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Abstract

B cell receptor (BCR) signalling plays a critical role in the progression of several B-cell

malignancies, but its role in hairy cell leukaemia (HCL) is ambiguous. Bruton tyrosine kinase

(BTK), a key player in BCR signalling, migration and adhesion, can be targeted with ibrutinib, a

selective, irreversible BTK inhibitor. We analysed BTK expression and function in HCL and

analysed the effects of ibrutinib on HCL cells. We demonstrated uniform BTK protein expression

in HCL cells. Ibrutinib significantly inhibited HCL proliferation and cell cycle progression.

Accordingly, ibrutinib also reduced HCL cell survival after BCR triggering with anti-

immunoglobulins (A, G, and M) and abrogated the activation of kinases downstream of the BCR

(PI3K and MAPK). Ibrutinib also inhibited BCR-dependent secretion of the chemokines CCL3

and CCL4 by HCL cells. Interestingly, ibrutinib inhibited CXCL12-induced signalling, a key

pathway for bone marrow homing. Collectively, our data support the clinical development of

ibrutinib in patients with HCL.
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Introduction

Hairy cell leukaemia (HCL) is an indolent B-cell malignancy, characterized by marked

splenomegaly and progressive pancytopenia. The incidence of HCL is about 1,000 new

cases per year in the USA, comprising about 2% of all leukaemias (Siegel, et al 2012), and

affecting mainly the male gender (male: female ratio 4:1, median age 55-56 years). HCL

cells display “hairy” cytoplasmic projections and a unique immunophenotype. They
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typically infiltrate the bone marrow and spleen, but rarely the lymph nodes (Forconi, et al

2005, Swerdlow et al 2008). HCL can be classified into two subgroups, the more common

classic HCL (HCLc) and variant HCL (HCLv, ∼10% of HCL patients). HCLv is classified

by the World Health Organization as ‘splenic lymphoma/leukaemia unclassifiable’, and

distinct from HCLc. Cases of HCLc typically express the B cell antigens FMC7, CD11c,

CD20, CD22, and surface immunoglobulin (Ig), along with CD103, CD25, and

CD123(Matutes 2006, Swerdlow et al 2008) HCLc is exquisitely sensitive to the purine

nucleoside analogues cladribine and pentostatin. In contrast, HCLv is characterized by lack

of CD25, annexin A1 (ANXA1), and/or tartrate-resistant acid phosphatase (TRAP), and

inferior response to purine nucleoside analogues (Robak 2011, Swerdlow et al 2008).

Whole-exome sequencing identified the v-raf murine sarcoma viral oncogene homolog B1

(BRAF) V600E mutation as a disease-defining genetic event for HCLc (Tiacci, et al 2011),

however BRAF mutations are absent in HCLv and in HCLc cases associated with use of the

IGHV4-34 gene (Xi, et al 2012). The BRAF mutation results in constitutive activation of

signalling pathways, such as the mitogen-activated protein kinase (MAPK) pathway, which

can be targeted with BRAF inhibitors (Dietrich, et al 2012). Currently, standard treatment

with cladribine or pentostatin, alone or in combination with rituximab, leads to remission in

the vast majority of HCLc patients, with complete remission rates ranging between 70 and

95% (Ravandi, et al 2011). However, there is a lack of plateau on disease-free survival

curves, and most treated patients eventually relapse (Else, et al 2009). Additionally, HCL

patients treated repetitively with purine analogues may become resistant, as indicated by

lower response rates and shorter relapse free survival in the salvage setting. Purine

analogues also are toxic to normal haematopoietic cells, with a significant impairment in the

T cell compartment, particularly a long-lasting depletion of CD4+ cells, rendering patients

prone to opportunistic infections. Therefore, novel therapeutic approaches for HCL,

especially for relapsed HCL patients, are needed.

B cell receptor (BCR) signalling is involved in the pathogenesis of several B-cell

malignancies, and can be blocked with inhibitors targeting kinases downstream of the BCR.

Upon antigen binding, or in a ligand-independent fashion (tonic BCR signalling), BCR

signalling activates a cascade of signalling events that promote B cell growth, proliferation

and survival. Bruton tyrosine kinase (BTK), a member of the Tec kinase family, is a central

player in BCR signalling. Mutations in BTK with a loss of function are the genetic basis for

X-linked agammaglobulinaemia (XLA), a primary immunodeficiency characterized by

absence of mature B cells and immunoglobulins, causing recurrent opportunistic infections.

Upstream kinases LYN and SYK recruit BTK into a signalling complex via docking of its

pleckstrin homology domain to PIP3, before activating downstream calcium release and

NFkB activation. Besides its prominent role in BCR signalling, BTK is also involved in the

signalling of chemokine receptors and adhesion molecules in normal (de Gorter, et al 2007,

Spaargaren, et al 2003) and malignant (de Rooij, et al 2012, Ponader, et al 2012) B cells.

