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Abstract

Activated B-cell-like diffuse large B-cell lymphoma relies on B-cell receptor signaling to drive

proliferation and survival. Downstream of the B-cell receptor, the key signaling kinases Bru-

ton’s tyrosine kinase and phosphoinositide 3-kinase δ offer opportunities for therapeutic

intervention by agents such as ibrutinib, ONO/GS-4059, and idelalisib. Combination therapy

with such targeted agents could provide enhanced efficacy due to complimentary mecha-

nisms of action. In this study, we describe both the additive interaction of and resistance

mechanisms to idelalisib and ONO/GS-4059 in a model of activated B-cell-like diffuse large

B-cell lymphoma. Significant tumor regression was observed with a combination of PI3Kδ
and Bruton’s tyrosine kinase inhibitors in the mouse TMD8 xenograft. Acquired resistance

to idelalisib in the TMD8 cell line occurred by loss of phosphatase and tensin homolog and

phosphoinositide 3-kinase pathway upregulation, but not by mutation of PIK3CD. Sensitivity

to idelalisib could be restored by combining idelalisib and ONO/GS-4059. Further evaluation

of targeted inhibitors revealed that the combination of idelalisib and the phosphoinositide-

dependent kinase-1 inhibitor GSK2334470 or the AKT inhibitor MK-2206 could partially

overcome resistance. Characterization of acquired Bruton’s tyrosine kinase inhibitor resis-

tance revealed a novel tumor necrosis factor alpha induced protein 3 mutation (TNFAIP3

Q143*), which led to a loss of A20 protein, and increased p-IκBα. The combination of idelali-

sib and ONO/GS-4059 partially restored sensitivity in this resistant line. Additionally, a muta-

tion in Bruton’s tyrosine kinase at C481F was identified as a mechanism of resistance. The

combination activity observed with idelalisib and ONO/GS-4059, taken together with the

ability to overcome resistance, could lead to a new therapeutic option in activated B-cell-like

diffuse large B-cell lymphoma. A clinical trial is currently underway to evaluate the combina-

tion of idelalisib and ONO/GS-4059 (NCT02457598).
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Introduction

B-cell receptor (BCR) signaling is a key driver of pathogenesis in many types of lymphoid

malignancies, including chronic lymphocytic leukemia (CLL) and activated B-cell-like diffuse

large B-cell lymphoma (ABC DLBCL) [1]. The BCR complex consists of an immunoglobulin

that is non-covalently coupled to its CD79A (Ig-A)/ CD79B (Ig-B) subunits. Antigen binding

leads to CD79A and CD79B immunoreceptor tyrosine-based activation motifs phosphoryla-

tion by spleen tyrosine kinase (SYK) and Lyn or other SRC family kinase (SFK) members. This

initiates a signaling cascade that consequently activates phosphoinositide 3-kinase (PI3K),

Bruton’s tyrosine kinase (BTK), and other downstream signaling pathways, including activa-

tion of NF-κB [2, 3].

The class I PI3K family, which includes the catalytic p110 α, β, γ and δ isoforms, are often

mutationally or constitutively activated in a variety of cancers [4]. PI3Kδ expression is

restricted to leukocytes, and is physiologically the predominant isoform in B cells. PI3Kδ has

also been demonstrated to play an active role in driving B cell malignancies such as CLL and

B-NHL [5, 6].

Clinical trials have recently demonstrated significant efficacy with inhibitors that disrupt

BCR signaling, including Zydelig1 (idelalisib) and Imbruvica1 (ibrutinib) [7, 8]. Idelalisib is a

first-in-class, selective inhibitor of PI3Kδ approved for the treatment of relapsed/refractory

CLL (in combination with rituximab), follicular lymphoma, and small lymphocytic lymphoma

[9]. Ibrutinib is a BTK inhibitor approved for treatment of CLL, mantle cell lymphoma and

Waldenström’s macroglobulinemia. While neither agent is currently approved for ABC

DLBCL, ongoing trials are evaluating the potential of agents that target downstream signaling

proteins such as PI3Kδ, BTK, and SYK that are predicted to impact survival and proliferation

pathways in ABC DLBCL. One such agent, the selective and potent BTK inhibitor ONO/GS-

4059, reported 35% overall response rate in relapsed/refractory non-germinal center B-cell

DLBCL [10]. Despite the efficacy of these targeted agents in DLBCL, the low response rates,

short duration of response and potential for acquired resistance highlights the necessity for

combination therapy. In this study, we set out to characterize the potential antitumor activity

of combining idelalisib with ONO/GS-4059, as well as to define the mechanisms of resistance

for each class of agent in a model of ABC DLBCL.

Materials and methods

Cell lines and compound reagents

TMD8 cells were obtained from the Tokyo Medical and Dental University, and OCI-LY10

cells were obtained from University Health Network. Both cell lines were cultured in RPMI-

1640 medium supplemented with 20% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin

(Life Technologies, Carlsbad, CA). Idelalisib and ibrutinib resistant TMD8 were cultured in

the presence of idelalisib (1 μM) or ibrutinib (10–20 nM), respectively, and grown in a humidi-

fied atmosphere of 5% CO2 and 95% air at 37˚C. Compounds used in this study include: idela-

lisib (Gilead Sciences, Inc., Foster City, CA), GS-649443 (Gilead Sciences) [11], BYL719, AZD-

6482, GDC-0941, MK-2206 and GSK2334470 (Selleckchem, Houston, TX) [12–16], ibrutinib

(Shanghai Medicilon Inc., Shanghai, China), and ONO/GS-4059 (Ono Pharmaceutical Co.,

Trenton, NJ).

Generation of idelalisib and ibrutinib resistant TMD8 cells

Idelalisib-resistant TMD8 cells were generated by continuous passage in the presence of 1 μM

idelalisib for 8 weeks until stable resistance to idelalisib was established (TMD8IDELA-R).

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance

PLOS ONE | DOI:10.1371/journal.pone.0171221 February 8, 2017 2 / 21

conducted, the sponsor was involved in the study

design, data collection and analysis, decision to

publish, and preparation of the manuscript.

Competing interests: All authors were employees

of the study sponsor, Gilead Sciences, Inc, at the

time the study was conducted. Additionally, we

adhere to the PLOS ONE guidelines on sharing data

and materials.



Ibrutinib-resistant TMD8 cells were generated by continuous passaging in the presence of

ibrutinib for 12 weeks then dose-escalating to 10 or 20 nM until stable resistance to ibrutinib

was established (TMD8BTKi-R). Parallel cultures were grown in the presence of 0.1% DMSO as

passage-matched, drug-sensitive control lines (TMD8IDELA-S and TMD8BTKi-S). Sensitive and

resistant TMD8 cells were clonally isolated through two rounds of single cell limiting dilution.

Cell viability and apoptosis assays

Cells were seeded at 20,000 cells/well in 96-well plates. Test compounds were added in quadru-

plicate using the HP D300 Digital Dispenser (Hewlett Packard Inc.). Inhibition of cell viability

was assessed after 96 hours using CellTiter Glo1 Luminescent Cell Viability assay (Promega

Corp., Madison, WI). Data was plotted as percent of vehicle (DMSO) control using GraphPad

Prism (San Diego, CA). For apoptosis assays, cells were seeded at 0.2 X 106/mL in a 12 well

dish. Apoptosis was measured after 48 hours using FITC Annexin V Apoptosis Detection Kit

II or PE Annexin V Apoptosis Detection Kit I (BD Biosciences, San Jose, CA) following manu-

facturer’s protocol. Labeled cells were measured by flow cytometry using BD LSRII and ana-

lyzed using FACSDiva™ (BD Biosciences).

