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Abstract

Despite major improvements in treatment outcome with novel targeted therapies, such as the 

Bruton tyrosine kinase (BTK) inhibitor ibrutinib, chronic lymphocytic leukemia (CLL) remains 

incurable in the majority of patients. Activation of PI3K, NF-κB, and/or MYC has been linked to 

residual disease and/or resistance in ibrutinib-treated patients. These pathways can be targeted by 

inhibitors of bromodomain and extra-terminal (BET) proteins. Here we report about the preclinical 

activity of GS-5829, a novel BET inhibitor, in CLL. GS-5829 inhibited CLL cell proliferation and 

induced leukemia cell apoptosis through deregulation of key signaling pathways, such as BLK, 

AKT, ERK1/2, and MYC. IκBα modulation indicates that GS-5829 also inhibited NF-κB 

signaling. GS-5829-induced apoptosis resulted from an imbalance between positive (BIM) and 

negative regulators (BCL-XL) of the intrinsic apoptosis pathway. The anti-leukemia activity of 

GS-5829 increased synergistically in combinations with B cell receptor signaling inhibitors, the 

BTK inhibitor ibrutinib, the PI3Kδ inhibitor idelalisib, and the SYK inhibitor entospletinib. In co-

cultures that mimic the lymph node microenvironment, GS-5829 inhibited signaling pathways 

within nurselike cells and their growth, indicating that BET inhibitors also can target the 

supportive CLL microenvironment. Collectively, these data provide a rationale for the clinical 

evaluation of BET inhibitors in CLL.

Introduction

Chronic lymphocytic leukemia (CLL) is characterized by expansion of monoclonal mature 

B lymphocytes that accumulate in the bone marrow, secondary lymphoid organs (lymph 

nodes, spleen), and peripheral blood [1]. CLL cell proliferation occurs in distinct areas of 

secondary lymphoid organs [2], so-called proliferation centers or pseudo-follicles, where the 
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leukemia cells receive growth and survival signals from interactions with the 

microenvironment, including activation of B cell receptor (BCR) signaling [3]. Treatment of 

CLL has fundamentally changed during the last few years due to the success of kinase 

inhibitors that target BCR signaling [4], such as the Bruton tyrosine kinase (BTK) inhibitor 

ibrutinib. Ibrutinib induces high response rates and durable remissions in CLL patients, 

including patients with high-risk disease [5–7]. Treatment with ibrutinib inhibits the 

proliferation of CLL cells and accelerates leukemia cell death [8–10]. Importantly, ibrutinib 

also disrupts interactions between leukemia cells and the tissue microenvironment, resulting 

in redistribution lymphocytosis during the first months on therapy, caused by treatment-

induced egress of tissue-resident CLL cells into the peripheral blood [10–14]. Ibrutinib is 

increasingly replacing chemotherapy-based CLL treatment based on superiority in several 

randomized clinical trials in the frontline and relapsed disease settings [15–17]. However, 

ibrutinib does not fully eradicate the disease and therefore currently is used as a long-term 

therapy, with associated toxicities and financial burden. Persistent activation of PI3K, NF-

κB, and/or MYC during ibrutinib therapy has been linked to primary and/or secondary 

ibrutinib resistance [18–22]. We hypothesized that a bromodomain and extra-terminal 

protein inhibitor may target these pathways in CLL and could synergize with kinase 

inhibitors, such as ibrutinib, that target BCR signaling.

The bromodomain and extra-terminal (BET) proteins BRD2, BRD3, BRD4, and BRDT 

comprise a family of epigenetic “reader” proteins that recognize acetylated lysine residues in 

histones [23]. BET proteins recruit positive regulators of RNA polymerase-II-dependent 

transcription to promoters and enhancers of actively expressed genes [24, 25]. Although 

these proteins are ubiquitously present in human tissues, neoplastic cells are particularly 

sensitive to their inhibition [26]. This phenomenon can be explained by the fact that 

proliferation and survival of cancer cells depend heavily on the expression of several cancer-

specific oncogenes that are controlled by BET protein-overloaded superenhancers [27–29]. 

