 
promotes both the trafficking and differentiation of a 
subset of immunosuppressive protumor macrophages, 
which ultimately block T-cell‒mediated tumor killing.8,10 
Accordingly, PI3Kγ inactivation unleashes adaptive im-
munity and delays tumor growth per se but also allows 
overcoming resistance to immune checkpoint-blocking 
antibodies.8,10 How PI3Kγ-directed immunity interacts 
with anthracyclines is unknown. The present study 
demonstrates that PI3Kγ inhibitors not only synergize 
with antitumor effects of DOX but also concomitantly 
defend the heart from iatrogenic cardiotoxicity.

This cardioprotective approach is potentially applicable 
to most patients undergoing anthracyclines-based regi-
mens, including pediatric leukemia patients, for whom 
long-term cardiotoxicity is a devastating complication 
during adulthood.49 Similarly, this applies to breast can-
cer patients exposed to the highly effective but extremely 
cardiotoxic combination of anthracyclines and anti-ErbB2 
monoclonal antibodies.50 Cardioprotective strategies may 
potentially allow cancer chemotherapies in frail, elderly 
individuals, even in the presence of preexisting cardiac dis-
eases. Our finding that patients with DOX-induced cardiac 
toxicity showed overexpression of PI3Kγ further indicates 
that targeting this kinase might be effective in mouse 
models as well as patients. Inhibition of PI3Kγ may rep-
resent an attractive approach, especially because IPI-145, 
the oral PI3Kγ/δ dual inhibitor used in this study,14 is cur-
rently undergoing a phase III clinical trial for hematologic 
malignancies, and another more selective PI3Kγ inhibitor, 
IPI-549,51 is now approaching phase I clinical evaluation.

Overall, PI3Kγ inhibition may improve the prognosis 
of patients with cancer treated with DOX by concomi-
tantly unleashing antitumor immunity as well as pre-
venting cardiotoxicity. Therefore, PI3Kγ inhibitors might 
eventually help to “kill two birds with one stone” in 
patients with cancer requiring anthracycline chemo-
therapy.
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