Ibrutinib (previously called PCI-32765) is an orally bioavailable, selective, irreversible BTK

inhibitor (50% inhibitory concentration [IC50] = 0.5 nM), which covalently binds to a

cysteine residue (Cys-481) in the BTK kinase domain (Burger and Buggy 2013, Honigberg,

et al 2010). Ibrutinib inhibits survival and proliferation of chronic lymphocytic leukaemia

(CLL) cells in vitro (Herman, et al 2011, Ponader, et al 2012) and in a CLL mouse model
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(Ponader, et al 2012). Additionally, ibrutinib antagonized the migration of CLL cells

towards the chemokines CXCL12 and CXCL13 and decreased adhesion to fibronectin and

VCAM1 (de Rooij, et al 2012, Ponader, et al 2012). Clinical studies of ibrutinib

demonstrated highly encouraging results in patients with B cell non-Hodgkin lymphoma,

especially in patients with CLL and MCL (Advani, et al 2013) The importance of BCR

signalling in HCL pathogenesis has not been well characterized, and targeting of BCR

signalling in HCL has not been explored. Therefore, we examined the activity of ibrutinib in

BCR signalling in HCL.

Material and Methods

Patient samples, cell lines and reagents

Peripheral blood samples were obtained from patients fulfilling clinical and

immunophenotypic criteria for HCL at National Cancer Institutes (NCI) of Health,

Bethesda, MD after informed consent obtained by the NCI Investigator's Review Board in

accordance with the Declaration of Helsinki. Twenty-one patients' samples (HCL1 -

HCL21) with a high percentage of leukaemic cells were selected for the experiments.

Viability of the frozen HCL samples was assessed by propidium iodide (PI) and 3,3′-

dihexyloxacarbocyanine iodide (DiOC6) staining; only samples with high viabilities were

selected for the assays. Supplemental Table 1 and Supplemental figure 1 summarize the

percentage of CD19+, CD103+ and CD11c+ cells and viabilities in the patients' samples.

Patients' characteristics are summarized in Table I and Supplemental Table 2. Presence of

BRAF V600E mutation was found in 9 HCL samples, by DNA amplification and targeted

pyrosequencing; in 10 cases only the wild type (WT) BRAF was detected as previously

described (Arons, et al 2009). The HCL cell lines ESKOL and HC-1 were purchased from

the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig,

Germany) and were grown in RPMI 1640 medium (Hyclone, Logan, UT) supplemented

with 2 mM L-glutamine, 100 u/ml penicillin, 100 μg/ml streptomycin (CellGro, Manassas,

VA) and 10% or 20% fetal bovine serum (FBS, Hyclone) respectively. Ibrutinib

(PCI-32765) was provided by Pharmacyclics Inc. (Sunnyvale, CA), dissolved in

dimethylsulfoxide (DMSO) at 100 mM, and stored at −20°C until use.

Immunoblotting

Primary HCL cells and HCL cell lines (ESKOL and HC-1) were starved in RPMI medium

with 0.5% bovine serum albumin (BSA, Sigma, St. Louis, MO) for 2 h at 37°C, incubated

with 0.1 μM, 0.5 μM and 1 μM ibrutinib for 1 h at 37°C, and stimulated for 10 min at 37°C

with 10 μg/ml anti-IgA + anti-IgG + anti-IgM (H+L) (goat affiniPure F(ab′)2 fragments;

Jackson Immuno-Research Laboratories, West Grove, PA), for the patient samples indicated

in the relevant figure legends or 250 ng/ml SDF-1/CXCL12 (R&D, Minneapolis, MN),

(Samples HCL14 to HCL16). Cells then were washed with ice-cold phosphate-buffered

saline (PBS) and lysed for 30 min on ice with radioimmunoprecipitate assay (RIPA) buffer

containing 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium

dodecyl sulfate (SDS), 50 mM Tris-HCl, one mini complete protease inhibitor tablet and one

phosphostop tablet (Roche Applied Sciences, Indianapolis, IN) per 10 ml of buffer. Then

cells were sonicated for 15 min and centrifuged at 12,000 rpm for 10 min at 4°C, and lysates
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were stored at −80°C until further use. Protein concentration was measured using the DC

protein assay (Bio-Rad, Hercules, CA) following the manufactures instructions. Total

protein (30 μg) was boiled with NuPAGE LDS sample buffer (Invitrogen, Life

Technologies, Grand Island, NY), loaded onto 4 - 12% SDS-polyacrylamide gels

(Invitrogen), and then transferred to polyvinylidene difluoride (PVDF) membranes (EMD

Millipore, Billerica, MA) at 100V for 1 h, then membranes were blocked for one hour with

BSA 1% in PBS-T (Tween 0.01%), and subsequently incubated with primary antibodies

either overnight at 4°C or 2 h at room temperature, with the following antibodies: AKT,

phosphor-AKT (Ser473), ERK/p44/42 MAP kinase, phosphor-ERK (Thr202/Tyr204), BTK,

phospho-BTK (Y223) and GAPDH as a loading control. The phospho BTK antibody was

purchased from Abcam (Cambridge, MA), all the other antibodies were purchased from Cell

Signaling Technology (Danvers, MA). The membranes were then incubated with species-

specific horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room

temperature, followed by incubation with SuperSignal West Pico chemiluminiscent

substrate (Thermo Scientific, Pittsburgh, PA) for 5 min or Luminata Western HRP substrate

(EMD Millipore) for the phosphorylated antibodies. Measurement of the band intensity by

densitometry was performed using the software Image J (Version 1.47, NIH).