Several BET inhibitors have preclinical and clinical activity in BCR-dependent lymphoma 

cells, including diffuse large B-cell lymphoma (DLBCL) and mantle cell lymphoma (MCL) 

[28, 30–36]. In these malignancies, BET inhibitors reduce MYC levels and other 

downstream components of BCR signaling, they down-regulate BCL2 transcription and 

suppress NF-κB signaling. Given the preclinical rationale and the clinical need for further 

improvement in CLL therapy by targeting, for example, signaling pathways that can remain 

active in patients treated with BCR signaling inhibitors, we investigated the preclinical 

activity of the BET inhibitor GS-5829 in CLL [37]. We demonstrate that GS-5829 can target 

both, CLL cells and nurselike cells (NLC), and has synergistic anti-CLL activity when used 

together with ibrutinib and other BCR signaling inhibitors.

Materials and Methods

Patient samples and cell lines

Peripheral blood samples were drawn from patients fulfilling diagnostic criteria for CLL at 

the Department of Leukemia, MD Anderson Cancer Center, after obtaining informed 

consent on protocols reviewed and approved by the Institutional Review Board at MD 

Anderson Cancer Center, and in accordance with the Declaration of Helsinki. The primary 
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samples were preselected to have a white blood cell count over 50000 cells/μL, no other 

restrictions were applied and samples were used as they became available. Clinical and 

biological characteristics of the samples used for this study may be found in supplementary 

Table 1. For all of the experiments utilizing primary cells, the reported sample size (N) 

represent a number of independent repetitions. MEC-1, a CLL cell-derived cell line, was 

purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, 

Braunschweig, Germany); it was validated by short tandem repeat (STR) method and tested 

negative for mycoplasma contamination. Peripheral blood mononuclear cells (PBMC) were 

isolated by Ficoll-Paque PLUS (GE Healthcare) gradient centrifugation and maintained in 

the RPMI 1640 medium supplemented with 10% FBS (Gibco), 2.05 mM L-glutamine 

(HyClone Laboratories), and penicillin-streptomycin (Corning). To establish a co-culture 

with NLC, freshly isolated PBMC were plated into 24- or 12-well plates (Falcon), or in 100 

mm Petri dishes (Corning) at 1.5×107 cells/mL and incubated for 14 days. Then nonadherent 

cells were collected by pipetting, washed with fresh medium and returned to the wells with 

NLC at 1×107 cells/mL for further experiments. Only samples with more than 85% viable 

nonadherent cells were used in the study.

Inhibitors

GS-5829, the PI3Kδ inhibitor idelalisib, and the SYK inhibitor entospletinib were provided 

by Gilead Sciences, Inc. (Foster city, CA, USA) as 10 mM solutions in dimethyl sulfoxide 

(DMSO). JQ1 and the BTK inhibitor ibrutinib were purchased from Selleck Chemicals 

(Houston, TX, USA).

Viability assay and cell counting

The percentage of viable cells was determined by staining with 3,3 dihexyloxocarbocyanine 

iodide (DiOC6; Molecular Probes) and propidium iodide (PI; Molecular Probes), as 

previously described [38]. Relative changes in cell numbers were measured by counting 

cells at high sample flow for 20 seconds on a BD FACSCalibur (BD Biosciences, Franklin 

Lakes, NJ, USA). The viability of CD3+ T cells was measured in CLL PBMC co-cultures 

with NLC by flow cytometry after staining with CD3-APC antibody (BD Pharmingen), 

Annexin-V-FITC, and 7-AAD (Biolegend). To assess the NLC numbers, nonadherent cells 

were removed by pipetting, the adherent NLC were fixed with absolute methanol for 5 

minutes and then stained with modified Giemsa stain (diluted 1:20 in PBS) for 1 hour. NLC 

were visualized using a phase-contrast microscope (Model ELWD 0.3; Nikon, Melville, NY, 

USA) with a Ph1 Plan 10 DL/0.25 160/- objective lens. Images were captured with a Nikon 

D40 digital camera (Nikon Corp) with the help of digiCamControl ver. 1.2.0.0 (http://

digicamcontrol.com/). Average numbers of NLC counted in 8 different visual fields are 

reported.