Immunoblotting

Cells were grown overnight in RPMI-1640 medium supplemented with 10% FBS and treated

the following morning with idelalisib (420nM), ONO/GS-4059 (320nM), or in combination

(protein-adjusted Cmax values), or idelalisib (1μM), MK2206 (1μM), GSK2334470 (1μM) for 2

hours or 24 hours. Cells were harvested in lysis buffer (Cell Signaling Technology) containing:

Protease Inhibitor Cocktail (Roche Diagnostics Corp), and phosphatase inhibitor sets 1 and 2

(EMD Millipore). Following 30 minutes on ice, cell lysates were cleared by centrifugation at

12,500 rpm for 10 minutes at 4˚C. Lysates were analyzed by Simple Western using Peggy

Sue™ (ProteinSimple, San Jose, CA; referred to in the text as Simple Western) or by Novex

SDS-PAGE gels (Invitrogen, Carlsbad, CA) blotted to Immobilon-F membrane (EMD Milli-

pore, Billerica, MA). A standard curve using recombinant proteins was generated to measure

PI3K isoform concentration by Simple Western; data was processed using Compass software

(ProteinSimple). Western blots were quantified using LI-COR Imager and LI-COR Odyssey

Image Studio Software version 5.2 (LI-COR Biosciences, Lincoln, NE). The following antibod-

ies were purchased from Cell Signaling Technology (Danvers, MA): p-AKT (S473) (#4058 rab-

bit monoclonal for Simple Western; #9271 rabbit polyclonal for western blots), p-AKT (T308)

#2965 rabbit monoclonal, AKT (#2920 mouse monoclonal), p-ERK (T202/Y204) (#9101 rabbit

polyclonal for Simple Western, #9106 mouse monoclonal for western blots), ERK (#9102 rab-

bit polyclonal), p-S6RP (S235/236) (#4856 rabbit monoclonal for Simple Western), S6 (#2317

mouse monoclonal), p-GSK3β (S9) (#9336 rabbit polyclonal),p-STAT3 (Y705) (#9131 rabbit

polyclonal), p-SFK (Y416) (#6943 rabbit monoclonal), p-IκBα (S32) (#2859 rabbit monoclo-

nal), IκBα (#2814 mouse monoclonal), p-SYK (Y525/526) (#2710 rabbit monoclonal), p-BTK

(Y223) (#5082 rabbit polyclonal), BTK (#8547 rabbit monoclonal), PTEN (#9559 rabbit mono-

clonal), A20/TNFAIP3 (#5630 rabbit monoclonal), and actin (#4968 rabbit polyclonal). The c-

MYC antibody (#ab32072 rabbit monoclonal) was purchased from Abcam, Inc. (Cambridge,

MA). GSK3β (#05–412 mouse monoclonal) and the actin used in western blots (#MAB1501

mouse monoclonal) were purchased from EMDMillipore. PI3Kγ (#ABD-026 mouse monoclo-

nal) was purchased from Jena Bioscience (Jena, Germany). The p-SYK (Y352) antibody

(#SAB4301384 rabbit polyclonal) was purchased from Sigma-Aldrich (St. Louis, MO). Second-

ary IRDye-conjugated anti-mouse and anti-rabbit antibodies were purchased from LI-COR

Biosciences.
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In vivo treatment study

These studies were approved by the Institutional Animal Care and Use Committee at

Omeros Corp. in Seattle, Washington, which complies with all provisions of the United

States Public Health Service Policy on Humane Care and Use of Laboratory Animals (NIH

Publication No. 15–8013) and the United States Department of Agriculture Animal Welfare

Regulations (United States Code of Federal Regulations, 9 C.F.R. Parts 1–4). Animal care

and research procedures were performed in dedicated rooms within their animal facility

using their program of husbandry under the direction of a veterinarian board certified by the

American College of Laboratory Animal Medicine. The animal facility provides a barrier-

type environment free of all rodent pathogens using individually ventilated microisolator

cages for mice; irradiated corncob bedding, ad libitum irradiated food (PicoLab Rodent Diet,

St. Louis, MO), ad libitum ultrafiltered and UV irradiated water, and species-appropriate

nesting material as enrichment. Room temperatures were maintained at 70–72 degrees F and

30–70% relative humidity with a 12:12 light: dark photoperiod. Male CB17-SCID mice were

treated with 1.44 Gy whole body irradiation using a 60Co radiation source. After 72 hours,

1×107 TMD8 cells were inoculated subcutaneously into the right flank. When tumors

reached a mean volume of 200mm3, mice were randomly assigned to groups (n = 13) using

Vivo Manager1 software (Biosystemes, Couternon, France). Mice were administered twice

daily either vehicle, GS-649443 at 1 and 5 mg/kg, or ONO/GS-4059 at 5 and 10 mg/kg, alone

or in combination, by oral gavage at a dosing volume of 5 ml/kg. All test compounds were

formulated into 5% (v/v) N-Methyl-2-pyrrolidone (NMP) / 55% (v/v) Polyethylene Glycol

300 (PEG) 300 / 40% (v/v) Water / 1% (w/v) Vitamin E D-α-Tocopherol Polyethylene Glycol

1000 Succinate (TPGS). The tumor volume was calculated, taking length to be the longest

diameter across the tumor and width to be the corresponding perpendicular diameter, using

the following formula: (length×width2)/2. The tumor growth inhibition (TGI) was calculated

based on tumor volume (TV) measured at the beginning and the end of compound or vehicle

treatment:

TGI ¼ 1 � ð
TV end of compound � TV begining of compound

TV end of vehicle � TV begining of vehicle
Þ � 100

Immunohistochemistry

Immunohistochemistry was performed on the Ventana Discovery Ultra (Ventana Medical

Systems, Tucson, AZ) autostainer using the manufacturer’s instructions and reagents. The

slides were immunolabeled for p-S6 (S235/236) (Cat #4858, Cell Signaling Technology) and c-

MYC (Cat #ab32072, Abcam Inc.), and counterstained with hematoxylin.

Genomic profiling

Characterization of mutations and gene expression were identified by whole exome sequenc-

ing (WES; Genewiz, Inc., South Plainfield, NJ) and RNA-Seq (Expression Analysis, Inc, Mor-

risville, NC), respectively. DNA sequencing reads were aligned to human reference genome

by BWA [17] and single nucleotide variants were identified using VarScan version 2.3 [18]

and were annotated using SnpEff version 4.0 [19]. Putative somatic mutations were priori-

tized by mutant allele frequency, recurrence and predicted functional impact. RNA sequenc-

ing reads were aligned to human reference genome by STAR [20] and RNA abundance was

quantified using RSEM [21]. The Bioconductor package edgeR [22] was used to normalize
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sequence count and limma (Bioconductor [23]) was used to conduct differential gene expres-

sion analysis.

Statistical analysis

Cell viability EC50 was determined using a sigmoidal dose-response (variable slope) curve gen-

erated from quadruplicate samples. Statistical significance was performed by student’s t-test

for cell viability and two-tailed paired t-test for apoptosis experiments (GraphPad). The mixed

effect Analysis of Variance (ANOVA) model for repeated measure was used to determine the

treatment effect on tumor growth. The model fitted on tumor volume included factors of treat-

ment, time, and their interaction. Baseline tumor volume was also included as covariate. The

covariance among repeated measurements was assumed with ante-dependence structure. The

8 mono- and combination-treatment groups were compared to vehicle control with Dunnett’s

multiple comparison adjustment. Each of the 4 combination-treatment groups was also com-

pared to the 2-corresponding mono-dose groups. A multivariate t method was applied for

multiple comparison adjustment. A logarithm transformation was applied on tumor volume

to meet model assumptions. The analysis was performed using SAS1 v9.2 (SAS Institute, Inc.,

Cary, NC). A one-way ANOVA method was used to compare treatment groups to vehicle con-

trol in pharmacodynamic tumor samples. Log transformation was applied when needed. No

multiple comparison adjustments were applied.

Results

Idelalisib and ONO/GS-4059 additively affect cell viability, apoptosis,

and key survival and proliferation pathways in DLBCL

A panel of 28 DLBCL cell lines were screened for their sensitivity to idelalisib and ONO/GS-

4059 as assessed by changes in cell viability (S1 Table). Three ABC DLBCL cell lines, TMD8,

OCI-LY10, and Ri-1, were identified as being sensitive to both agents. Cell viability assessment

using isoform-specific inhibitors showed that the TMD8 cell line appeared to be primarily

driven by the PI3Kδ isoform. The EC50 for the PI3Kδ-selective inhibitor idelalisib and the pan

PI3K inhibitor GDC-0941, was 24 nM and 46 nM, respectively (Fig 1A). TMD8 was relatively

insensitive to the potent and selective PI3Kα- and β-selective inhibitors BYL719 and AZD-

6482, with EC50 values of 1764 nM and 510 nM, respectively. Furthermore, isoform protein

expression analysis revealed that the catalytic subunit of p110δ was most highly expressed in

TMD8 cells (327 pg/μL) as compared to p110α, p110β, and p110γ (10, 25, and 9 pg/μL, respec-

tively) (Fig 1B). Both TMD8 and OCI-LY10 are BCR-dependent lines that exhibit chronic acti-

vated B-cell signaling due to mutations in CD79A/CD79Band MYD88 [24]. These lines were

chosen to evaluate the effects of idelalisib and ONO/GS-4059 in combination. The idelalisib

concentrations experimentally evaluated covered a clinically relevant range, and showed an

additive effect in combination with ONO/GS-4059 on cell viability in TMD8 and OCI-LY10.