Cell growth, proliferation assay and cell cycle

For cell growth curves, 8×104 cells (ESKOL and HC-1) were plated in RPMI 1640 + 10%

FBS in 12-well tissue culture plates (Techno Plastic Products, Trasadingen, Switzerland)

and incubated with ibrutinib at 0.5 μM, 1 μM and 5 μM in triplicates. Cell counts on a live

gate (Forward Scatter-FSC vs. Side Scatter–SSC) were measured after 24, 48, 72 and 96 h

by flow cytometry on a FACSCalibur (BD Biosciences, San Jose, CA) for 20 seconds at 60

μL/min. Cell proliferation in HCL cell lines, was assessed using XTT assays according to

the manufacturer's instructions (TACS XTT, Trevigen, Gaithersburg, MD). Briefly, 5×104

cells were incubated in RPMI 1640 without phenol red + 10% FBS in 48 well tissue culture

plates with ibrutinib at 0.5 μM, 1 μM, 2 μM, 3 μM, 4 μM, 5 μM in triplicates for 48 and 72 h.

At the indicated time points, 100-μl aliquots were transferred to a 96-well plate and then

incubated for 5 h at 37°C with the yellow tetrazolium salt, which is cleaved to orange

formazan dye. Absorbance values were obtained at 490 nm with a reference correction at

630 nm in a microplate reader ELx808 (BioTeK Instruments, Winooski, VT). Cell cycle

analysis was evaluated by the incorporation of bromodeoxyuridine (BrdU) and 7-

aminoactinomycin D (7-AAD) (APC BrdU flow kit; BD Pharmingen, San Jose, CA) and

subsequent analysis on a FACSCalibur flow cytometer (BD Biosciences). Briefly, 1×105

cells were plated in 12-well plates and incubated with ibrutinib at 0.5 μM, 1 μM or 5 μM for

24 h, then cells were pulsed with 10 μM of BrdU for 45 min. Intracellular staining was

performed following the manufacturer's instructions, by means of a 20-min incubation with

anti-BrdU, after which 7-AAD solution was added to stain total DNA for cell cycle analysis.

Flow cytometry

Flow cytometric analysis was done on HCL cell suspensions (ESKOL, HC-1 and primary

HCL cells: HCL1 to HCL7 and HCL9 to HCL14) stained with phycoerythrin (PE)-

conjugated mouse anti-human CD184 (CXCR4), allophycocyanin (APC)-conjugated mouse

anti-human CD19, and isotype control PE-conjugated mouse IgG2a,κ (BD Pharmingen).
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Subsequent measurement of mean fluorescence intensity (MFI) was performed on a

FACSCalibur (BD Biosciences) and subsequent data analysis was carried out using Flowjo

software (Version 8.8.7, TreeStar, Ashland, OR).

BTK occupancy assay

BTK occupancy testing was performed as previously described (Honigberg, et al 2010).

Briefly, 5×106 cells were pre-incubated with 0.0001 μM, 0.001 μM, 0.01 μM, 0.1 μM or 1

μM ibrutinib for 1 h, then cells were lysed and labelled with 2 μM of a fluorescence-tagged

derivative of ibrutinib (probe PCI-33380) for 1 h at 37°C and analysed by SDS

polyacrylamide gel electrophoresis (SDS-PAGE) and fluorescence gel scanning using a

Typhoon scanner. The gel was then blotted, and total BTK levels were determined by

standard immunoblotting. Control B cell lymphoma DOHH2 cell lysates were labelled with

probe at 100% and 10% and analysed by SDS/PAGE in the same gel.