XTT viability/proliferation assay

TACS XTT Cell Proliferation/Viability Assay (Trevigen) was performed according to the 

manufacturer’s instructions on MEC-1 cells treated with GS-5829 or the BCR signaling 

inhibitors for 72 hours. Half-maximal inhibitory concentrations (IC50) were calculated using 

Prism 6 or 7 for Mac OS X (GraphPad Software; http://www.graphpad.com) based on 

technical triplicate measurements.
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Inhibitor combinations

The degree of drug interaction between GS-5829 and the BCR signaling inhibitors was 

quantitatively measured by combination indexes (CI) [39]. The CIs were calculated using 

CompuSyn software (ComboSyn Incorporated; http://www.combosyn.com/). The CI gives 

quantitative definition for additive effect (CI=1), synergism (CI<1), and antagonism (CI>1) 

in drug combinations. The Fa-CI plots (fraction of affected cells vs. combination index) 

were generated based on the DiOC6/PI staining results for primary CLL and on XTT assay 

results for MEC-1 cells. The CI values reported here were calculated at the median-effect 

dose (ED50) of the drug combination unless otherwise specified.

Western blot

Western blot was performed according to the previously published protocol [40]. Briefly, 

PBMC from patients with CLL co-cultured with NLC in 12-well plates were treated with 1 

μM ibrutinib, 400 nM GS-5829, or both for 24 hours. Then nonadherent cells were collected 

by gentle pipetting, washed once with PBS, and lysed in RIPA buffer (Sigma-Aldrich) 

containing 1x Complete Protease Inhibitor and 1x PhosSTOP (Roche Molecular 

Biochemicals). NLC for Western blot analysis were co-cultured with CLL cells in 100 mm 

Petri dishes. After 24 hours of treatment with 400 nM GS-5829, CLL cells were removed by 

gentle pipetting; adherent NLC were washed twice with PBS to remove any residual 

nonadherent cells. The NLC then were lysed by two freeze/thaw cycles and collected by 

scraping in RIPA buffer containing 1x Complete Protease Inhibitor and 1x PhosSTOP. 

Antibodies against the following proteins were used in this study: β-actin (catalog #4970), 

AKT (catalog #9272), pAKT (S473) (catalog #4060), BCL6 (catalog #14895), BCL-XL 

(catalog #2764), BIM (catalog #2933), BLK (catalog #3262), BTK (catalog #3533), CD19 

(catalog #3574), cyclin D2 (catalog #3741), ERK1/2 (catalog #9102), pERK1/2 (T202/

Y204) (catalog #9101), HEXIM1 (catalog #12604), pIκBα (S32/S36) (catalog #9246), 

MYC (catalog #5605), p21 (catalog #2947), p27 (catalog #3688), PARP (catalog #9542), 

STAT3 (catalog #4904), pSTAT3 (Y705) (catalog #9131), pSTAT3 (S727) (catalog #94994), 

all from Cell Signaling Technology; BCL2 (catalog #05–826, Millipore), BRD4 (catalog 

#A301–985A-M, Bethyl Laboratories), pBTK (Y223) (catalog #ab68217, Abcam), CD68 

(catalog #sc-9139, Santa Cruz Biotechnology), IκBα (catalog #sc-371, Santa Cruz 

Biotechnology), IKZF3 (catalog #NBP2–24495, Novus Biologicals), MCL1 (catalog #ADI-

AAP-240-D, Enzo Life Sciences). The results were quantified by densitometry using ImageJ 

software (https://imagej.nih.gov/ij/).

Data analysis and statistics

All statistical analyses were performed using Prism 6 or 7 for Mac OS X. Mean was chosen 

as a center value for all graphs. 95% confidence interval (CI), standard deviation (SD), or 

standard error of the mean (SEM) were used as measures of spread as indicated in figure 

legends and the Results section. After confirming that the data meet the assumptions of the 

statistical test, repeated measures one-way or two-way ANOVA, one sample t-test, and 

paired t-test were used for statistical analyses as appropriate. The tests were two-sided. P 

values presented in this work were adjusted for multiple comparisons if necessary. A P value 

of <0.05 was considered statistically significant.
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Results