The addition of ONO/GS-4059 (3, 6, and 12 nM) to idelalisib in the TMD8 line shifted the

EC50 from 55 nM to 25, 11, and 9 nM, respectively (Fig 1C). When idelalisib was added in

combination at concentrations modeling clinical Cmin and Cmax (103 and 591 nM, respec-

tively), ONO/GS-4059 EC50 shifted from 7 nM (single agent) to 2 and 1.5 nM. In OCI-LY10,

the addition of ONO/GS-4059 (25 nM) maximally shifted the EC50 of idelalisib from 122 to 13

nM (S1 Fig). In TMD8, the combination of idelalisib and ONO/GS-4059 induced 53% apopto-

sis as measured by annexin V staining, more than either single agent alone (idelalisib = 29%,

ONO/GS-4059 = 30%) (Fig 1D).
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Fig 1. TMD8 as a model for evaluation of PI3Kδ and BTK inhibition. (A) Cell viability with isoform-specific PI3K inhibitors was assessed by CellTiter

Glo after 96 hours, mean ± SEM, n = 4. (B) PI3K isoform expression in TMD8 cells using Simple Western, concentration (pg/μL) quantitated by

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance
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The effect of the combination of these compounds was characterized on downstream sig-

naling pathways implicated in malignant B-cell survival and proliferation. Idelalisib elicited a

stronger inhibition of p-AKT (S473) and p-ERK (T202/Y204) (58% and 71%, respectively)

than ONO/GS-4059 at 2 hours (46% and 48%, respectively) (Fig 1E). As expected, ONO/GS-

4059 strongly inhibited BTK activation as measured by p-BTK (Y223) (59%). Evaluation of the

combination of idelalisib and ONO/GS-4059 did not show an effect greater than observed

with either agent alone. At an extended time point (24 hours), a sustained effect of both agents

in combination was seen on p-AKT (S473), p-BTK (Y223) and p-ERK (T202/Y204) (83%, 66%

and 36% inhibition respectively, as compared to DMSO control). When comparing inhibition

of the combination versus the most effective single agent, the percent inhibition was 28%, 22%

and 34% for p-AKT, p-BTK and p-ERK, respectively. These data are in line with the observed

additive effect on cell viability and apoptosis with the combination of idelalisib and ONO/GS-

4059.

Inhibition of PI3Kδ and BTK leads to TMD8 tumor regression

To extend the observed additivity seen in vitro, the efficacy of PI3Kδ and BTK inhibition in

combination was assessed in a TMD8 xenograft model. Due to the short half-life of idelalisib

in mice, the PI3Kδ tool compound GS-649443 was used in vivo. GS-649443 is more potent

but displays similar selectivity to idelalisib across the class I PI3K family (IC50 = 1160, 419,

0.3, 24 nM for PI3Kα, PI3Kβ, PI3Kδ and PI3Kγ, respectively; S1 Table, S2 Fig) [11, 25]. Sub-

optimal doses of GS-649443 were chosen for our xenograft evaluation to allow a window for

observation of additivity of PI3Kδ and BTK inhibition. Evaluation of tumor volumes showed

that GS-649443 as a single agent (1 or 5 mg/kg, BID) did not inhibit TMD8 tumor growth

(Fig 2A). Similarly, ONO/GS-4059 at 3 mg/kg BID did not lead to a significant inhibition of

tumor growth. In contrast, a 75% decrease in tumor volume was observed with the highest

dose of ONO/GS-4059 (10 mg/kg BID, P< 0.05). The combination of GS-649443 and ONO/

GS-4059 at the lowest and highest dose groups led to a 110% and 120% inhibition of tumor

growth, respectively. All combinations of GS-649443 and ONO/GS-4059 strongly inhibited

tumor growth, leading to tumor regression (P< 0.0001). No decreases in body weight were

observed in any of the treatment groups (data not shown). Pharmacodynamic results in the

individual TMD8 mouse tumors showed a 35% decrease in p-BTK with ONO/GS-4059 (Fig

2B and 2C). While GS-649443 and ONO/GS-4059 as single agents had no effect on p-S6RP, a

79% decrease was observed in combination. This effect was confirmed by immunohisto-

chemical (IHC) analysis of p-S6RP (Fig 2D). Additionally, IHC and Simple Western analysis

of c-MYC on these same tumor samples revealed that the combination of GS-649443 and

ONO/GS-4059 showed a dramatic decrease in c-MYC whereas single agent treatment

showed little to no effect. c-MYC is a well characterized proto-oncogene which has been cor-

related with poor clinical prognosis and drug resistance. These data demonstrate that inhibi-

tion of PI3Kδ and BTK signaling pathways significantly impacts downstream signaling

recombinant protein standards, representative experiment shown of n = 3. (C) Cell viability of TMD8 was assessed with idelalisib in combination with

ONO/GS-4059 at fixed concentrations (3, 6, or 12 nM) or with ONO/GS-4059 in combination with idelalisib at fixed concentrations (20, 100 or 600 nM)

after 96 hours, mean ± SEM, n = 8. (D) Cells were treated with idelalisib (420 nM), ONO/GS-4059 (320 nM) or in combination for 48 hours and apoptosis

was assessed by FITC Annexin V staining, and measured by flow cytometry, mean values ± SD, n = 4. (E) Cells were treated with idelalisib (420 nM),

ONO/GS-4059 (320 nM) or in combination for 2 and 24 hours; lysates were analyzed by western blot (p-AKT S473) and Simple Western, representative

experiment shown of n = 3.

doi:10.1371/journal.pone.0171221.g001

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance

PLOS ONE | DOI:10.1371/journal.pone.0171221 February 8, 2017 7 / 21



Fig 2. In vivo inhibition of PI3Kδ and BTK leads to TMD8 tumor regression. (A) Response of randomized TMD8 xenograft tumors (n = 13 per group)

treated with PI3Kδ inhibitor (GS-649443, 1 or 5 mg/kg, BID), BTK inhibitor (ONO/GS-4059, 3 or 10 mg/kg, BID) or combination. Tumor volumes are

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance
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pathways as measured by p-S6RP and c-MYC, translating into additive antitumor efficacy in

the TMD8 model of ABC DLBCL.

Acquired idelalisib resistance is overcome by the combination of

idelalisib and ONO/GS-4059

To understand the resistance to targeted agents observed clinically, we created an in vitro
model of acquired idelalisib resistance in the TMD8 cell line. Long-term idelalisib treatment

(1 μM) led to the establishment of a cell line with acquired resistance (TMD8IDELA-R), while

a passage-matched, vehicle control line (TMD8IDELA-S) remained sensitive to idelalisib as

assessed by cell viability (EC50 > 10 μM, EC50 = 220 nM, respectively) (Fig 3A). Acquired resis-

tance was not due to the presence of a subpopulation of innately resistant cells, as the evaluation

of 8 single cell clonal isolates all showed resistance to idelalisib, compared to TMD8IDELA-S (S3

Fig). Additionally, RNAseq analysis of the multidrug resistance (MDR) family of ATP-binding

cassette transporters in TMD8IDELA-S as compared to TMD8IDELA-R indicated that upregula-

tion of MDR was not a likely mechanism of resistance (S4 Fig).

In order to determine if ONO/GS-4059 could overcome resistance in the TMD8IDELA-R

line, single agent and combination activity was assessed using clinically relevant doses. As

expected, both idelalisib and ONO/GS-4059 showed activity on the TMD8IDELA-S line, with

additive inhibition seen in combination (Fig 3B, top graph). However, the TMD8IDELA-R line

showed resistance to both idelalisib and ONO/GS-4059 (Fig 3B, bottom graph). Sensitivity was

almost completely restored when both agents were used in combination, shifting the ONO/

GS-4059 EC50 to 11 nM in the presence of 1 μM idelalisib. Measurement of downstream cell

signaling proteins (p-AKT, p-BTK, and c-MYC) in the TMD8IDELA-R line showed higher con-

stitutive p-AKT levels (16-fold), with little to no upregulation of p-BTK and c-MYC (Fig 3C

and 3D). Idelalisib treatment, but not ONO/GS-4059, inhibited p-AKT with no greater inhibi-

tion observed in combination. ONO/GS-4059 had limited activity on inhibition of p-BTK,

especially when compared previously to the TMD8 parental line (Fig 1E). Idelalisib showed

modest c-MYC inhibition, but a stronger downmodulation was observed in combination.