Cell viability testing and chemokine quantification

To evaluate the effects of the ibrutinib on HCL cell viability, 5 × 106 primary HCL cells

were incubated in RPMI 1640 medium supplemented with 10% FBS for 24 and 48 h with 10

μg/ml anti-IgA/IgG/IgM (H+L, Jackson ImmunoResearch Laboratories) in 24-well tissue

culture plates (Techno Plastic Products) after pre-incubation for one hour with 0.5 μM, 1 μM

or 5 μM ibrutinib or DMSO control. At the indicated time points, cells were collected and

cell viability measured by analysis of mitochondrial transmembrane potential by DiOC6

(Invitrogen, Molecular Probes) as previously described(Burger, et al 2000). Briefly, aliquots

of 100 μl cell suspension were transferred to FACS tubes containing 300 μl of 60 nM DiOC6

and 2 μg/ml PI in RPMI medium with 0.5% BSA. Cells were incubated in the dark for 20

min at 37°C and then 10 min at room temperature, followed by flow cytometric analysis on

a FACSCalibur (BD Biosciences). In order to measure the effect of ibrutinib on CCL3 and

CCL4 secretion, supernatants were collected at the above indicated time points and

chemokines levels were measured by quantitative enzyme-linked immunoabsorbent assays

(ELISAs) according to the manufacturer's instructions (Quantikine, R&D Systems,

Minneapolis, MN), as described(Burger, et al 2009).

Data analysis and statistics

Results are shown as mean ± standard error of the mean (SEM) of at least 3 experiments.

Statistical analysis was performed using GraphPad Prism 6.0 for Macintosh (GraphPad

Software, San Diego, CA). For the analysis of the paired or unpaired samples, 2-tailed

Student t test was used to determine the significance of the differences between two means,

and the p values assigned as follows (*p < 0.05; **p <0.01; ***p <0.001). Flow cytometry

data were analysed using FlowJo 8.8.7 software (TreeStar).

Results

BTK is expressed in hairy cell leukaemia

We investigated the expression levels of total and activated BTK protein in primary HCL

cells. BTK is phosphorylated at Y551 in the activation loop by SRC family kinases and

subsequently autophosphorylated at Y223, causing full kinase activation. We detected
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expression of total and phosphorylated (pBTK, BTK Y223) BTK in 9 HCL patients' samples.

Activated (pBTK) BTK levels increased upon BCR triggering with anti IgA/IgG/IgM and

were decreased when the samples were pre-incubated with ibrutinib at 0.1 μM, 0.5 μM or

1μM (Figure 1A and Supplemental Figure 2). This demonstrates that ibrutinib inhibits BTK

phosphorylation after BCR stimulation. Interestingly, we also noted constitutive BTK

phosphorylation in the primary HCL samples. In order to determine the effects of ibrutinib

on BTK occupancy, we used a fluorescent-labelled probe (PCI-33380). As shown in Figure

1B, the active site of BTK was fully occupied with ibrutinib concentrations as low as 10 nM.

Therefore, we can conclude that the low concentrations of ibrutinib used in our in vitro

experiments effectively inhibited BTK activity by occupation of the ATP binding site.

Ibrutinib inhibits cell growth and proliferation in HCL cell lines

Cell growth of HCL cells lines was significantly inhibited by ibrutinib in a dose-dependent

manner (Figure 2A). For example, after 72 h, HCL cell counts (ESKOL) decreased from

0.57 ± 0.02 ×109 to 0.41 ± 0.007 × 109 cells/l in the presence of 0.5 μM ibrutinib (28%

decrease); to 0.37 ± 0.01 ×109 cells/l with 1 μM ibrutinib (35% decrease) and to 0.24 ± 0.02

×109 cells/l with 5 μM ibrutinib (58% decrease, mean ± SEM, p<0.01, n=3). After 96 h,

HCL cell counts were 0.83 ± 0.06 ×109 cells/l for untreated control cells, 0.54 ± 0.03 ×109

cells/l in the presence of 0.5 μM ibrutinib (35% decrease), 0.49 ± 0.01 ×109 cells/l in the

presence of 1 μM ibrutinib (41% decrease) and 0.24 ± 0.03 ×109 cells/l with 5 μM ibrutinib

(71% decrease; mean ± SEM, p<0.01, n=3). Similar degrees of growth inhibition were noted

with HC-1 cells. Inhibition of HCL cell proliferation by ibrutinib was confirmed in XTT

assays (Figure 2B). HCL metabolic activity in the XTT assay was decreased to 62.6 ± 2.2%

in comparison to the untreated controls (100%) with 0.5 μM ibrutinib, to 54.2 ± 6.6% with 1

μM ibrutinib, to 43.8 ± 11.3% with 2 μM ibrutinib, to 45.5 ± 5.2% with 3 μM ibrutinib, to

43.3 ± 6.4% with 4 μM ibrutinib, and to 38.8 ± 1.1% with 5 μM ibrutinib (mean ± SEM,

p<0.01, n=3). These results demonstrate dose-dependent inhibition of HCL cell proliferation

by ibrutinib. Cell cycle analysis, as evaluated by incorporation of BrdU and 7-AAD in HCL

cell lines (HC-1 cells: see Figure 2B, ESKOL: data not shown) demonstrated that ibrutinib

caused a reduction in S-phase cells and an increase in G0/G1 in a dose dependent manner.

