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Abstract

Purpose: Activation of the PI3K/mTOR signaling pathway is
recurrent in different lymphoma types, and pharmacologic inhi-
bition of the PI3K/mTOR pathway has shown activity in lym-
phomapatients. Here, we extensively characterized the in vitro and
in vivo activity and the mechanism of action of PQR309 (bimir-
alisib), a novel oral selective dual PI3K/mTOR inhibitor under
clinical evaluation, in preclinical lymphoma models.

Experimental Design: This study included preclinical in vitro
activity screening on a large panel of cell lines, both as single agent
and in combination, validation experiments on in vivo models
and primary cells, proteomics and gene-expression profiling, and
comparison with other signaling inhibitors.

Results: PQR309 had in vitro antilymphoma activity as
single agent and in combination with venetoclax, panobi-

nostat, ibrutinib, lenalidomide, ARV-825, marizomib, and
rituximab. Sensitivity to PQR309 was associated with spe-
cific baseline gene-expression features, such as high expres-
sion of transcripts coding for the BCR pathway. Combining
proteomics and RNA profiling, we identified the different
contribution of PQR309-induced protein phosphorylation
and gene expression changes to the drug mechanism of
action. Gene-expression signatures induced by PQR309 and
by other signaling inhibitors largely overlapped. PQR309
showed activity in cells with primary or secondary resis-
tance to idelalisib.

Conclusions: On the basis of these results, PQR309 appeared
as a novel and promising compound that is worth developing
in the lymphoma setting. Clin Cancer Res; 24(1); 120–9.�2017 AACR.

Introduction
PI3Ks are enzymes belonging to PI3K/AKT/mTOR signaling

pathways with a central role in the regulation of cell metabolism,

proliferation, and survival (1, 2). Class IA PI3Ks include hetero-
dimers of p110 catalytic subunit and p85 regulatory subunit
(1–3). The class IA catalytic subunit isoforms are encoded by the
genes PIK3CA, PIK3CB, and PIK3CD (1–3): p110a (PI3Ka),
p110b (PI3Kb), and p110d (PI3Kd), respectively. These isoforms
can associate with any of five regulatory isoforms, p85a and its
splicing variants p55a and p50a (PIK3R1), p85b (PIK3R2), and
p55g (PIK3R3), generally called p85 type regulatory subunits
(1–3). Class IB PI3Ks are heterodimers of a p110g (PI3Kg)
catalytic subunit (PIK3CG) with regulatory isoforms p101
(PIK3R5) or p87 (PIK3R6). While PI3Ka and PI3Kb are ubiqui-
tously expressed, PI3Kd, and PI3Kg are largely restricted to leu-
kocytes (1–3).

PI3K/AKT/mTOR signaling pathway activation is common in
lymphomas. Examples are mutations or gains of PIK3CA in
diffuse large B-cell lymphoma (DLBCL), mantle cell lymphomas
(MCL), and chronic lymphocytic leukemias (CLLs; refs. 4, 5),
inactivation or low expression of PTEN in DLBCL, follicular
lymphomas (FL), MCL and CLL (5–8).

The approval by regulatory authorities of the mTOR inhibitor
temsirolimus forMCL (9) andof the PI3Kd inhibitor idelalisib for
FL and CLL (10, 11) strongly encouraged further development of
compounds targeting PI3K complex and/ormTOR (12–15). Dual
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PI3K/mTOR inhibitors with strong activity toward all p110 iso-
forms and mTOR combine multiple therapeutic efficacies in a
single molecule (3). Pan PI3K inhibitors are expected to reduce
the risk of drug resistance that might occur in case of treatment
with compounds targeting a single p110 isoform (16) and,
together with mTOR inhibition, could prevent feedback loop of
AKT activation followingmTOR inhibition (17). PQR309 (bimir-
alisib) is a novel orally bioavailable selective dual PI3K/mTOR
inhibitor (18, 19), and, differently from most PI3K and mTOR
inhibitors (20), able to cross the brain blood barrier (18). Here,
we present the preclinical characterization of PQR309 as single
agent and in combination with several other agents in pre-clinical
models of lymphomas. Proteomic and/or genomic approaches
were alsousedwith the aim touncover themechanismof actionof
the compound in parallel with other targeted signaling inhibitors.

Materials and Methods
Cell lines

A total of 49human established lymphoma cell lineswereused:
seven (RI-1, HBL-1, TMD8, U2932, SU-DHL-2, OCI-LY-3,
OCI-LY-10) from activated B-cell–like DLBCL (ABC DLBCL),
18 (Pfeiffer, OCI-LY-1, OCI-LY-2, OCI-LY-7, OCI-LY-8, OCI-LY-
18, OCI-LY-19, KARPAS422, SU-DHL-4, SU-DHL-6, SU-DHL-7,
SU-DHL-10, FARAGE, VAL, WSU-DLCL2, TOLEDO, RCK8,
DOHH2) from germinal center B-cell (GCB) DLBCL, 10
(GRANTA-519, JEKO1, JVM-2, MAVER-1, MINO, REC-1, SP-49,
SP-53, UPN-1 and Z-138) fromMCL, three (KARPAS1718, VL51,
SSK41) from splenic marginal zone lymphoma (SMZL), two
(MEC-1, PCL-12) from CLL, four (L-1236, KM-H2, L428 and
AM-HLH) fromHodgkin lymphomaandfive (Ki-JK, KARPAS299,
L-82, SU-DHL-1, FEPD) from anaplastic large cell lymphoma
(ALCL). All media were supplemented with FBS (10%), penicil-
lin–streptomycin–neomycin (�5,000 U penicillin, 5 mg strepto-
mycin and 10 mg neomycin/mL, Sigma), and L-glutamine (1%).