Taken together this suggests that only combination treatment can overcome the signaling dys-

regulation affecting multiple pathways.

Profiling of TMD8 idelalisib-resistant cell line shows PTEN loss and PI3K

pathway upregulation

To further characterize the mechanism of resistance to idelalisib, TMD8IDELA-R single cell

clones were analyzed by WES, RNAseq, phosphoproteomics and profiling using targeted small

molecule inhibitors. No mutations in PIK3CD or other PI3K pathway regulators, including

phosphatase and tensin homolog (PTEN), were identified by WES as a mechanism of acquired

resistance. However, protein profiling of the PI3K pathway revealed PTEN loss in the

TMD8IDELA-R which was not predicted by WES or RNAseq (Fig 4A). Additionally, RNAseq

expressed as mean ± SEM with P<0.05, P <0.0001 as compared to vehicle animals. (B) Tumors from vehicle, GS-649443 (5 mg/kg), ONO/GS-4059 (10

mg/kg) or GS-649443 + ONO/GS-4059 (5 mg/kg + 10 mg/kg) were collected 2 hours post morning dose on day 3 of dosing, ground and lysed. Protein

expression was analyzed using Simple Western; T = tumor. (C) Average of same tumors (from (B)) for each treatment group (n = 3 for vehicle, GS-649443

and ONO/GS-4059 groups; n = 2 for combination); proteins were quantitated by AUC, p-BTK Y223 was normalized to total BTK protein, p-S6RP S235/236

and c-MYC were normalized to actin, and p-AKT S473 was normalized to total AKT, mean ± SD. Asterisk indicates that the AUC combination result is 0. (D)

p-S6RP S235/236 and c-MYC expression detected by IHC in tumors from vehicle, GS-649443 (5 mg/kg), ONO/GS-4059 (10 mg/kg) or GS-649443 + ONO/

GS-4059 (5 mg/kg + 10 mg/kg) treatment groups. Images were taken at 20X magnification.

doi:10.1371/journal.pone.0171221.g002
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Fig 3. Combination of idelalisib and ONO/GS-4059 can overcome TMD8 acquired idelalisib resistance. (A) Cell viability of vehicle control line

(TMD8IDELA-S) or idelalisib resistant line (TMD8IDELA-R) in response to idelalisib treatment, 96 hour CellTiterGlo assay, mean ± SEM, n = 4. (B) Cell

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance
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analysis of TMD8IDELA-R showed an upregulation of PIK3CG mRNA encoding for the catalytic

subunit of the class I PI3Kγ isoform, an observation that was confirmed at the protein level

(S5A and S5B Fig). Profiling of other PI3K catalytic subunits revealed no other alterations in

protein expression (data not shown). TMD8IDELA-R was not sensitive to the PI3Kδ/γ-dual

inhibitor duvelisib (IPI-145) suggesting that the upregulation of PI3Kγ may not be contribut-

ing to the observed resistance (S5C Fig). This line also showed maintained innate resistance to

PI3Kα (BYL719) and PI3Kβ (AZD6482) inhibitors (EC50 > 3 μM, data not shown), while the

pan-PI3K inhibitor BKM120 showed some decrease in inhibitory activity (EC50 0.76 vs 1.2 uM

for DMSO vs. resistant line) as it has selectivity for PI3K α>δ>β>γ [26]. Phosphoprotein

characterization was performed to assess the activation state of multiple pathways known to

play a role in cell survival and proliferation. This analysis revealed that the PI3K pathway was

constitutively upregulated in TMD8IDELA-R, as shown by upregulation of p-AKT S473 and

T308, p-S6RP S235/236, and p-GSK3β (Fig 4A). Additional signaling nodes were either down

modulated or unchanged (S6 Fig). SYK, JAK/STAT and β-catenin pathways were character-

ized by decreased p-SYK, p-STAT3 and c-JUN in TMD8IDELA-R. Expression of p-ERK and p-

SFK remained unchanged.

AKT and PDK1 inhibition in combination with idelalisib can overcome

resistance in TMD8IDELA-R cells

AKT and phosphoinositide-dependent kinase-1 (PDK1)-targeted inhibitors were used to deter-

mine if the upregulation of downstream PI3K pathway signaling was a driver of idelalisib resis-

tance. The AKT inhibitor MK-2206 and the PDK1 inhibitor GSK2334470 had little to no

single or combination agent activity on the TMD8IDELA-S line (Fig 4B and 4C, left graphs).

When TMD8IDELA-R was evaluated for idelalisib resistance in the presence of MK-2206 or

GSK2334470, sensitivity to idelalisib was partially restored relative to TMD8IDELA-S (Emax = 60%

and 59%, respectively, right graphs). As single agents, no induction of apoptosis was observed

with idelalisib or GSK2334470 while a small increase was seen with MK-2206 (33%) compared

to vehicle control (24%) in TMD8IDELA-R (Fig 4D and 4E). Apoptosis was significantly induced

with the combination of idelalisib and MK-2206 (46%) or GSK2334470 (49%) in these cells.

We next interrogated PI3K pathway modulation in the TMD8IDELA-R line. As shown previ-

ously, TMD8IDELA-R displayed higher constitutive activation of the PI3K pathway as demon-

strated by higher levels of p-AKT S473, T308 and p-S6RP S235/236 (Fig 4F and 4G). Idelalisib

alone had little to no effect on PI3K signaling in TMD8IDELA-R. Complete pathway suppression

in TMD8IDELA-R was achieved when idelalisib was combined with MK-2206 or GSK2334470,

showing that PI3K pathway upregulation can be overcome by the combination of idelalisib

with AKT or PDK1 inhibition.

Profiling of ibrutinib-resistant TMD8 lines reveals BTKC481F mutation and

a novel A20 mutation

We also developed a TMD8 model of acquired BTK inhibitor resistance by continuous expo-

sure to ibrutinib in order to model the effect of idelalisib in ibrutinib-resistant disease. Two

viability of TMD8IDELA-S (top graph) or TMD8IDELA-R cells (bottom graph) treated with idelalisib, ONO/GS-4059 or ONO/GS-4059 in combination with

idelalisib (1 μM), n = 4, mean ± SEM. Combination curve is normalized to the single agent alone. (C) Protein lysates from TMD8IDELA-S (vehicle treated)

and TMD8IDELA-R treated with vehicle, idelalisib (420 nM), ONO/GS-4059 (320 nM) or in combination for 2 hours were generated and analyzed in a single

run using Simple Western, representative image of a single run of n = 3. (D) Quantification of Fig 3C showing AUC normalization to actin, and values

normalized to TMD8IDELA-S DMSO treated control for all treatment groups from a single run.

doi:10.1371/journal.pone.0171221.g003
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Fig 4. PI3K upregulation in acquired resistance is sensitive to idelalisib and AKT or PDK1 inhibitor combinations. (A) Protein lysates were

generated from TMD8IDELA-S and TMD8IDELA-R cells, and analyzed by western blot (p-AKT S473, p-AKT T308, AKT, p-S6RP S235/236, S6RP, p-GSK3β

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance
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resistant lines were established by dose-escalation and continuous ibrutinib exposure at 10 or

20 nM (TMD8A20-Q143� and TMD8BTK-C481F, respectively). These lines showed complete resis-

tance to ibrutinib and ONO/GS-4059 as compared to a passage-matched, vehicle control line

(Fig 5A and 5C). WES analysis of clonal isolates from both lines revealed a homozygous muta-

tion in BTK at C481F only in the 20 nM treated clones (TMD8BTK-C481F, 22/22 clones), which

was confirmed by Sanger sequencing. WES analysis also revealed a novel mutation in TNFα-

induced protein 3 (TNFAIP3 Q143�mutation, A20 protein) in clonal isolates from the 10 nM

treated clones only (TMD8A20-Q143�, 5/5 clones). Protein expression profiling in these lines

showed a loss of A20 and an increase in p-IκBα in the TMD8A20-Q143�, signifying NF-κB path-

way activation, while total and p-BTK Y223 remained unchanged (Fig 5B). A20 profiling also

revealed an unexpected loss of A20 protein in TMD8BTK-C481F by an unknown mechanism, as

well as a decrease in p-BTK Y223.