GS-5829 suppresses proliferation and induces apoptosis in CLL cells

To investigate the effects of BET proteins inhibition in CLL, we treated primary CLL cells 

co-cultured with NLC with increasing concentrations of GS-5829 for 120 hours (information 

about the CLL samples used in this study can be found in supplementary Table 1). GS-5829 

dose-dependently induced apoptosis of CLL cells: 400 nM GS-5829 reduced the percentage 

of viable cells from 94.8% (95% CI, 91.5% to 98.2%) to 64.4% (95% CI, 43.4% to 85.3%; 

P=0.0001) (Figure 1A). GS-5829 caused 11.6% (95% CI of difference, 4.2% to 18.9%; 

P=0.0118) more cell death than JQ1, another BET inhibitor, when used at the same 

concentration (supplementary Figure 1). Similarly, in XTT viability/proliferation assay 

GS-5829 demonstrated more potency against MEC-1 CLL cells compared to JQ1 with IC50 

of 46.4 nM (95% CI, 38.1 to 56.6 nM) vs. 161.9 nM (95% CI, 153.3 to 171.0 nM) (Figure 

1B). BET proteins inhibition resulted primarily in the suppressed proliferation of MEC-1 

cells, rather than in induction of apoptosis. For instance, 100 nM GS-5829 reduced the total 

number of cells to 34.0% (95% CI, 13.0% to 55.0%; P=0.0162) without affecting the 

fraction of viable cells (100.5%, 95% CI, 79.3% to 121.8%; P>0.05) (Figure 1C–D).

GS-5829 combinations with BCR signaling inhibitors are synergistically toxic to CLL cells

Next, we examined the interaction between GS-5829 and the BCR signaling inhibitors. 

Combining GS-5829 with ibrutinib significantly increased the level of CLL cell death in 

NLC co-culture at a range of different concentrations (Figure 2A). For instance, adding 1000 

nM ibrutinib to 400 nM GS-5829 decreased the amount of viable CLL cells from 71.0% 

(95% CI, 63.7% to 78.3%) to 43.6% (95% CI, 35.2% to 51.9%; P<0.0001) (Figure 2B). We 

quantitatively characterized the drug interaction between GS-5829 and ibrutinib using 

combination indexes. The CIs calculated at the median-effect dose of the drug combination 

ranged from 0.036 to 0.615 in 7 individual samples indicating strong synergism between the 

two inhibitors (supplementary Figures 2 and 3). Interestingly, CLL cells were equally 

sensitive to GS-5829 and its combination with ibrutinib irrespective of prognostic markers 

such as IGHV mutational status, ZAP-70 expression, or the presence of del(17p)/TP53 

mutation (Figure 2C–E). The results suggest that this combination may be beneficial to 

patients across different CLL risk subsets. GS-5829, alone or in combination with ibrutinib, 

significantly decreased the viability of CD3+ T cells in NLC co-cultures of CLL PBMC 

(Figure 2F). Importantly, GS-5829 combinations with idelalisib and entospletinib also were 

highly synergistic against CLL cells, both in CLL/NLC co-culture (N=3) (Figure 3A and 

supplementary Figure 3) and against MEC-1 cells (Figure 3B), indicating that this 

synergistic activity of GS-5829 applies to combination with the entire class of BCR 

signaling inhibitors.

BET inhibition attenuates pro-survival signaling in CLL

To find out the molecular mechanism underlying CLL cells’ sensitivity to GS-5829, we 

analyzed how it affects key signaling pathways for CLL cells’ proliferation and survival. In 

CLL cells co-cultured with NLC, GS-5829 induced a consistent increase in HEXIM1 protein 

(P<0.0001), a BET inhibitor pharmacodynamic marker [41], demonstrating on-target 

activity (Figure 4A and supplementary Figure 4). GS-5829 significantly decreased the 
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activity of downstream mediators of BCR signaling, including BLK (P<0.0001), phospho-

AKT (S473) (P=0.0080), phospho-ERK1/2 (T202/Y204) (P=0.0021), and MYC (P<0.0001). 

At the same time, it increased the levels of IκBα (P<0.0001), an inhibitor of NF-κB 

signaling. Accumulation of IκBα was associated with a significant decrease in its 

phosphorylation at S32/36 (Figure 4B), similar to what was reported in DLBCL [30]. 