Fluorescence in situ hybridization for MYC translocation
Cells spotted onto glass microscope slides were washed,

dehydrated in an ethanol series. Ten mL of FISH probe mixture
[XL t(8;14) Dual Fusion Probe, D-5008-100-OG, MetaSystems
Probes GmbH, Germany] were spotted onto the cell sample,
slides were denatured at 75�C for 2 minutes, hybridized at 37�C
overnight, washed and dehydrated with an ethanol series,
stained with 40-60-diamidino-2-phenylindol (DAPI) and ana-

lyzed with a BX61 microscope (Olympus Italia, Milan, Italy)
using the Cytovision Imaging System (Applied Imaging).

Compounds
PQR309 and apitolisib (GDC0980) were provided by Piqur

Therapeutics, venetoclax, ibrutinib, idelalisib, duvelisib,
AZD1208, lenalidomide, panobinostat were purchased from
Selleckchem, ARV-825 and metformin from MedChem, mar-
izomib from AdooQ and rituximab from Roche.

Primary cells
Peripheral blood was obtained from patients diagnosed

with CLL according to standard criteria. All patients signed
informed consent (BASEC 2016-00511, CE 3051). CLL cells
were isolated by Ficoll density-gradient centrifugation and
CLL cells (5 � 105 cells/mL) were cultured for 48 hours,
and the percentage of viable and apoptotic CLL cells
[Annexin V positive/7-Aminoactinomycin D (7AAD) negative
and Annexin V positive/7AAD positive] was determined by
double staining the cells with Annexin V–FITC/7AAD.

In vitro antitumor activity
The antiproliferative activity in 384-well plates (21), the IC50

values estimate (22) and drug combinations screening (23) were
performed as previously described. Combinations were defined:
synergistic if the Chou-Talalay Combination Index (CI) was <0.9;
additive if CI between 0.9 and 1.1; antagonistic if CI > 1.1 (24).
Apoptosis and cell cycle were evaluated as previously reported
(22). Apoptosis induction was defined in the presence of a 2-fold
or higher increase in comparison with DMSO-treated cells.

In vivo experiments
Three in vivo experiments were performed. The first two

explored PQR309 as single agent and in combination with
ibrutinib in the RI-1 cell line or venetoclax in the SU-DHL-6 cell
line. For these, NOD-Scid (NOD.CB17-Prkdcscid/NCrHsd) mice
were subcutaneously inoculated with the RI-1 cell line (1 � 107

cells in 0.1ml of PBS, 1:1Matrigel) or with the SU-DHL-6 cell line
(5 � 106 cells in 100 mL of PBS, 1:1 Matrigel). Mice maintenance
and animal experiments were performed under the Guide of
animal care and use (NCR 2011) and under the Chinese National
Standard (GB14925-2010; Crown Bioscience Inc.). For the third
experiment, exploring PQR309 as single agent and in combina-
tion with venetoclax in the RI-1 cell line, NOD-Scid (NOD.CB17-
Prkdcscid/NCrHsd) mice (Harlan Laboratories) were subcutane-
ously inoculatedwith the cell line (1� 107 cells in 0.1mLof PBS).
Mice maintenance and animal experiments were performed
under institutional guidelines established for the Animal Facility
and with study protocols approved by the local Cantonal Veter-
inary Authority. Treatments were started with tumors of approx-
imately 150 mm3 volume. Tumor size was measured using a
digital caliper [tumor volume (mm3)¼D� d2/2]. Differences in
tumor volumes were calculated using theWilcoxon rank-sum test
(Stata/SE 12.1 for Mac, Stata Corporation). The P value for
significance was <0.05.

Western blotting analysis
Protein extraction, separation and immunoblotting were per-

formed as previously described (25). The following antibodies
were used: anti-Vinculin (V9131, Sigma-Aldrich), anti-AKT
(9272, Cell Signaling Technology), anti–phospho-AKT (Ser473;

Translational Relevance

Targeting PI3K and mTOR is an important therapeutic
opportunity to improve the outcome of individuals affected
by lymphomas. PQR309 is a novel brain-penetrant dual
PI3K/mTOR inhibitor with in vitro and in vivo antilymphoma
activity as single agent and in combination, and importantly,
can overcome both primary and acquired resistance to idela-
lisib, the most frequently used PI3K inhibitor in the clinical
setting. The presented highly overlapping changes in the
lymphoma transcriptome observed by a direct comparison
of the gene expression changes induced by PQR309 and other
different BCR inhibitors may have implications in the design
of novel combination schemes.
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4060, Cell Signaling Technology), and anti-phospho-p70S6K
(Thr389; 9205, Cell Signaling Technology).

PhosphoFlow cytometry
For phosphoprotein expression analysis, parental and idelali-

sib-resistant KARPAS1718 and VL51 cells (5 � 105 per experi-
mental condition) were overnight treated with 1 mmol/L of
idelalisib or PQR309 or with DMSO, and stimulated or not for
15 minutes with 10 mg/mL F(ab)2 anti-IgM (109.006.129,
Jackson Immunoresearch). Cells were then fixed with Fix Buffer
I (BD Biosciences), and permeabilized with 90% ice-cold meth-
anol. Cells were labelled with p-mTOR (pS2448)-Alexa-647
(564242, BD Bioscience) and analyzed on a FACS Fortessa flow
cytometer using FACS DIVA software (BD Biosciences).