At 48hs, the percentage of cells in S-phase for untreated HCL cells was 28.5 ± 6.7%, which

was reduced to 17.3 ± 5.4% with 0.5 μM ibrutinib (39% reduction), to 16.6 ± 4.3% with 1

μM ibrutinib (42% reduction), and to 14.1 ± 0.5% with 5 μM ibrutinib (50% reduction;

mean ± SEM, p<0.01, n=3). Taken together, these findings indicate that ibrutinib treatment

results in significantly inhibition of HCL cell growth and proliferation.

Ibrutinib reduces HCL cell survival

BCR triggering with anti-Ig (anti IgA/IgG/IgM) increases HCL cell viability to 110.7 ±

5.2% at 24 h and to 126.7 ± 16.2% at 48 h, when compared to control HCL cells (mean ±

SEM, n=8; see Figure 3B). Figure 3A displays a representative case, in which BCR

stimulation increased cell survival was reduced in the presence of ibrutinib in a dose

dependent manner from 53.4% to 41.5% after 48hs. Figure 3B summarized the results of 8

different HCL samples, here we found a significantly reduction in HCL viability after 24

and 48hs of incubation; For example, after 48hs, preincubation with 0.5 μM ibrutinib before

BCR stimulation, significantly reduced HCL cell viability to 83.4 ± 5.1%, 1 μM ibrutinib to
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83.1 ± 5.4%, 5 μM ibrutinib to 76.7 ± 6.4% of unstimulated controls (mean ± SEM, p<0.01,

n=8). These data were corroborated by XTT assays, performed in parallel, which

demonstrated significant inhibition of anti-Ig induced metabolic activity. For example, after

48 h of incubation, 0.5 μM ibrutinib decreased XTT activity to 62.0 ± 10.4% (in comparison

with untreated controls), with 1 μM ibrutinib to 63.7 ± 10.3%, and with 5 μM ibrutinib to

66.8 ± 14.7% of respective controls (mean ± SEM, p<0.01, n=5). Similar results were

obtained with a different set of 5 HCL patients' samples using lower concentrations of

ibrutinib (0.0001 μM, 0.001 μM, 0.01 μM, 0.1 μM, 0.5 μM and 1 μM) and viability assessed

at 24 h (Supplemental Figure 3A and 3B). For example, pre-incubation with 0.001 μM

ibrutinib reduced HCL cell viability to 95.8 ± 2.1%, 0.01 μM of ibrutinib to 91.8 ± 2.3%, 0.1

μM of ibrutinib to 90.7 ± 3.1%, 0.5 μM of ibrutinib to 93.5 ± 2.4% and 1 μM of ibrutinib to

94.6 ± 2.7% of stimulated control (mean ± SEM, p<0.05, n=5). These results indicate that

ibrutinib antagonizes HCL survival signals delivered through the BCR pathways. In

comparison to primary HCL cells, the viability of HCL cell lines (ESKOL and HC-1) was

less sensitive to ibrutinib (Figure 3B), but significant reductions in viability were still seen.

For example, at 48 h of incubation, the proportion of viable cells treated with 0.5 μM

ibrutinib was 95.0 ± 1.2 %, it was 89.5 ± 3.0 % with 1 μM ibrutinib, and 75.8 ± 2.9 % with 5

μM ibrutinib (mean ± SEM, p<0.05, n=3).

Ibrutinib inhibits a BCR signalling and BCR-induced secretion of CCL3 and CCL4

Upon BCR ligation, BTK can activate downstream pathways that promote survival, such as

the PI3K and MAPK pathways. To determine whether signalling downstream of BTK plays

such a role in HCL, we tested for BTK, AKT and ERK/p44/42 MAP kinase activation in 9

HCL primary cells after BCR triggering with anti-Igs. Levels of the phosphorylated-proteins

(pBTK, pERK and pAKT) increased after BCR stimulation (Figure 4A, Supplemental

Figure 4A, B). This activation was inhibited by pre-treatment with 0.1 μM, 0.5 μM and 1 μM

ibrutinib, suggesting that ibrutinib can interfere with activation of the PI3K and MAPK

pathways after BCR triggering. A further analysis was performed to study if presence of the

BRAF V600E mutation in primary HCL samples influences responses following BCR

activation and therefore a possible impact to the inhibition seen with ibrutinib (Supplemental

Figure 5A); Interesting mean relative phosphorylated protein levels after BCR engagement

were higher in cases where BRAF V600E mutation was detected, however, the inhibition

after pre-treatment with ibrutinib was more pronounced in wild type BRAF cases. A similar

analysis was performed between IGHV mutated and unmutated cases; a trend could be seen

with higher pBTK and pAKT relative protein levels in the IGHV mutated cases. Whether

this preliminary results in BCR response between both groups of patients is consistently

observed awaits further study with a larger cohort of patients.