Contrary to what was observed in other mature B-cell malignancies, in our experimental 

system the protein level of BTK remained stable after 24-hour exposure to GS-5829 [28, 31, 

42]. Consistent with the anti-proliferative effect of GS-5829, we observed an increase in 

level of a cell cycle inhibitor p21Kip (P<0.0001) and a decrease in cyclin D2 (P<0.0001). In 

agreement with previous reports [10, 43, 44], ibrutinib inhibited BCR and STAT3 signaling 

in CLL cells through down-regulation of phospho-BTK (Y223) (P=0.0005), phospho-AKT 

(S473) (P=0.0006), phospho-ERK1/2 (T202/Y204) (P=0.0605), MYC (P<0.0001), and 

phospho-STAT3 (S727) (P=0.0075) (Figure 4A and supplementary Figure 4).

GS-5829 induces apoptosis in CLL cells through changes in the intrinsic pathway

To evade cell death, CLL cells depend on high levels of the anti-apoptotic protein BCL2 

which keeps the pro-apoptotic protein BIM in a bound, inactive state [45]. Both BIM and 

BCL2, as well as another anti-apoptotic protein BCL-XL, were previously shown to be 

regulated by BET proteins. Unlike in other hematologic malignancies [31, 33, 46, 47], the 

level of BCL2 did not change in CLL cells after 24 hours of treatment with GS-5829 (Figure 

4A and supplementary Figure 4). However, the level of BIM significantly increased, while 

the level of BCL-XL decreased, likely tipping the balance towards apoptosis. Ibrutinib 

significantly reduced the amount of anti-apoptotic protein MCL1 (P=0.0010), which was 

unaffected by GS-5829. These findings provide additional mechanistic insight into the 

synergistic interaction between the two inhibitors, GS-5829 and ibrutinib.

GS-5829 targets CLL microenvironment

To analyze for potential effects of GS-5829 on CLL microenvironment-related cells, we 

monitored the fate of NLC in CLL/NLC co-cultures treated with GS-5829. After 120 hours 

of treatment, the number of adherent NLC significantly decreased from 22.5 NLC per visual 

field to 8.5 (95% CI of difference, 6.4 to 21.6; P<0.0001) (Figure 5A). Additionally, BET 

inhibition also resulted in a change in morphology of NLC, as they became spindle-shaped 

with two or more poles, rather than their normal round configuration, during GS-5829 

treatment (Figure 5B). JQ1 induced similar changes in NLC number and morphology 

suggesting that these effects are specific to BET inhibitors (Figure 5B–C). Interestingly, 

ibrutinib also reduced the number of adherent NLC to 11.7 cells per field of view (95% CI 

of difference, 3.2 to 18.4; P=0.0019); however, it did not affect their morphology (Figure 

5A–B). On the molecular level, changes in NLC protein levels after treatment with GS-5829 

largely mirrored those changes seen in CLL cells. For example, the level of HEXIM1 

increased (P=0.0324), while the levels of MYC (P=0.0103), BCL-XL (P=0.0004), and cyclin 

D2 (P=0.0371) considerably decreased (Figure 6A–B). GS-5829 significantly reduced the 

amount of phosphorylated STAT3 (S727) (P=0.0434) in NLC that is essential for their 

tumor-supporting activity [48–50].
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Discussion

Here we evaluated the anti-leukemia activity of a new BET inhibitor, GS-5829, in preclinical 

models of CLL. Our data indicate that GS-5829 inhibits CLL cell proliferation and triggers 

apoptosis in CLL cells through inhibition and deregulation of several signaling pathways. 

The most prominent pathways affected by GS-5829 are BCR and NF-κB signaling. CLL 

cells, when treated with GS-5829, demonstrated decreased levels of BLK, phospho-AKT, 

phospho-ERK1/2, and MYC and an increased level of IκBα. These findings are in 

agreement with data in DLBCL and MCL, suggesting a general mode of action of BET 

inhibitors in B cell malignancies with active BCR signaling [28, 30–32]. Down-regulation of 

BTK expression by BET inhibitors was reported in mature B cell lymphomas and in CLL [7, 

28, 42]. In our experimental system, however, we did not observe significant changes in 