The FlowCellect PI3K Activation Dual Detection Kit (Merck
Millipore) was used according to the manufacturer's instructions.
Flow-cytometry analysis was carried out with a FACSCantoII
instruments (BD Biosciences) and data were analyzed using BD
FACSDiva v8.0.1 software (BD Biosciences). To avoid counting
false positive cells, cells stained with anti–AKT-Alexa Fluor 488
only were used as negative controls.

Antibody array
The protein lysate prepared as previously described (25), was

incubated with the PathScan AKT Signaling Antibody Array Kit
(Cell Signaling Technology) following themanufacturer's instruc-
tions. A standard curve was prepared using protein lysate from
MCF7 cell line induced for 1 hourwith 20 ng/mL IGF-1. Imagewas
captured and analyzed with Image Studio Ver4.0 (LI-COR Bio-
technology). Scanning properties were: high quality, 21 mm/px,
0.0-mm interval and intensity 2.0. The image was analyzed with a
grid array composed of 8� 2 arrays, each consisting of 6 rows and
6 columns; the size of each case was 1,005 pixels and the
backgroundwas adjusted by selecting the spot at the right bottom.
All data were exported in an Excel file.

Reverse phase protein array
Cells were washed in PBS and lysed with the RIPA Lysis and

Extraction Buffer (Thermo Fisher Scientific) supplemented with
proteasome and phosphatase inhibitors (Thermo Fisher Scientif-
ic). Cell lysates were spotted onto glass slides at Carna Biosciences
and immunostaining was performed with 180 antibodies, each
one on an individual slide (list of antibodies in Supplementary
Table S1). Signals were measured as fluorescence of the fluoro-
phore-labeled secondary antibodies and were normalized with
gamma-tubulin.

Mass spectrometry
Cells were washed in PBS and lysed with the Biognosys' Lysis

Buffer adding benzonase nuclease (Biognosys AG). Protein con-
centration was determined using the mBCA assay (Pierce). Pro-
teins (1 mg/sample) were reduced, samples were alkylated, dilut-
ed, digested, desalted, and dried down following a Biognosys
proprietary protocol. Phosphopeptides were enriched with TiO2
and cleaned up with MicroSpin C18 columns (The Nest Group,
Inc.), dried down and resuspended in Biognosys LC solvent
(20 mL). The peptide concentration was determined using mBCA
assay (Pierce). Solvents for liquid chromatography (LC) were: A,
1% acetonitrile in water with 0.1% formic acid; B, 3% water in
acetonitrile with 0.1% formic acid. A consistent amount of 2 mg of
protein was injected.

The LC gradient was 1% to 38% solvent B in 120 minutes
followed by 35% to 100%B in 2 minutes and 100% B for
8 minutes (total gradient length was 130 minutes). All mass
spectrometric analyses were carried out on a Q Exactive mass
spectrometer at Biognosys. For shotgun analyses a modified
TOP12 method was used (26). For Hyper Reaction Monitoring
(HRM) a Data-independent acquisition (DIA) method with one
full range survey scan and 19 DIA window was used, the gradient
length was 130 minutes. The LC-MS/MS (shotgun) mass spec-
trometric data were analyzed using the MaxQuant 1.5.1.2 soft-
ware (27), the FDR on peptide and protein level was set to 1%.
Uniprot human FASTA sequences (no isoforms) database was
used for the search engine (state 11.12.2014). Phosphomodifica-
tions (STY) and twomissed trypsin cleavages were allowed. HRM
mass spectrometric data were analyzed using Spectronaut 7.0
software (Biognosys). The FDR on peptide level was set to 1%,
data was filtered using row-based extraction. The assay library
generated in this project was used for the targeted analysis
approach. Quality control was performed by a control sample
(human blood plasma) measured before and after profiling MS
measurements in shotgun proteomics, the analysis of the two
control measurements revealed that the performance stayed con-
stant over the time of acquisition. The HRM measurements
analyzedwith Spectronautwerenormalized using local regression
normalization. Probes (42 out of 5,028) with a detection q value
more than 0.01 inmore than half of the cases were removed from
further analysis.

Gene expression analysis
Gene-expression profiling (GEP) was done using the

HumanHT-12 v4 Expression BeadChip (Illumina), as previously
described (28). The transcripts interrogated by probes were
updated with the new reference genome database via the Re-
Annotator software (29). Raw intensities were normalized by
using quantile method.

For targeted RNA-Seq, cell lines were lysed, and then pro-
cessed using the HTG EdgeSeq Oncology Biomarker panel
(HTG Molecular Diagnostics, Inc.). The labeled samples
pooled, cleaned, and sequenced on an Illumina NextSeq using
a High Output, 75-cycle, v2 kit with two index reads, as
previously described (30).

All GEP data are available at the National Center for Biotech-
nology Information (NCBI) Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo) database: GSE64820 (23),
GSE94669 and GSE103934 for baseline and GSE94670 for trea-
ted samples.

Data mining
For exploratory proteomic studies, differences in phosphory-

lationwere defined as statistically significant if log ratiowas> |0.3|
with a P < 0.05 using the empirical Bayes (paired)moderated t test
as implemented in the LIMMA R-package (31). Functional anno-
tation was performed using the Gene Set Enrichment Analysis
(GSEA) on-line tool for overlap analysis using the Molecular
Signatures Database (MSigDB) 5.2 (32).