CCL3 and CCL4 are secreted by normal and CLL B cells in response to BCR activation, and

levels of these chemokines in B cell supernatants correlate with the signalling capacity of

the BCR(Burger, et al 2009, Quiroga, et al 2009). Concentrations of CCL3 and CCL4 in

primary HCL cell supernatants significantly increased after BCR stimulation, to 538.4 ±

253.4 pg/ml for CCL3 and to 637.4 ± 265.8 pg/ml for CCL4 when compared to

unstimulated controls (CCL3: 84.3 ± 43.4 pg/ml; CCL4: 106.5 ± 47.4 pg/ml, mean ± SEM,

n=8 p<0.05) (Figure 4B), demonstrating secretion of these chemokines by HCL cells in
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response to BCR activation. Pre-treatment of HCL cells with ibrutinib decreased BCR-

induced CCL3 levels significantly, to 201.2 ± 98.5 pg/ml (0.5 μM ibrutinib), 264.5 ± 162.2

pg/ml (1 μM ibrutinib) and 235.2 ± 141.5 pg/ml (5 μM ibrutinib, mean ± SEM, n=8, p<0.5).

Similarly, HCL supernatant CCL4 levels were reduced by ibrutinib to 279.2 ± 99.4 pg/ml

(0.5 μM ibrutinib), 299.3 ± 129.5 pg/ml (1 μM ibrutinib) and 278.5 ± 122.4 pg/ml with 5 μM

ibrutinib. Consistently higher levels of CCL3 and CCL4 after BCR engagement were found

in cases where the BRAF V600E mutation was present (Supplemental Figure 5B). As

depicted in Supplemental Figure 6A and 6B, lower concentrations of ibrutinib also inhibited

secretion of CCL3 and CCL4 by primary HCL cells and HC-1 cell line. These results in

HCL are consistent with our CLL data(Ponader, et al 2012)

Ibrutinib inhibits activation of CXCL12-induced signalling

Interactions between HCL cells and the tissue microenvironment seem to be important for

the disease biology (reviewed in (Burger, et al 2011)). For example, HCL cells express high

levels of the chemokine receptor CXCR4 (Durig, et al 2001, Wong and Fulcher 2004), a key

factor for bone marrow homing (Burger and Kipps 2006). In normal B cells (de Gorter, et al

2007) and in CLL(de Rooij, et al 2012, Ponader, et al 2012), BTK is an important signal

transmitter for CXCR4, and re-distribution of tissue B cells into the blood, one of the most

striking findings during treatment of CLL patients with ibrutinib (Advani, et al 2013), is

thought to be related to inhibition of BTK downstream of CXCR4 and other homing

receptors. Therefore, we analysed the effects of ibrutinib on CXCR4 signalling in HCL

cells. As depicted in Figure 5, HCL cells expressed relatively high levels of surface CXCR4

(CD184) when compared to CXCR4 levels on HCL lines by mean intensity florescence

ratios (MIFR). The CXCR4 MIFR for ESKOL was 2.6, for HC-1 it was 2.7, and for primary

HCL cells we detected a CXCR4 MFIR of 12.2 ± 2.1 (mean ± SEM, n=13). Immunoblots

from HCL primary cells and HCL cell lines (Figure 5B and Supplemental Figure 7),

preincubated with ibrutinib and before stimulation of CXCR4 with CXCL12, displayed a

reduction of activated (phosphorylated) ERK/p42/44 MAP kinase, indicating that ibrutinib

also inhibits CXCL12 signalling in HCL cells.

Discussion

BCR activation is key for the maintenance and expansion of mature B-cells, and growth

stimulation of malignant B cells via the BCR is increasingly recognized as a key mechanism

in several mature B cell malignancies, such as CLL (Chiorazzi and Efremov 2013) and

diffuse large B-cell lymphoma (Davis, et al 2010). In HCL, the role of BCR signalling for

disease progression is not yet well defined, although there is growing evidence that BCR

signalling is of importance (Forconi, et al 2011). In this study we demonstrate that the BCR

signalling pathway can be activated in HCL cells, which in turn promotes survival and

proliferation of the malignant B cells, which can be inhibited by ibrutinib. BCR activation

generally can be induced by antigen or can be ligand-independent (“tonic” BCR signalling),

and it triggers a cascade of signalling events that normally cause B cell selection,

proliferation, differentiation, and antibody production(LeBien and Tedder 2008). Thereby,

BCR signalling allows for the expansion of selected, antigen-specific B cells, and deletion of

unwanted, self-reactive B cells (Kuppers 2005). Evidence for BCR activation in HCL comes
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from analyses of the IGHV mutational status, defining that the majority of HCL cases

display mutated Ig variable region genes (M-HCL)(Forconi 2011) and a restricted set of

BCR with IGHV gene sequences that are identical or stereotyped in subsets of patients