The effect of idelalisib and ONO/GS-4059 on cell viability in the TMD8A20-Q143�and

TMD8BTK-C481F lines was then evaluated. TMD8A20-Q143� cells were resistant to idelalisib and

ONO/GS-4059 as single agents, but some sensitivity was restored with the combination (Fig

5C, left graph). The TMD8BTK-C481F line, however, was resistant to idelalisib, ONO/GS-4059,

and the combination (Fig 5C, right graph), suggesting multiple and insurmountable mecha-

nisms of resistance in this line, which includes upregulation of p-SFK, p-SYK and total SYK

(S7 Fig).

Analysis of the PI3K, MAPK, BTK, and NF-κB pathway contribution to resistance was

evaluated in the TMD8A20-Q143� line. p-ERK in the TMD8A20-Q143� line was insensitive to

both idelalisib and ONO/GS-4059 as single agents, but was significantly inhibited with the

combination of both agents (Fig 5D and 5E). This level of inhibition in the resistant line was

comparable to the combination effect seen in the vehicle control line. In addition, a decrease

in p-IκBα was seen with the combination of idelalisib and ONO/GS-4059, more than either

single agent alone. This strong inhibition was particularly significant in light of the observed

upregulation of p-IκBα, suggesting that inhibition of MAPK and NF-κB pathways might be

the mechanism that leads to the decreased cell viability seen with combination treatment in

this line.

Discussion

In this study, we set out to characterize the potential antitumor activity of combining idelali-

sib with ONO/GS-4059, as well as to define the mechanisms of resistance for each class of

agent in a model of ABC DLBCL. Our findings showed additivity at clinically relevant con-

centrations both in vitro and in vivo, demonstrating the effectiveness for targeting PI3Kδ and

BTK in combination in this model. As expected, inhibition of both pathways suppressed

S9, GSK3β) and Simple Western (PTEN). (B) Cell viability of TMD8IDELA-S (left) and TMD8IDELA-R (right) cells treated with idelalisib, MK-2206 or

combination of idelalisib and MK-2206 (1 μM), 96 hours CellTiterGlo assay, mean ± SEM, n = 4. Combination curve is normalized to the single agent

alone. (C) Cell viability of TMD8IDELA-S (left) and TMD8IDELA-R (right) cells treated with idelalisib, GSK2334470 or combination of idelalisib and

GSK2334470 (3 μM), 96 hours CellTiterGlo assay, mean ± SEM, n = 4. Combination curve is normalized to the single agent alone. (D) TMD8IDELA-R cells

were treated with vehicle, idelalisib (1 μM), MK-2206 (1 μM), and idelalisib plus MK-2206, or (E) Vehicle, idelalisib (1 μM), GSK2334470 (1 μM), and

idelalisib plus GSK2334470 for 48 hours. Apoptosis was assessed by 7AAD and PE annexin V staining, and analyzed by flow cytometry, mean ± SD,

n = 3. (F) TMD8IDELA-R cells were treated with vehicle, idelalisib (1 μM), MK-2206 (1 μM), or idelalisib plus MK-2206 and (G) Vehicle, idelalisib (1 μM),

GSK2334470 (1 μM), or idelalisib plus GSK2334470 for 2 hours. Protein lysates were generated and analyzed by western blot, representative

experiment of n = 3. TMD8IDELA-S vehicle control was included as a reference on the same membrane.

doi:10.1371/journal.pone.0171221.g004
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Fig 5. Loss of A20 and BTK C481F mutation as mechanisms of BTK inhibitor resistance in TMD8. (A) Cell viability of BTK inhibitor (BTKi)-sensitive

(TMD8BTKi-S) and BTKi-resistant (TMD8BTKi-R) cells to ibrutinib, 96 hour CellTiterGlo assay, mean ± SEM, n = 4. (B) Protein lysates were generated for

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance
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downstream PI3K, BTK, and MAPK pathways in an additive manner [28–30]. Interestingly,

combination treatment led to a strong inhibition of the expression of the c-MYC transcrip-

tion factor, which mediates cell proliferation, apoptosis, and microenvironment remodeling

[31]. It has been previously shown that idelalisib and ibrutinib can both regulate c-MYC

expression in sensitive DLBCL cell lines [32]. In a recent study, ibrutinib inhibited increased

transcription of c-MYC after BCR stimulation in primary CLL cells [33]. Additionally, in

studies using the BET inhibitor JQ1 have shown that the ability to modulate c-MYC in mod-

els of DLBCL correlated to decreased cell viability and tumor growth suppression [34]. Col-

lectively, the ability to suppress c-MYC is an important convergence point for both PI3Kδ
and BTK inhibition in DLBCL.

Idelalisib mechanisms of resistance have previously not been characterized clinically. Our

studies set out to define the mechanism of resistance at a molecular level in a model cell line.

Elucidation of potential targets may provide clinical options for patients who experience dis-

ease progression. In our TMD8 idelalisib-resistance model, no mutations in PIK3CD or in

other PI3K family isoforms were observed. While PIK3CAmutations and amplification, as

well as an increased dependence on PIK3CB, have been described as resistance mechanisms

in solid tumors [35–37], both our control and idelalisib-resistant lines remain insensitive to

PI3Kα- and β-selective inhibitors. Additionally, our idelalisib-resistant line showed some δ-

driven cross resistance to a pan-PI3K inhibitor, suggesting that a shift in dependency to other

PI3K isoforms is not the driver of resistance.

While WES and protein profiling did not identify any alterations in the PI3K class I family

in our idelalisib resistance model, post-translational loss of PTEN expression was observed.

Loss of PTEN protein is a common mechanism observed in drug resistance and can lead to

activation of downstream PI3K signaling, often in a PI3K inhibitor-insensitive manner [38].

Characterization of a breast cancer patient with resistance to the PI3Kα inhibitor BYL719 dis-

played altered PI3K pathway dependence due to acquisition of multiple PTEN genetic alter-

ations in distant metastases leading to PTEN protein loss [38].

In our resistance model, bypass of the PI3Kδ requirement for PI3K pathway hyperactiva-

tion is likely due to the observed loss of PTEN. Central to this pathway is the activation of

PDK1and subsequent phosphorylation and activation of AKT, which was highly upregulated

in our model (16-fold). Cell survival was shown to be dependent on PDK1/AKT, as demon-

strated by both cell viability and signal transduction alterations with PI3Kδ and PDK1/AKT

inhibition. We also investigated whether a combination that is effective in restoring sensitivity

in this resistance setting (combination of idelalisib and GSK2334470 or MK-2206) could over-

come innate resistance. Of 12 DLBCL lines insensitive to idelalisib (EC50 > 1 μM), none dis-

played a shift in sensitivity to the combination of PI3Kδ and PDK1/AKT inhibition (data not

shown). The same lack of ability to overcome innate resistance in vitro with idelalisib and

ONO/GS-4059 was also observed in this cell line screen.

TMD8 (DMS0 control), TMD8A20-Q143*and TMD8BTK-C481F cell lines, and protein expression of A20, p-IκBα, total IκBα, p-BTK and total BTK was

analyzed using Simple Western. (C) Cell viability of BTKi-resistant TMD8A20-Q143* (left) or BTKi-resistant TMD8BTK-C481F (right) treated with ONO/GS-

4059, idelalisib, or a combination of idelalisib plus ONO/GS-4059 (50 nM), mean ± SEM, n = 4. (D) Lysates of TMD8 DMSO control and TMD8A20-Q143*
lines were analyzed by western blot (p-ERK 1/2, p-AKT S473, AKT) and Simple Western (p-BTK, p-IκBαS32, IκBα). Cells were treated with idelalisib

(420 nM), ONO/GS-4059 (320 nM) or in combination for 24 hours. (E) Quantification of p-ERK1/2 and p-IκBα S32 blot results from Fig 5D. Values are

normalized to actin and graphed as percent of DMSO vehicle control. Simple Western and western blot images are representative experiments from

n = 2–3 experiments.

doi:10.1371/journal.pone.0171221.g005
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In parallel to the observed PI3K pathway upregulation as a mechanism of idelalisib resis-

tance, single agent ONO/GS-4059 showed an incomplete inhibition of p-BTK and lack

of effect on cell viability on TMD8IDELA-R. This aberrant inhibition of p-BTK, in addition

to moderate effects on cell viability by targeting PI3K pathway hyperactivation, underscores

previously published results which show that resistance can only be overcome by

simultaneous combination inhibition leading to restoration of sensitivity to both agents

[39, 40].