For GEP comparisons between cell lines exposed to com-
pounds or controls, probes presenting an FDR, controlled by the
Benjamini-Hochberg algorithm, <0.05 and a log ratio > |0.3| were
considered differentially expressed using the empirical
Bayes (paired) moderated t test as implemented in the LIMMA
R-package (31).Gene sets enrichmentwasdefinedwithGSEA(32)
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on pre-ranked lists using the MSigDB 5.2 (32) and the Signa-
tureDB collection (33) applying a threshold based on FDR < 0.1.

For exploratory analyses performed on baseline gene expres-
sion profiles of cell lines with different degree of sensitivity to
compounds, Illumina probes presenting a P < 0.05 and a log
ratio > |0.3| were defined differentially expressed using a non-
parametric Wilcoxon test on the CARMAweb 1.6 (34). Gene sets
enrichment was defined with GSEA (32) applying a threshold
based on FDR < 0.1. For data obtained with the HTG EdgeSeq
Oncology Biomarker panel, FASTQ data were aligned and RNA
expression was reported as counts per probe per sample using the
HTG EdgeSeq parser software: Genes were defined differentially
expressed when P � 0.9 (where P is the probability to be differ-
entially expressed) after NOISeq non-parametric test (35).

Results
The dual PI3K/mTOR inhibitor PQR309 has in vitro antitumor
activity in lymphoma

Thenovel dual PI3K/mTOR inhibitor PQR309was evaluated in
49 lymphoma cell lines, exposed to increasing doses of the
molecule (72 hours), showing in vitro activity in most of
them tested with a median IC50 value of 233 nmol/L (95% CI,
174–324 nmol/L; Fig. 1A). The arrest in proliferation was mainly
due to cell cycle arrest with a block in G1 (Fig. 1C and D) rather
than to apoptosis, limited to only 2/7 cell lines (Fig. 1B). PQR309

wasmore active in B-cell lymphoma cell lines (DLBCL,MCL, CLL,
and SMZL) than in the T-cell derived ALCL (P ¼ 0.028). There
were no differences in terms of sensitivity between activated B-cell
like (ABC; n¼ 7) and germinal center B-cell (GCB; n¼ 18)DLBCL
subtypes, between de novo DLBCL (n ¼ 9) and DLBCL derived
from transformed FL (n¼ 12), or based upon TP53 [active (n¼ 6)
vs. inactive (n ¼ 25)], MYC [translocation or genomic amplifi-
cation (n ¼ 12) vs. normal (n ¼ 4)], or BCL2 [translocation or
genomic amplification (n ¼ 14) vs. normal (n ¼ 3)] genes status
(Supplementary Table S2).

PQR309 presented a highly-correlated pattern of antiprolifera-
tive activity with another, non-brain penetrant, dual PI3K/mTOR
inhibitor, apitolisib (GDC-0980; ref. 36; R ¼ 0.94, P < 0.0001;
Supplementary Fig. S1).

PQR309-containing combinations are synergistic in B-cell
lymphoma cell lines

The antitumor activity of PQR309 was evaluated in combina-
tion with compounds already in the clinics for lymphoma
patients or targeting important biologic pathways, often achiev-
ing a benefit (Supplementary Table S2).

PQR309 combinationwith the BTK inhibitor ibrutinib resulted
in synergism in 10/11 cell lines (6/7 ABC-DLBCL, 4/4 MCL), a
benefit that was confirmed using an ABC-DLBCL (RI-1) xenograft
model (schedules in SI; Supplementary Fig. S2A).

Figure 1.

PQR309 has in vitro antitumor activity in lymphoma. A, IC50 values (nmol/L) calculated performing MTT assay in lymphoma cell lines after PQR309 (72 hours).
In each box plot, the line in the middle of the box represents the median and the box extends from the 25th to the 75th percentile (interquartile range, IQ);
the whiskers extend to the upper and lower adjacent values (i.e., �1.5 IQ); outside values have been omitted from the figure. B, Induction of apoptosis after
PQR309 (500 nmol/L) or DMSO (72 hours). Apoptosis induction was determined when more than 2-fold. C, Cell-cycle distribution after PQR309 (1 mmol/L) or
DMSO (72 hours). D, Representative histogram of cell-cycle distribution in KARPAS422 cells treated with PQR309 (1 mmol/L) or DMSO (72 hours).
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Synergism/additivity was obtained in 10/12 cell lines exposed
to PQR309 and the BCL2 inhibitor venetoclax. The beneficial
effect was confirmed in terms of increased cell death induction in
threeCLLprimary cells and in SU-DHL-6 cell line (Supplementary
Fig. S3A–S3C). Furthermore, the combination with venetoclax
was also assessed in both GCB- (SU-DHL-6) and ABC-DLBCL
(RI-1) xenograft models (schedules in SI) resulting in a signifi-
cantly stronger antitumor activity than single agents (Supplemen-
tary Fig. S2B and S2C).

The combination of PQR309 with the HDAC inhibitor pano-
binostat was beneficial in 5/6 cell lines (four synergisms, one
additive effect), also confirmed in theCLLprimary cells and in SU-
DHL-6 cell line (Supplementary Fig. S3A–S3C). Finally, benefit
was observed combining PQR309 with the PROTAC BET inhib-
itor ARV-825 (6/8 cell lines; four synergisms, two additive effects),
the immunomodulatory lenalidomide (3/4; all synergisms),
the anti-CD20 monoclonal antibody rituximab (2/5; both
synergisms), and with the proteasome inhibitor marizomib
(1/4; synergism).