(Forconi, et al 2008, Ghiotto, et al 2004, Messmer, et al 2004, Tobin, et al 2003, Widhopf,

et al 2004). These data suggest that such BCRs bind similar antigens that are relevant to the

pathogenesis of HCL. A minority of cases is unmutated (UM-HCL)(Forconi 2011) and

apparently more responsive to BCR triggering, whereas the BCR of M-HCL may be less

sensitive to stimulation by antigen(Forconi 2011). The possibility of targeting signal

transduction pathways activated in hairy cells by microenvironmental interactions that

activate the BCR is attractive, given the limited options for HCL patients who are resistant

to purine analogues. Based on the early success of BCR-related signalling inhibitors in other

mature B cell malignancies(Advani, et al 2013, Friedberg, et al 2010), we therefore explored

the expression and function of the BCR-associated kinase BTK and its inhibitor ibrutinib in

HCL. Interestingly, and consistent with our findings, Weston-Bell et al (2013) recently

reported that BCR triggering in HCL cells causes calcium mobilization and ERK 1/2

activation.

First, our study demonstrates that BTK protein expression is present in HCL cells, and that

low ibrutinib concentrations induce full BTK target occupancy in HCL cells. Also, we

demonstrate that HCL cell activation via the BCR results in increased levels of the tyrosine-

phosphorylated activated form of BTK. Treatment with ibrutinib inhibited BCR downstream

signalling, reducing levels of BCR-induced activated p44/42 MAPK and AKT. In addition,

ibrutinib inhibited the proliferation and metabolism of HCL cells, suggesting that ibrutinib

has a direct effect on HCL cell survival and growth. These data mirror, at least in large parts,

what has been reported earlier in pre-clinical models of CLL, where ibrutinib was shown to

thwart B cell survival and proliferation (Herman, et al 2011, Ponader, et al 2012), and

corroborated in an adoptive transfer mouse model(Ponader, et al 2012). Another interesting

and potentially clinically important finding in this study is the data related to CCL3 and

CCL4. These chemokines are secreted by CLL cells in response to BCR activation (Burger,

et al 2009, Quiroga, et al 2009), presumably for attraction of accessory cells, such as T cells.

CCL3 and CCL4 function as biomarkers for response to treatment with the new BCR kinase

inhibitors, such as ibrutinib(Ponader, et al 2012) and idelalisib(Hoellenriegel, et al 2011).

Here, we report that HCL cells secreted CCL3 and CCL4 upon BCR stimulation, and that

ibrutinib was very effective in abrogating BCR-dependent induction of these chemokines.

These data suggest that CCL3 and CCL4 could become attractive new biomarkers in HCL,

where they may indicate the degree of BCR-driven activation of the B cell clone in untreated

patients, similar to what that proposed in CLL (Sivina, et al 2010), or they could function as

markers for response assessment to new drugs that target BCR signalling. Prior CLL studies

also highlighted another somewhat unexpected effect of BTK inhibition that is related to B

cell migration and homing. Two studies consistently demonstrated that ibrutinib inhibits

CLL cell migration and adhesion in response to the homing chemokines CXCL12 and

CXCL13(de Rooij, et al 2012, Ponader, et al 2012). These findings explain, at least in part,

the remarkable clinical response to ibrutinib therapy in CLL, which is characterized by an

early, transient surge in lymphocyte counts, along with rapid decreases in lymph node sizes

(Advani, et al 2013), suggesting that ibrutinib induces mobilization and/or interferes with
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recirculation into the tissues of CLL cells. Similar response patterns have been reported with

other agents affecting BCR signalling and with glucocorticoids (Burger and Montserrat

2013, Friedberg, et al 2010, Furman, et al 2010). Our data in HCL demonstrate that ibrutinib

interferes with CXCR4 signalling, suggesting that HCL migration and stromal cell adhesion

might be affected in a fashion similar to CLL.

In summary, our study demonstrates that HCL cells can be activated via the BCR, which

involves downstream activation of BTK. The BTK inhibitor ibrutinib has a direct effect on

HCL cells, inhibiting signalling downstream of the BCR and CXCR4, which are critical for

HCL cell survival and proliferation (Figure 6). Thereby, this study provides insight of the

importance of BCR signalling and BTK in HCL and provides a rationale for the

development of inhibitors of BCR-associated kinases, such as ibrutinib in patients with

HCL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ibrutinib reduces phosphorylated BTK expression upon BCR stimulation in HCL cells
(A) Immunoblots from 9 primary HCL cells, which were stimulated for 10 min with 10

μg/ml of anti Igs (anti IgA, anti IgG and anti IgM) in the presence or absence of 0.1 μM, 0.5

μM or 1 μM ibrutinib, as indicated. P indicates immunobloting for the active phosphorylated

form of BTK (lower band). GAPDH was using as a loading control. (B) Occupancy test,

assessed by the ability of BTK to bind to the fluorescence labelled probe (PCI-33380) in the

presence of dose escalation of ibrutinib in the HCL cell lines, ESKOL and HC-1. Total BTK

levels were determined by immunobloting. DOHH2 cell line lysates labelled with probe