Mutations in BTK (BTK C481) and PLCγ2, have been previously associated with resis-

tance to the BTK inhibitor ibrutinib in CLL and MCL [41–43]. Characterization of acquired

BTK inhibitor resistance in TMD8 ABC DLBCL led to the discovery of a novel mutation in

the A20 gene. Our results showed that loss of A20 expression, due to a nonsense mutation,

led to upregulation of p-IκBα and loss of sensitivity to ibrutinib and ONO/GS-4059. Clini-

cally, patients with A20 mutations, deletions, or transcriptional down regulation did not

respond to ibrutinib; conversely, ibrutinib achieved a 38% overall response rate in subjects

without A20 alterations [44]. A20, a negative regulator of NF-κB signaling, is one of the

most commonly mutated NF-κB pathway genes in ABC DLBCL, which may also be a bio-

marker of innate resistance to therapies that target the NF-κB pathway upstream [45].

Although A20 is a negative regulator of the NF-κB pathway, it is not a direct activator.

Therefore, there is likely to be an additional and unidentified driver of the NFkB pathway,

downstream of PI3K and BTK. In conjunction with A20 loss, this leads to p-IκBα upregula-

tion demonstrated by some slight resistance to PI3K or BTK inhibition alone. This points

to a complex molecular mechanism leading to both PI3Kδ and BTK inhibitor resistance

(Fig 6).

Upregulation of SRC family kinase (SFK) and SYK phosphorylation, in conjunction with

the observed BTK-C481F mutation, suggests upregulation of an alternate survival pathway

that confers cross resistance to both idelalisib and ONO/GS-4059. Targeting of the SYK path-

way has been implicated recently in several reports as a mechanism to overcome drug resis-

tance in CLL and DLBCL so it is not surprising that this may serve as a bypass mechanism of

resistance [46, 47]. An additional and unexpected observation in this BTK inhibitor resistant

line was a decrease in p-BTK at Y223. A recent paper has highlighted that a C481F substitution

in BTK leads to catalytic inactivation and subsequent decreased autophosphorylation of BTK

[48].

Clinically, there is limited experience with CLL patients in the context of disease progres-

sion while on ibrutinib or idelalisib therapy. A recent study showed that overall response rate

for use of ibrutinib after idelalisib discontinuation or use of idelalisib after ibrutinib discon-

tinuation was 77% and 50% respectively, suggesting non-overlapping mechanisms of resis-

tance [49]. Use of combination therapy is an increasingly attractive option for patients where

mechanisms of action of both drugs may act in an additive way. In particular, the effects of

PI3Kδ and BTK inhibition seem to converge on common signaling pathways, thereby effec-

tively inhibiting cell survival while utilizing lower doses of each drug. While many second

generation BTK inhibitors, such as ONO/GS-4059, are in development that have better

selectivity profiles than ibrutinib, our in vitro data demonstrate that ONO/GS-4059 is an

effective BTK inhibitor and has demonstrated efficacy in the clinic [10]. Additional data

using ONO/GS-4059 in combination with idelalisib shows additive anti-tumor activity in
vivo. The evaluation of combination therapy provides an appealing mechanism to lower or

limit the toxicity of each drug in a dose sparing manner. Clinical trials are currently under-

way to test this hypothesis with idelalisib and ONO/GS-4059 (ClinicalTrials.gov registration

number: NCT02457598).
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Supporting information

S1 Fig. Evaluation of PI3Kδ and BTK inhibition in OCI-LY10. Cell viability was assessed with

idelalisib and ONO/GS-4059 at fixed concentrations (6, 12 or 25 nM) or with ONO/GS-4059

Fig 6. Schematic summarizing the proposed mechanisms of PI3Kδ and BTK inhibitor resistance. Upon antigen binding to the B-cell receptor

(BCR), the PI3K, MAPK and NF-kB pathways are activated through a cascade of phosphorylation events. BCR stimulation recruits SYK to the membrane,

where it is phosphorylated and then subsequently phosphorylates BTK. BTK activation leads to subsequent dual phosphorylation and activation of PLCγ2,

which leads to downstream generation of the second messengers IP and Dag. Active PI3Kδ is recruited to the membrane and converts PIP2 to PIP3,

leading to subsequent activation and phosphorylation of PDK1 and AKT. PTEN is a phosphatase which negatively regulates the PI3K pathway. PKC can

be activated downstream of both PI3K and BTK leading to NF-kB and MAPK pathway activation [27]. In our idelalisib resistance model, PTEN is lost which

results in the hyperactivation of the PI3K pathway. Resistance can be overcome by inhibiting PI3Kδ and the downstream phosphoproteins PDK1 and

AKT. In the BTK resistance model, A20 is lost which leads to hyperactivation of the NF-κB pathway which could be overcome by inhibiting BTK and PI3Kδ.

Additionally, the BTK inhibitor binding site at C481 was mutated resulting in ONO/GS-4059 resistance.

doi:10.1371/journal.pone.0171221.g006
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and idelalisib at fixed concentrations (156 or 625 nM); mean ± SEM, n = 4.

(EPS)

S2 Fig. Evaluation of PI3Kδ inhibitors in TMD8. Cell viability with idelalisib and GS-649443

was assessed by CellTiterGlo after 96 hours, mean ± SEM, n = 4.

(EPS)

S3 Fig. Evaluation of TMD8 clonal isolates with acquired idelalisib resistance. Clonal iso-

lates of idelalisib resistant TMD8 and a DMSO passage-matched clone were treated with idela-

lisib; cell viability was assessed by CellTiterGlo assay, mean ± SEM, n = 4.

(EPS)

S4 Fig. Expression of MDR genes (n = 33) in TMD8IDELA-R. Boxplots generated from RNA-

seq data, y-axis is log2-fold of TMD8IDELA-S versus TMD8IDELA-R clones, mean ± SEM.

(EPS)

S5 Fig. Profiling of PI3Kγ in TMD8IDELA-S and TMD8IDELA-R lines. (A) PIK3CG expression

levels of TMD8IDELA-S and TMD8IDELA-R were assessed by RNAseq analysis. (B) Protein

lysates were generated from TMD8IDELA-S and TMD8IDELA-R cells and analyzed by Simple

Western. (C) Cells were treated with the PI3Kδ/γ inhibitor IPI-145 and viability was assessed

after 96 hours by CellTiterGlo assay, mean ± SEM, n = 4.

(EPS)

S6 Fig. Evaluation of pathway activation in TMD8IDELA-S and TMD8IDELA-R lines. Protein

lysates were generated for TMD8IDELA-S and TMD8IDELA-R cells, and analyzed by western blot

(p-ERK 1/2 T202/Y204, ERK, p-STAT3 Y705, actin) or Simple Western (p-SYK Y525/526,

SYK, c-JUN, p-SFK Y416, actin).

(EPS)

S7 Fig. Evaluation of pathway activation in TMD8A20-Q143� and TMD8BTK-C481F lines. Pro-

tein lysates were generated for TMD8 (DMSO control) and TMD8BTK-C481F lines, and protein

expression of p-SFK Y416, p-SYK Y352, total SYK and actin was analyzed by Simple Western.

(EPS)

S1 Table. Activity of PI3Kδ and BTK inhibitors in DLBCL cell lines. Cell viability with ibru-

tinib, ONO/GS-4059, idelalisib and GS-649443 was assessed by 96 hour CellTiterGlo assay.

(PPTX)
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9. Yang Q, Modi P, Newcomb T, Quéva C, Gandhi V. Idelalisib: First-in-class PI3K delta inhibitor for the

treatment of chronic lymphocytic leukemia, small lymphocytic leukemia, and follicular lymphoma. Clin

Cancer Res. 2015; 21:1537–1542. doi: 10.1158/1078-0432.CCR-14-2034 PMID: 25670221

10. Walter HS, Rule SA, Dyer MJ, Karlin L, Jones C, Cazin B, et al. A phase 1 clinical trial of the selective

BTK inhibitor ONO/GS-4059 in relapsed and refractory mature B-cell malignancies. Blood. 2016;

127:411–419. doi: 10.1182/blood-2015-08-664086 PMID: 26542378

11. Patel L, Chandrasekhar J, Evarts J, Forseth K, Haran AC, Ip C, et al. Discovery of orally efficacious

phosphoinositide 3-kinase delta inhibitors with improved metabolic stability. J Med Chem. 2016.