Baseline features are associated with sensitivity to PQR309
To identify genetic or biologic features associated with dif-

ferent degree of sensitivity to PQR309 we compared the base-
line gene expression profiles of B-cell lymphoma cell lines with
a very high sensitivity (IC50 < 200 nmol/L, n ¼ 20) versus cell
lines with a lower sensitivity to the compound (IC50 > 400
nmol/L, n ¼ 7). Transcripts preferentially expressed in sensitive
cell lines were significantly enriched of genes involved in BCR
pathway/signaling and BLIMP1 targets (Supplementary Fig.
S4A; Supplementary Table S3A). Transcripts associated with
less sensitive cell lines were enriched of members of protea-
some pathway, response to unfolded proteins, MYC targets,
XBP1 targets, genes downregulated by mTOR inhibitors and
genes involved in oxidative phosphorylation (Supplementary
Fig. S4B; Supplementary Table S3B). Among the genes coding
for the PI3K complexes, PIK3R1, PIK3R2, PIK3CD, were pos-
itively correlated with high sensitivity to PQR309, whereas
PIK3CG, PIK3CA, and PIK3R6 were associated with low sensi-
tivity (Supplementary Table S3C). Supplementary Table S3D
contains the differentially expressed genes. Finally, we also
analyzed the gene-expression profile related to cell lines with
different degrees of sensitivity to PQR309 using a targeted RNA-
Seq-based technology, which can be readily applied to forma-
lin-fixed paraffin-embedded specimens (ref. 30; Supplementary
Table S3E). Thirteen genes (ACTR2, ALCAM, CD52, CDK1, EVL,
LIPA, MGEA5, NFATC1, PRKAR1A, REL, RHOA, VHL, and
ZFP36L1) were found commonly upregulated in sensitive cell
lines both with the Illumina arrays and with the HTG EdgeSeq
Oncology Biomarker panel (Supplementary Table S3F).

PQR309 is active in lymphoma cell lines with primary and
secondary resistance to idelalisib

We exposed all the cell lines tested for sensitivity to PQR309
also to the PI3Kd inhibitor idelalisib to identify cases with a
primary resistance to the latter drug but still sensitive to the dual
PI3K/mTOR inhibitor. The median IC50 value for idelalisib was
2.98 mmol/L (738 nmol/L–10.3 mmol/L; Supplementary
Fig. S5A), higher thanwhat seen for PQR309. Its pattern of activity
correlated with PQR309 (R ¼ 0.66, P < 0.0001; Supplementary
Fig. S5B), although at a lesser extent than what was seen between
the 2 dual PI3K/mTOR inhibitors (Supplementary Fig. S1B).

Similar to PQR309, idelalisib was more active in the B-cell than
in T-cell ALCL cell lines (P ¼ 0.021).

We compared the transcriptome of 25 dual sensitive B-cells
(IC50 < 5 mmol/L for idelalisib, equal to clinically achievable
concentration (37), IC50 < 400 nmol/L for PQR309) versus seven
sensitive only to PQR309(Supplementary Table S4). Transcripts
highly expressed in the dual sensitive cell lines were enriched of
genes involved in interferon signaling, PI3K/AKT/mTOR, cyto-
kine and chemokine signaling (Supplementary Table S4A and
S4C). Conversely, the discordant cell lines expressed transcripts
enriched of genes involved in cell cycle, amino acids metabolism
and E2F targets (Supplementary Table S4B and S4C). Regarding
the genes coding for the PI3K complexes, PIK3CD, PIK3R2,
PIK3R6, PIK3R5were positively correlated with the dual sensitive
phenotype, whereas PIK3CA, PIK3CG and PIK3CB, PIK3R1,
PIK3R3 were associated with the discordant phenotype (Supple-
mentary Table S4D).

We then took advantage of novel models of stable secondary
resistance to idelalisib recently developed in our laboratory
exposing two SMZL cell lines (VL51, KARPAS1718) to continuous
IC90 concentrations of the PI3Kd inhibitor (38). Despite increases
in the IC50 values of over five times for idelalisib (Fig. 2A and B),
both the idelalisib-resistant and parental cells presented the same
sensitivity to PQR309 (Fig. 2C andD). PQR309was able to reduce
p-mTOR in both parental and idelalisib-resistant KARPAS1718
stimulated or unstimulated with anti-IgM (P < 0.05; Fig. 2E),
whereas idelalisib weakly decreased MTOR-Ser2448 phosphory-
lation levels in resistant cells (P < 0.05). In parental and idelalisib-
resistant VL51,MTOR-Ser2448phosphorylation levelswere large-
ly reduced after PQR309 treatment in parental and at less extent
also in the resistant cells (P < 0.05; Fig. 2F). Changes after anti-IgM
stimulation were not evaluated in VL51 because in this cell line
there was no increased BCR activation after stimulation (data
not shown).

PQR309 inhibits PI3K/mTOR signaling in lymphoma cell lines
PQR309 decreased phosphorylated AKT-Ser473 in unstimu-

latedDLBCL cell lines (2 ABC, 2GCB) and in 3/4 after stimulation
with anti-IgM (Supplementary Fig. S6). Using a cytofluorimetric
approach, the PQR309 activity was confirmed in the 2 ABC-
DLBCL, and shown in MCL (1/2 unstimulated, 2/2 after stimu-
lation) and CLL (1/1, both conditions) as well (Supplementary
Fig. S7). PQR309 also decreased phosphorylation of P70S6K-
Thr389 in all the 4 unstimulated cell lines, but not in anti-IgM
stimulated cells in which we observed a trend for an increase in
phosphorylation levels (Supplementary Fig. S6).