(100% and 10%) were used as a control.
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Figure 2. Ibrutinib inhibits cell growth and proliferation and reduces the percentage of cells in
S-phase in a dose-dependent manner
(A) Cell growth curves for untreated HCL cell lines ESKOL (left) and HC-1 (right),

indicated as the control, and treated with ibrutinib (0.5 μM, 1 μM or 5 μM); at the indicated

time points, cells were counted by flow cytometry, the graphs represent the mean and SEM,

as indicated by the lines and error bars with ** as p<0.01 (n=3). (B) Left-hand graph depicts

the effect of ibrutinib on the proliferation of HCL cell lines, ESKOL (black bars) and HC-1

(grey bars), using dose escalation, as assessed by XTT assay after 72 h of incubation., bar

diagrams represent the mean ± SEM of 3 independent experiments with ** as p<0.01. The

right-hand graph shows the percentage of cell cycle phase distribution, assessed by BrdU

and 7-AAD incorporation, in the HC-1 cell line after 48 h of incubation with ibrutinib (0.5

μM, 1 μM or 5 μM), untreated cells are indicated as a control. The bars represent the mean

of the percentage of cells in G0/G1 (lighter grey) S-phase (grey) and G2/M (darker grey)

(n=3).
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Figure 3. BCR-induced cell survival signalling in HCL cells is decreased after treatment with
ibrutinib
(A) Contour plots of a representative case, showing HCL cell viabilities after 48 h of

incubation with anti Igs (anti IgA, anti IgG and anti IgM), following incubation for 1 h with

ibrutinib (0.5 μM, 1 μM or 5 μM), as indicated below the plots. The gates in each plot

highlight the viable cell population, defined as DiOC6 positive and PI negative. (B) The left-

hand graph represents the mean relative HCL cell viabilities after 24 and 48 h of incubation

with anti Igs in the presence or absence of ibrutinib (indicated as control); the right-hand

graph shows the XTT assay performed in parallel; results were normalized relative to the

untrea1ted controls samples (100%). Displayed are the mean ± SEM, with ** as p<0.01

(n=8). (C) The bar diagrams represent the mean relative viabilities of the HCL cell lines,

ESKOL (on the left) and HC-1 (on the right), incubated for 24, 48 and 72 h with medium

alone, indicated as control or ibrutinib (0.5 μM, 1 μM and 5 μM). Viabilities in treated

samples were normalized to the viabilities in the controls (100%) at their respective time

points. The bars represent the mean ± SEM; * p<0.05; ** p<0.01 (n=3).
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Figure 4. Ibrutinib down-regulates BCR signalling and inhibits the secretion of the chemokines
CCL3 and CCL4 in HCL cells
(A) Immunoblots from HCL primary cells (HCL13, HCL21 and HCL18) stimulated with

anti Igs (anti IgA, anti IgG and anti IgM) for BCR triggering in the presence or absence of

0.1 μM, 0.5 μM or 1 μM ibrutinib, as indicated. P indicates immunoblots for the active

phosphorylated form. GAPDH was used as a protein loading control. (B) The concentration

of the chemokines CCL3 and CCL4 secreted in the supernatants of primary hairy cells was

measured after BCR stimulation with anti Igs (anti IgA, anti IgG and anti IgM) in the

presence or absence of ibrutinib as indicated, after 48 h of incubation. The bars represent the

mean ± SEM (n=8) for CCL3 (left) and CCL4 (right).
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Figure 5. CXCR4 signalling is down-regulated by ibrutinib
(A) Left: overlay histogram plots that depict the mean CXCR4 intensity florescence ratio

(MIFR) in the HCL cell lines, ESKOL and HC-1, and CD19-gated primary cells, as

indicated above the histograms. Light grey shaded area represents the corresponding isotype

control and dark grey line indicates CXCR4 expression. Right: MIFR for CXCR4 for 13

primary HCL cases; the mean and SEM are indicated by the bars and error lines

respectively. (B) Representive immunoblots from HCL primary cells (HCL14, HCL15 and

HCL16) stimulated for 10 min with CXCL12 in the presence or absence of 0.1 μM, 0.5 μM

or 1 μM ibrutinib as indicated. pERK refers to the phosphorylated form of the protein ERK.

GAPDH was used as a protein loading control.
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Figure 6. Schematic diagram depicting how ibrutinib may affect BCR and CXCR4 signalling in
HCL
Upon antigen stimulation, BCR signalling induces LYN and SYK phosphorylation (P in

orange circles refer to phosphorylation) that initiate a signalling cascade causing

downstream BTK activation. BTK is recruited into the signalling complex at the plasma

membrane via the docking of its pleckstrin homology domain to phosphatidylinositol 3,4,5

triphosphate (PIP3). BTK becomes phosphorylated and therefore induces calcium release,

which initiates a signalling cascade with the consequent induction of cell proliferation and

survival. BTK is also involved in signalling of chemokine receptor CXCR4, which is

important in cell migration and could be a suitable target for ibrutinib.
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