12. Fritsch C, Huang A, Chatenay-Rivauday C, Schnell C, Reddy A, Liu M, et al. Characterization of the

novel and specific PI3Kalpha inhibitor NVP-BYL719 and development of the patient stratification strat-

egy for clinical trials. Mol Cancer Ther. 2014; 13:1117–1129. doi: 10.1158/1535-7163.MCT-13-0865

PMID: 24608574

13. Nylander S, Kull B, Bjorkman JA, Ulvinge JC, Oakes N, Emanuelsson BM, et al. Human target valida-

tion of phosphoinositide 3-kinase (PI3K)beta: effects on platelets and insulin sensitivity, using AZD6482

a novel PI3K beta inhibitor. J Thromb Haemost. 2012; 10:2127–2136. doi: 10.1111/j.1538-7836.2012.

04898.x PMID: 22906130

14. Folkes AJ, Ahmadi K, Alderton WK, Alix S, Baker SJ, Box G, et al. The identification of 2-(1H-indazol-4-

yl)-6-(4-methanesulfonyl-piperazin-1-ylmethyl)-4-morpholin-4-yl-t hieno[3,2-d]pyrimidine (GDC-0941)

as a potent, selective, orally bioavailable inhibitor of class I PI3 kinase for the treatment of cancer. J

Med Chem. 2008; 51:5522–5532. doi: 10.1021/jm800295d PMID: 18754654

15. Yap TA, Yan L, Patnaik A, Fearen I, Olmos D, Papadopoulos K, et al. First-in-man clinical trial of the

oral pan-AKT inhibitor MK-2206 in patients with advanced solid tumors. J Clin Oncol. 2011; 29:4688–

4695. doi: 10.1200/JCO.2011.35.5263 PMID: 22025163

16. Najafov A, Sommer EM, Axten JM, Deyoung MP, Alessi DR. Characterization of GSK2334470, a novel

and highly specific inhibitor of PDK1. Biochem J. 2011; 433:357–369. doi: 10.1042/BJ20101732 PMID:

21087210

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance

PLOS ONE | DOI:10.1371/journal.pone.0171221 February 8, 2017 19 / 21

http://dx.doi.org/10.1182/blood-2013-09-453092
http://www.ncbi.nlm.nih.gov/pubmed/24394667
http://dx.doi.org/10.1182/blood-2012-02-362624
http://www.ncbi.nlm.nih.gov/pubmed/22715122
http://dx.doi.org/10.1016/j.semcancer.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24060900
http://dx.doi.org/10.1053/j.seminoncol.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/27040704
http://dx.doi.org/10.1517/14656566.2016.1135130
http://www.ncbi.nlm.nih.gov/pubmed/26818003
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm432123.htm
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm432123.htm
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm406387.htm
http://dx.doi.org/10.1158/1078-0432.CCR-14-2034
http://www.ncbi.nlm.nih.gov/pubmed/25670221
http://dx.doi.org/10.1182/blood-2015-08-664086
http://www.ncbi.nlm.nih.gov/pubmed/26542378
http://dx.doi.org/10.1158/1535-7163.MCT-13-0865
http://www.ncbi.nlm.nih.gov/pubmed/24608574
http://dx.doi.org/10.1111/j.1538-7836.2012.04898.x
http://dx.doi.org/10.1111/j.1538-7836.2012.04898.x
http://www.ncbi.nlm.nih.gov/pubmed/22906130
http://dx.doi.org/10.1021/jm800295d
http://www.ncbi.nlm.nih.gov/pubmed/18754654
http://dx.doi.org/10.1200/JCO.2011.35.5263
http://www.ncbi.nlm.nih.gov/pubmed/22025163
http://dx.doi.org/10.1042/BJ20101732
http://www.ncbi.nlm.nih.gov/pubmed/21087210


17. Langmead B, Trapnell C, Pop M, Salzberg SL. Ultrafast and memory-efficient alignment of short DNA

sequences to the human genome. Genome Biol. 2009; 10:R25. doi: 10.1186/gb-2009-10-3-r25 PMID:

19261174

18. Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, et al. VarScan 2: somatic mutation and

copy number alteration discovery in cancer by exome sequencing. Genome Res. 2012; 22:568–576.

doi: 10.1101/gr.129684.111 PMID: 22300766

19. Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L, et al. A program for annotating and pre-

dicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila mela-

nogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012; 6:80–92.

20. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: ultrafast universal RNA-

seq aligner. Bioinformatics. 2013; 29:15–21. doi: 10.1093/bioinformatics/bts635 PMID: 23104886

21. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a refer-

ence genome. BMC Bioinformatics. 2011; 12:323. doi: 10.1186/1471-2105-12-323 PMID: 21816040

22. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression

analysis of digital gene expression data. Bioinformatics. 2010; 26:139–140. doi: 10.1093/

bioinformatics/btp616 PMID: 19910308

23. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-

ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43:e47. doi: 10.1093/nar/

gkv007 PMID: 25605792

24. Kim Y, Ju H, Kim DH, Yoo HY, Kim SJ, Kim WS, et al. CD79B and MYD88 mutations in diffuse large B-

cell lymphoma. Human Pathology. 2014; 45:556–564. http://dx.doi.org/10.1016/j.humpath.2013.10.

023. PMID: 24444466

25. Somoza JR, Koditek D, Villasenor AG, Novikov N, Wong MH, Liclican A, et al. Structural, biochemical,

and biophysical characterization of idelalisib binding to phosphoinositide 3-kinase delta. J Biol Chem.

2015; 290:8439–8446. doi: 10.1074/jbc.M114.634683 PMID: 25631052

26. Burger MT, Pecchi S, Wagman A, Ni ZJ, Knapp M, Hendrickson T, et al. Identification of NVP-BKM120

as a Potent, Selective, Orally Bioavailable Class I PI3 Kinase Inhibitor for Treating Cancer. ACS Med

Chem Letters. 2011; 2:774–779.

27. Stevenson FK, Krysov S, Davies AJ, Steele AJ, Packham G. B-cell receptor signaling in chronic lympho-

cytic leukemia. Blood. 2011; 118:4313–4320. doi: 10.1182/blood-2011-06-338855 PMID: 21816833

28. Grammer TC, Blenis J. Evidence for MEK-independent pathways regulating the prolonged activation of

the ERK-MAP kinases. Oncogene. 1997; 14:1635–1642. doi: 10.1038/sj.onc.1201000 PMID: 9135064

29. Nore BF, Vargas L, Mohamed AJ, Branden LJ, Backesjo CM, Islam TC, et al. Redistribution of Bruton’s

tyrosine kinase by activation of phosphatidylinositol 3-kinase and Rho-family GTPases. Eur J Immunol.

2000; 30:145–154. doi: 10.1002/1521-4141(200001)30:1<145::AID-IMMU145>3.0.CO;2-0 PMID:

10602036

30. Varnai P, Rother KI, Balla T. Phosphatidylinositol 3-kinase-dependent membrane association of the

Bruton’s tyrosine kinase pleckstrin homology domain visualized in single living cells. J Biol Chem. 1999;

274:10983–10989. PMID: 10196179

31. Albihn A, Johnsen JI, Henriksson MA. MYC in oncogenesis and as a target for cancer therapies. Adv

Cancer Res. 2010; 107:163–224. doi: 10.1016/S0065-230X(10)07006-5 PMID: 20399964

32. Liu YJ, Kenney T, Butterworth L, Kashishian A, Meadows S, Yue P, et al. Idelalisib has activity at clini-

cally achievable drug concentrations in a subset of ABC and GCB diffuse large B-cell lymphoma and

transformed follicular lymphoma cell lines. Cancer Res 2015; 75 (Suppl):Abstract 2673.