BTK levels during treatment with GS-5829, and we, therefore, conclude that down-

regulation of BTK does not appear to be necessary for anti-CLL effect of GS-5829. We also 

demonstrate that GS-5829 changes the ratio of positive and negative regulators of the 

intrinsic pathway of apoptosis in CLL cells, with down-regulation of BCL-XL and up-

regulation of BIM, contributing to the induction of CLL cell apoptosis. In other hematologic 

malignancies, down-regulation of BCL2 was identified as a primary mechanism by which 

BET inhibitors induce cell death [28, 31, 46]. However, BCL2 levels remained stable in CLL 

after exposure to GS-5829. Interestingly, recent analyses recognized high baseline 

expression of BCL2 and BIM as the most significant factors for predicting tumor cell 

sensitivity to BET inhibitors [33]. CLL fits this description of a BET inhibitor-sensitive 

malignancy well. As demonstrated by BH3 profiling, CLL cells rely on BCL2 to maintain 

their mitochondrial outer membrane intact [45]. BCL2 continuously sequesters apoptotic 

activator BIM, which makes CLL cells ‘primed for death’, i.e., exceptionally dependent on 

tonic anti-apoptotic function for survival [51]. In this situation, even a slight change in the 

balance between positive and negative apoptosis regulators can be sufficient to induce 

apoptosis.

In the light of its particular importance for disease pathogenesis and progression, targeting 

the CLL microenvironment is an attractive alternative therapeutic approach. Nurselike cells, 

which resemble M2 polarized macrophages, can be found in the lymph nodes of patients 

with CLL, and induce gene expression changes in CLL cells that indicate BCR and NF-κB 

activation and are identical to those found in CLL cells isolated from CLL lymph nodes [38, 

52–54]. NLC support CLL cells by stimulating BCR signaling and protect them from 

spontaneous and drug-induced apoptosis [3, 55–57]. A recent study demonstrated that NLC, 

unlike normal macrophages, are present in CLL proliferation centers and that their relative 

abundance associates with an active disease requiring treatment [54]. Only a few approaches 

to target NLC and their interaction with CLL cells have been reported to date. A CXCL12-

blocking antibody or CXCR4 peptide inhibitors partially diminish the protective function of 

NLC in ex vivo co-culture conditions [38, 57]. Lenalidomide modulates the phenotype of 

NLC and causes them to lose their CLL-nurturing abilities [58, 59]. The clinical efficacy of 

the BCR signaling inhibitors may be, at least partially, attributed to disrupting interactions 

between CLL cells and the microenvironment [60]. As we demonstrated here, BET 

inhibition presents yet another approach to target NLC and thereby the CLL 
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microenvironment. The exposure of CLL/NLC co-culture to GS-5829 led to decreased 

numbers of NLC and caused changes in their morphology. On the molecular level, GS-5829 

induced downregulation of signaling pathways in NLC that resembled those changes seen in 

CLL cells. For example, GS-5829 substantially reduced the level of BCL-XL and increased 

the level of BIM (the difference was not statistically significant likely due to a small number 

of observations) suggesting a mechanism of apoptosis induction similar to that in CLL cells. 

STAT3 phosphorylation is essential to macrophage M2 polarization and the cancer-

protective function of tumor-associated macrophages [48–50]. GS-5829 treatment led to a 

significant decrease in STAT3 phosphorylation in NLC suggesting another mechanism by 

which BET protein inhibition may disrupt the CLL microenvironment. As CLL cells and 

NLC are interdependent in co-culture conditions, we cannot exclude the possibility that 

some of the observed effects were due to the disturbed CLL/NLC interaction.

Collectively, our findings demonstrate that BET proteins inhibition causes CLL cells death 

by intrinsic apoptosis and provide the rationale for clinical trials of BET inhibitors in CLL as 

single agents or in combination with the BCR signaling inhibitors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GS-5829 induces apoptosis and suppresses proliferation of CLL cells.
(A) Primary CLL cells co-cultured with NLC were treated for 120 hours with increasing 

concentrations of GS-5829 that are indicated on the horizontal axis. The mean fraction of 

viable CLL cells with 95% CI is depicted for each experimental condition (N=7). (B) The 

BET inhibitors GS-5829 and JQ1 dose-dependently inhibit the metabolism/proliferation of 

MEC-1 cells, as measured in XTT assays. The tested concentration range is shown on the 

horizontal axis. Displayed is the mean (± SD) absorbance of the colored formazan product, 

based on triplicate measurements that were normalized to average control values. (C) 