These analyses were extended exposing 8 cell lines to PQR309
or DMSO for 1 and 24 hours and then analyzing the changes in
16 phosphoresidues belonging to 14 proteins involved in the
AKT signaling pathway using a protein-array (Supplementary
Table S5). PQR309 treatment led to a decrease in the phosphor-
ylation status of 12 residues (RPS6-Ser235/236, PDK1-Ser241,
GSK3B-Ser9, AKT1S1-Thr246, P70S6K-Thr421/Ser424, AKT-
Thr308, MAPK1-Thr202/Tyr204, RPS6KA1-Thr421/Ser424,
BAD-Ser112, PTEN-Ser380, MTOR-Ser2481, PRKAA1/PRKAA2-
Thr172). The same six DLBCL and MCL cell lines were then
exposed to PQR309 or DMSO for 2 hours, and we measured
the changes of 180 phosphoresidues using RPPA (Supplementary
Table S6). These analyses confirmed some of the previously
obtained results (RPS6-Ser235/Ser236, MAPK1/MAPK3-Thr202/
Tyr204) and showed additional phosphorylation changes:
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EIF4G-Ser1108, EIF4EBP1-Thr37 and SMAD3-Ser423/Ser425
were down-phosphorylated, while three phosphoresidues
(EIF4EBP1-Thr46, H2AFX-Ser139, PDK1-Ser916) were up-
phosphorylated after treatment.

Finally, phosphopeptides were enriched from the cell lysates of
the 6DLBCLandMCLcell lines exposed toPQR309orDMSOand
underwent mass spectrometry analysis. 5,032 peptide assays,
including charge states and modifications, were identified,
belonging to 4,348 phosphopeptide sequences corresponding to
1,505 protein groups (Supplementary Table S7A). We identified
238 significantly reduced and 242 increased phosphopeptides
(Fig. 3; Supplementary Table S7B–S7E), involved in different
important pathways, including mRNA processing, apoptosis,
PI3K/AKT/mTOR signaling, cell cycle, Myc pathway (Supplemen-
tary Table S7F).

Transcriptional signature of PQR309 in DLBCL cell lines
To obtain a global view of the transcriptional changes

after PQR309 treatment, we performed GEP on 4 ABC- (RI-1,
SU-DHL-2, U2932, TMD8) and 4 GCB-DLBCL (DOHH2, OCI-
LY-1, OCI-LY-18, SU-DHL-10), treated with DMSO or with
PQR309 (1 mmol/L) for 4, 8, and 12 hours (Fig. 4A, Supplemen-
tary Table S8, Supplementary Fig. S8). Transcripts upregulated in
ABC-DLBCL (Fig. 4A, Supplementary Table S8, Supplementary
Fig. S8) were mainly enriched of genes involved in cell cycle, BCR
signaling, and DNA repair (Supplementary Table S8A; Sup-
plementary Fig. S8A). The downregulated transcripts mainly
includedMYC targets, genes involved inmTOR signaling, unfold-
ed protein response, proteasome, oxidative phosphorylation,
glycolysis, and NFKB activation (Supplementary Table S8B;

Figure 2.

PQR309 is active in lymphoma cell lines with stable secondary resistance to idelalisib. Antiproliferative activity of idelalisib in KARPAS1718 (A) and in VL51
(B) parental and in two idelalisib-resistant clones for each. Antiproliferative activity of PQR309 in KARPAS1718 (C) and in VL51 (D) parental and in two idelalisib-
resistant clones each. E, Phosphorylation of MTOR-S2448 in KARPAS1718 parental and idelalisib-resistant, treated with DMSO, idelalisib or PQR309 for
16 hours with or without 15 minutes of anti-IgM stimulation (10 mg/mL). KARPAS1718 parental þ PQR309 vs. KARPAS1718 parental þ DMSO, �anti-IgM,
P < 0.05; KARPAS1718 parental þ PQR309 vs. KARPAS1718 parental þ idelalisib, þ anti-IgM, P < 0.05. F, p-MTOR-S2448 activation in VL51 parental and idelalisib-
resistant, treated with DMSO, idelalisib or PQR309 for 16 hours. VL51 parental þ PQR309 vs. VL51 parental þ DMSO, –anti-IgM, P < 0.05; VL51 parental þ PQR309
vs. VL51 parental þ idelalisib, �anti-IgM, P < 0.05. Error bars represent the standard deviation on values obtained in two independent experiments.

Figure 3.

Phosphopeptide changes after PQR309 treatment. Volcano plot of differentially
expressed phosphoproteins after DMSO or 1 mmol/L of PQR309 treatment in
six DLBCL and MCL investigated by mass spectrometry. The horizontal line
corresponds to P ¼ 0.05. The vertical line corresponds to a log2-fold change ¼
1.2. X, log2-fold change. Y, log10 P value.
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Supplementary Fig. S8B). Similar biologic pathways were affected
in treatedGCB-DLBCL cells (Supplementary Table S8C and S8D).
Indeed, ABC and GCB-DLBCL cell lines exposed to PQR309
presented highly overlapping gene-expression signatures (Sup-
plementary Fig. S9, Fig. 4A). Supplementary Fig. S10 shows
validation by real-time PCR, in both GCB and ABC-DLBCL, of
selected genes.

Changes in protein phosphorylation and RNA expression
contribute differently to PQR309-affected biologic pathways
in ABC-DLBCL

To evaluate the contribution of changes in protein phos-
phorylation and in RNA levels in response to PQR309 in ABC-
DLBCL, the list of the differentially phosphorylated proteins
(Supplementary Table S7C) was merged with the list of the
differentially expressed transcripts (Supplementary Table S8A
and S8B). PQR309-induced post-translational changes were
more evident on the mRNA metabolism and mTOR pathway,
whereas cell-cycle and BCR signaling were affected more via
modifications of the expression levels of their components
(Supplementary Fig. S11).