33. Yeomans A, Thirdborough SM, Valle-Argos B, Linley A, Krysov S, Hidalgo MS, et al. Engagement of

the B-cell receptor of chronic lymphocytic leukemia cells drives global and MYC-specific mRNA transla-

tion. Blood. 2016; 127:449–457. doi: 10.1182/blood-2015-07-660969 PMID: 26491071

34. Trabucco SE, Gerstein RM, Evens AM, Bradner JE, Shultz LD, Greiner DL, et al. Inhibition of bromodo-

main proteins for the treatment of human diffuse large B-cell lymphoma. Clin Cancer Res. 2015;

21:113–122. doi: 10.1158/1078-0432.CCR-13-3346 PMID: 25009295

35. Huw LY, O’Brien C, Pandita A, Mohan S, Spoerke JM, Lu S, et al. Acquired PIK3CA amplification

causes resistance to selective phosphoinositide 3-kinase inhibitors in breast cancer. Oncogenesis.

2013; 2.

36. Nakanishi Y, Walter K, Spoerke JM, O’Brien C, Huw LY, Hampton GM, et al. Activating mutations in

PIK3CB confer resistance to PI3K inhibition and define a novel oncogenic role for p110beta. Cancer

Res. 2016; 76:1193–1203. doi: 10.1158/0008-5472.CAN-15-2201 PMID: 26759240

37. Schwartz S, Wongvipat J, Trigwell CB, Hancox U, Carver BS, Rodrik-Outmezguine V, et al. Feedback

suppression of PI3Kalpha signaling in PTEN-mutated tumors is relieved by selective inhibition of PI3K-

beta. Cancer Cell. 2015; 27:109–122. doi: 10.1016/j.ccell.2014.11.008 PMID: 25544636

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance

PLOS ONE | DOI:10.1371/journal.pone.0171221 February 8, 2017 20 / 21

http://dx.doi.org/10.1186/gb-2009-10-3-r25
http://www.ncbi.nlm.nih.gov/pubmed/19261174
http://dx.doi.org/10.1101/gr.129684.111
http://www.ncbi.nlm.nih.gov/pubmed/22300766
http://dx.doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
http://dx.doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
http://dx.doi.org/10.1093/bioinformatics/btp616
http://dx.doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://dx.doi.org/10.1093/nar/gkv007
http://dx.doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://dx.doi.org/10.1016/j.humpath.2013.10.023
http://dx.doi.org/10.1016/j.humpath.2013.10.023
http://www.ncbi.nlm.nih.gov/pubmed/24444466
http://dx.doi.org/10.1074/jbc.M114.634683
http://www.ncbi.nlm.nih.gov/pubmed/25631052
http://dx.doi.org/10.1182/blood-2011-06-338855
http://www.ncbi.nlm.nih.gov/pubmed/21816833
http://dx.doi.org/10.1038/sj.onc.1201000
http://www.ncbi.nlm.nih.gov/pubmed/9135064
http://dx.doi.org/10.1002/1521-4141(200001)30:1<145::AID-IMMU145>3.0.CO;2-0
http://www.ncbi.nlm.nih.gov/pubmed/10602036
http://www.ncbi.nlm.nih.gov/pubmed/10196179
http://dx.doi.org/10.1016/S0065-230X(10)07006-5
http://www.ncbi.nlm.nih.gov/pubmed/20399964
http://dx.doi.org/10.1182/blood-2015-07-660969
http://www.ncbi.nlm.nih.gov/pubmed/26491071
http://dx.doi.org/10.1158/1078-0432.CCR-13-3346
http://www.ncbi.nlm.nih.gov/pubmed/25009295
http://dx.doi.org/10.1158/0008-5472.CAN-15-2201
http://www.ncbi.nlm.nih.gov/pubmed/26759240
http://dx.doi.org/10.1016/j.ccell.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25544636


38. Juric D, Castel P, Griffith M, Griffith OL, Won HH, Ellis H, et al. Convergent loss of PTEN leads to clinical

resistance to a PI(3)K alpha inhibitor. Nature. 2015; 518:240–U230. doi: 10.1038/nature13948 PMID:

25409150

39. Crystal AS, Shaw AT, Sequist LV, Friboulet L, Niederst MJ, Lockerman EL, et al. Patient-derived mod-

els of acquired resistance can identify effective drug combinations for cancer. Science. 2014;

346:1480–1486. doi: 10.1126/science.1254721 PMID: 25394791

40. Elkabets M, Pazarentzos E, Juric D, Sheng Q, Pelossof RA, Brook S, et al. AXL mediates resistance to

PI3Kalpha inhibition by activating the EGFR/PKC/mTOR axis in head and neck and esophageal squa-

mous cell carcinomas. Cancer Cell. 2015; 27:533–546. doi: 10.1016/j.ccell.2015.03.010 PMID:

25873175

41. Woyach JA, Furman RR, Liu TM, Ozer HG, Zapatka M, Ruppert AS, et al. Resistance mechanisms for

the Bruton’s tyrosine kinase inhibitor ibrutinib. N Eng J Med. 2014; 370:2286–2294.

42. Zhang SQ, Smith SM, Zhang SY, Lynn Wang Y. Mechanisms of ibrutinib resistance in chronic lympho-

cytic leukaemia and non-Hodgkin lymphoma. Br J Haematol. 2015; 170:445–456. doi: 10.1111/bjh.

13427 PMID: 25858358

43. Liu TM, Woyach JA, Zhong YM, Lozanski A, Lozanski G, Dong S, et al. Hypermorphic mutation of phos-

pholipase C, gamma 2 acquired in ibrutinib-resistant CLL confers BTK independency upon B-cell recep-

tor activation. Blood. 2015; 126:61–68. doi: 10.1182/blood-2015-02-626846 PMID: 25972157

44. Wilson WH, Young RM, Schmitz R, Yang Y, Pittaluga S, Wright G, et al. Targeting B cell receptor signal-

ing with ibrutinib in diffuse large B cell lymphoma. Nat Med. 2015; 21:922–926. doi: 10.1038/nm.3884

PMID: 26193343

45. Compagno M, Lim WK, Grunn A, Nandula SV, Brahmachary M, Shen Q, et al. Mutations of multiple

genes cause deregulation of NF-kappaB in diffuse large B-cell lymphoma. Nature. 2009; 459:717–721.

doi: 10.1038/nature07968 PMID: 19412164

46. Bojarczuk K, Sasi BK, Gobessi S, Innocenti I, Pozzato G, Laurenti L, et al. BCR signaling inhibitors differ

in their ability to overcome Mcl-1-mediated resistance of CLL B cells to ABT-199. Blood. 2016;

127:3192–3201. doi: 10.1182/blood-2015-10-675009 PMID: 27095788

47. Kuo HP, Crowley R, Xue L, Schweighofer KJ, Cheung LWK, Hsieh S, et al. Combination of ibrutinib and

BCL-2 or SYK inhibitors in ibrutinib resistant ABC-subtype of diffuse large B-Cell lymphoma. Blood.

2014; 124.

48. Hamasy A, Wang Q, Blomberg KE, Mohammad DK, Yu L, Vihinen M, et al. Substitution scanning identi-

fies a novel, catalytically active ibrutinib-resistant BTK cysteine 481 to threonine (C481T) variant. Leu-

kemia. 2016.

49. Anthony Mato C N, Paul M. Barr, Chaitra S. Ujjani, Brian T. Hill et al. Favorable outcomes in CLL pts

with alternate kinase inhibitors following ibrutinib or idelalisib discontinuation: results from a large multi-

center study. Blood (ASH Annual Meeting Abstracts). 2015; 126:719.

Combination activity of idelalisib and ONO/GS-4059 in DLBCL models of acquired resistance

PLOS ONE | DOI:10.1371/journal.pone.0171221 February 8, 2017 21 / 21

http://dx.doi.org/10.1038/nature13948
http://www.ncbi.nlm.nih.gov/pubmed/25409150
http://dx.doi.org/10.1126/science.1254721
http://www.ncbi.nlm.nih.gov/pubmed/25394791
http://dx.doi.org/10.1016/j.ccell.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25873175
http://dx.doi.org/10.1111/bjh.13427
http://dx.doi.org/10.1111/bjh.13427
http://www.ncbi.nlm.nih.gov/pubmed/25858358
http://dx.doi.org/10.1182/blood-2015-02-626846
http://www.ncbi.nlm.nih.gov/pubmed/25972157
http://dx.doi.org/10.1038/nm.3884
http://www.ncbi.nlm.nih.gov/pubmed/26193343
http://dx.doi.org/10.1038/nature07968
http://www.ncbi.nlm.nih.gov/pubmed/19412164
http://dx.doi.org/10.1182/blood-2015-10-675009
http://www.ncbi.nlm.nih.gov/pubmed/27095788