GS-5829 significantly inhibits the proliferation of MEC-1 cells, based on cell counts after 96 

hours of exposure to different GS-5829 concentrations (D). Inhibition of proliferation was 

not due to induction of MEC-1 cell death, given that cell viability under these conditions 

remained high and not significantly changed when compared to control cells. Displayed are 

the mean with 95% CI from 3 independent experiments.
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Figure 2. GS-5829 and ibrutinib synergistically induce apoptosis of primary CLL cells 
irrespective of their IGHV mutational status and ZAP-70 expression.
(A) Displayed are the mean (± SEM) fraction of viable primary CLL cells in NLC co-

cultures after 120 hours of treatment with increasing concentrations of GS-5829, ibrutinib, 

or both (N=7). The concentrations are shown on the horizontal axis. (B) Mean fractions with 

95% CI of viable primary CLL cells in NLC co-culture after 120 hours of treatment with 

400 nM GS-5829, 1 μM ibrutinib, or both (N=26). (C) Effects of ibrutinib and GS-5829 on 

primary CLL cell viability with mutated (N=12) or unmutated (N=12) IGHV. (D) Similarly, 

CLL cell viability after drug exposure was compared based on ZAP-70 expression status, in 

8 ZAP-70+ and 9 ZAP-70− samples, (E) and in 4 samples carrying del(17p)/TP53 mutation 

and in 22 samples without these abnormalities. (F) The viability of CD3+ T cells in CLL 

PBMC co-cultured with NLC was determined by flow cytometry after 120 hours of 

treatment. Displayed are the mean (with 95% CI) percentages of viable T cells as measured 

in 6 samples.
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Figure 3. GS-5829 and the BCR signaling inhibitors ibrutinib, idelalisib, and entospletinib 
synergistically induce CLL cell apoptosis.
(A) A representative Fa-CI plot indicates that GS-5829 and the BCR signaling inhibitors 

ibrutinib, idelalisib, and entospletinib synergistically induce apoptosis in primary CLL cells 

co-cultured with NLC. These calculations are based on exposure of CLL samples to the 

different concentrations of GS-5829 and the BCR signaling inhibitors that are listed in the 

tables next to the graph. (B) Synergistic interactions between GS-5829 and idelalisib or 

entospletinib were confirmed in MEC-1 cells.
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Figure 4. GS-5829 changes the levels of multiple proteins in CLL.
(A) Displayed are representative Western blot analyses of 2 CLL samples in NLC co-culture 

after 24 hours of treatment with GS-5829, ibrutinib, or both, as indicated on top of the blots. 

The functional categorization for each signaling molecule is shown on the left-hand side. A 

list of proteins that were significantly down- (blue) or up-regulated (red) by GS-5829 and 

ibrutinib (N=7) is presented on the right-hand side. (B) A representative Western blot 

analysis of the pIκBα (S32/36) and IκBα levels in a CLL sample after 24 hours of treatment 

and the pIκBα/IκBα ratio as measured by densitometry in 3 CLL samples.
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Figure 5. GS-5829 also targets CLL nurselike cells in CLL/NLC co-cultures.
(A) The mean (with 95% CI) number of NLC per visual field was calculated in CLL/NLC 

co-cultures treated with 400 nM GS-5829, 1 μM ibrutinib or both for 120 hours (N=17). (B) 

Representative microphotographs from one CLL/NLC co-culture (sample 348). Modified 

Giemsa stain, original magnification ×100. (C) Comparison of the effects of 400 nM 

GS-5829 or JQ1 on NLC numbers. The mean with 95% CI of normalized cell numbers as 

measured in 5 samples.
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Figure 6. Effects of GS-5829 on signaling in NLC.
(A) Displayed are representative Western blot analyses of NLC samples from two different 

patients after 24 hours of treatment with 400 nM GS-5829. The functional categorization for 

each signaling molecule is shown on the left-hand side, and the name of each specific 

molecule is depicted on the right-hand side. (B) Western blot results were quantified by 

densitometry, data were normalized to β-actin level in each sample and then to the untreated 

control. The mean with 95% CI of normalized intensity as measured in 3 NLC samples.
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