Different signaling inhibitors induce similar gene-expression
changes

Having observed an upregulation of genes involved in the
BCR signaling after exposure to the compound, we assessed
whether these changes were specific to PQR309 or shared by
other compounds targeting the BCR signaling itself. We treated
4 ABC-DLBCL cell lines (TMD8, RI-1, U2932, and SU-DHL-2)
with idelalisib (1 mmol/L), the PI3Kd/g inhibitor duvelisib
(IPI-145, 1 mmol/L), the BTK inhibitor ibrutinib (500 nmol/L),
or PQR309 (1 mmol/L) or DMSO, and we compared the early
effects on the transcriptome at 4, 8, and 12 hours (Fig. 4A,
Supplementary Table S9). The genome-wide gene-expression
changes induced by the four drugs were highly correlated

(Fig. 4A). PQR309 was more correlated with the dual PI3Kd/g
inhibitor than with the single PI3Kd inhibitor or the BTK
inhibitor. PQR309 had a bigger effect on the gene expression
of the lymphoma cells than the other drugs, but the same
affected genes were largely deregulated, at different degree, also
by the other three drugs (Fig. 4A and B). The genes modulated
by the other signaling inhibitors were also affected by PQR309
(Supplementary Fig. S12A). There was a positive correlation
between exposure to all the individual inhibitors and upregu-
lation of genes coding members of the BCR signaling, such as
CD79B, CD79A, SYK, CBLB, ITP3, CALM3, PLCG1, PIK3R1,
SHC1, and SH3KBP1 (Supplementary Fig. S13). PIK3AP1,
VAV1, BLNK, and BTK were always downregulated.

PQR309 also affected the genes regulated by two other signal-
ing inhibitors in DLBCL cell lines, the dual PI3Ka/d inhibitor
AZD8835 and by the AKT inhibitor AZD5363 (Supplementary
Fig. S12B), which appear to exclusively downregulate NFKB or
MYC targets, respectively (12).

GEP identifies active PQR309-containing combinations
Because we observed a negative effect of oxidative phosphor-

ylation on the sensitivity of lymphoma cells to PQR309 (Sup-
plementary Fig. S4B; Supplementary Table S3B), we evaluated the
combination of the dual PI3K/mTOR inhibitor withmetformin, a
compound able to inhibit such biologic process (39). All evalu-
ated DLBCL cell lines (n ¼ 8) benefited from the combination of
PQR309 with metformin.

Because PIM1/PIM2 transcripts appeared upregulated in
DLBCL after PQR309 exposure, we evaluated the combination
of PQR309 with the PIM kinase inhibitor AZD1208. The combi-
nation was beneficial in 12 out of 12 DLBCL (synergistic in five
GCB and four ABC, additive in two ABC and one GCB-DLBCL;
Supplementary Fig. S14A). Cell-cycle analysis showed an
increased arrest in G0–G1 for the combination as compared with
single treatments (Supplementary Fig. S14B).

Figure 4.

Gene expression changes after PQR309, ibrutinib, idelalisib, or duvelisib exposure in ABC-DLBCL cell lines. A, Scatter plots by log2-fold gene-expression
changes in ABC and GCB DLBCL treated with PQR309, PQR309 þ DMSO and ibrutinib þ DMSO, PQR309 þ DMSO and idelalisib þ DMSO, PQR309 þ DMSO
andduvelisibþDMSO.B,GSEAplots for gene-expression signatures obtained in PQR309-treatedABC-DLBCL and then analyzed for their enrichment inABC-DLBCL
exposed to ibrutinib (left), idelalisib (middle), or duvelisib (right). Top, upregulated genes; bottom, downregulated genes. Green line, enrichment score; bars
in the middle portion of the plots show where the members of the gene set appear in the ranked list of genes; Positive or negative ranking metric indicates,
respectively, correlation or inverse correlation with the profile; NES, normalized enrichment score.
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Discussion
Here, we have shown that: (i) the novel dual pan-class I PI3K/

mTOR inhibitor PQR309 had in vitro and in vivo antilymphoma
activity as single agent and in combination; (ii) specific gene-
expression features were associated with sensitivity to the com-
pound; (iii) PQR309was active in cells with primary or secondary
resistance to idelalisib; (iv) modifications of protein phosphor-
ylation and RNA expression differently contribute to PQR309-
affected biologic pathways; (v) the gene-expression signatures of
PQR309 and of other signaling inhibitors largely overlapped.

PQR309 showed a dose-dependent antitumor activity in most
of the analyzed lymphoma cell lines. Themedian IC50 was within
the plasma concentration achieved in patients with solid tumors
enrolled in the phase I trial (40), and the in vitro activity was also
confirmed in ABC and GCB-DLBCL xenografts models. Similar to
other targeted agents (23, 41), the antitumor activity of PQR309
wasmostly cytostatic with a G1 cell-cycle arrest, as seen with other
PI3K and mTOR inhibitors (42, 43).

The antitumor activity of PQR309 was observed also in lym-
phoma cell lines bearing genetic features associated with a poor
clinical outcome and/or chemorefractoriness, such as alterations
of TP53, MYC or BCL2 genes, or, among DLBCL, with the ABC
phenotype or derived from transformed follicular lymphomas.
High expression of transcripts involved in PI3K/mTOR pathway,
BCR pathway, kinase regulation and immune system was asso-
ciated with higher sensitivity to PQR309. The transcription levels
of genes coding for PI3Kd and the regulatory subunits p85a and
p85b were prominent in cell lines highly sensitive to PQR309,
while the opposite was true for transcripts encoding the catalytic
subunits of PI3Kg and PI3Ka and the PI3Kg adaptor subunit p84.
Moreover, a small panel of genes appeared associated with
sensitivity to PQR309, both using a microarray-based approach
and target RNA-Seq technique, and could be further validated in
the on-going and in the future trials with PQR309 or other dual
PI3K-mTOR inhibitors.

PQR309 was active also in cell lines with primary or secondary
resistance to idelalisib. Cell lines sensitive to both idelalisib
and PQR309 were characterized by high expression levels of
genes involved in the PI3K/mTOR pathway, IFN and cytokine/
chemokine signaling, including transcripts such CD86, IRF7 and
IRF9, CCL3 and CCL4, also in accordance with the literature (44).
Cell lines sensitive only to PQR309 had high expression of cell
cycle and amino acid metabolism genes, comprising the onco-
genic transcription factor SOX4, a known component of the
PTEN/PI3K/AKT pathway. Reflecting the different specificity of
idelalisib and PQR309 towards the PI3K isoforms, the dual
sensitive cell lines had higher levels of PI3Kd while PI3Ka, PI3Kb
and PI3Kg were more expressed in the group responding only
to PQR309. Interestingly, cell lines resistant to idelalisib
still responded to PQR309 decreasing the levels of MTOR
phosphorylation.

PQR309 was combined with agents targeting important bio-
logical pathways and showed synergism when combined in
various DLBCL or MCL models, including some derived from
double hit lymphomas.Most benefit was obtained combining the
novel compound with venetoclax, ibrutinib, panobinostat and
lenalidomide, agents all in the clinical setting, as also confirmed
with experiments using xenografts and/or primary cells, and with
the BET degrader ARV-825, which is still an experimental agent.
Despite the limitation givenby the lack of experiments on patient-

derived xenografts, our results are in agreement with what was
reported for other PI3K and/or mTOR inhibitors (12, 23, 41, 45)
and support the clinical exploration of these combinations.

High expressions of genes coding proteins involved in the
oxidative phosphorylation process were associated with lower
sensitivity to PQR309. Interestingly, the addition of metformin,
an antidiabetic drug known to affect oxidative phosphorylation
(39), to PQR309 resulted in a synergism in eight out of eight
DLBCL cell lines, suggesting that the combination is worth of
further investigations.

PQR309 exposure affected transcripts and proteins involved
in fundamental pathways and signaling cascades: PI3K/AKT/
mTOR pathway, BCR signaling, NFKB pathway, mRNA proces-
sing, apoptosis, cell cycle, Myc pathway, MAPK/RAS signaling,
and glycolysis. Most of the pathways were largely modulated
via both RNA and protein phosphorylation changes. However,
the latter played a bigger role on the mRNA metabolism and
mTOR pathway, reflecting the direct mechanism of action of
PQR309, whereas changes in cell cycle and BCR signaling
appeared more driven at RNA level. Among individual genes
affected by PQR309, it is worth to mention a few genes with a
role in lymphomas. YPEL3, TP63 and HRK were upregulated.
HSPA8 and HSPA1B (Hsp70), MIR155HG, CCDC86 (Cyclon)
and PAK1IP1 were downregulated. Ki67, HMGA1 and JUND
had a reduction in their phosphorylation, whereas the opposite
was seen for NFKB1 and IKZF1. CXCR4 appeared regulated at
both transcriptional and post-translational level, and could
represent a possible mechanism of adaptive resistance. PQR309
exposure induced the upregulation of both PIM1 and PIM2,
kinases involved in lymphomagenesis and potential therapeu-
tic targets. We combined PQR309 with the PIM inhibitor
AZD1208 (46) with beneficial effect of the combination with
an increased G0–G1 cell-cycle arrest.

To have a better insight on the early changes induced by
PQR309 in comparison with other signaling inhibitors, we per-
formed GEP on ABC-DLBCL cell lines exposed to PQR309,
idelalisib, duvelisib, and ibrutinib. All the compounds presented
very similar effects, in line with what data reported in normal B
cells after genetic silencing of BTK and PI3K (47). CXCR4, BRD8,
CDKN2C, YPEL3, HRK were among the most recurrently upre-
gulated, whereas LTA, TNF, MIR155HG, NFKBIE, SGK1, LMO2,
CCL3 were recurrently downregulated. All the compounds
induced an early upregulation of genes coding members of the
BCR signaling possibly reflecting a feedback loop or an adap-
tive mechanism, which, however, did not negatively impact the
antiproliferative activity of the compounds possibly due to the
continuous exposure.

Phase I studies have been completed with PQR309 as single
agent in patients with solid tumors and in lymphomas (40, 48),
and the agent is now in phase II for different indications,
including for patients with relapsed and refractory lymphoma
patients (NCT02249429, NCT03127020), with relapsed and
refractory primary central nervous system lymphoma (PCNSL;
NCT02669511, NCT03120000).

In conclusion, the novel dual PI3K/mTOR inhibitor PQR309
presented promising activity as single agent and in combina-
tion. GEP and mass spectrometry allowed the identification of
biologic features associated with drug sensitivity and with its
mechanisms of action. Different signaling inhibitors appeared
to induce largely shared early changes in the expression profiles
of lymphoma cells.
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