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A B S T R A C T

Bruton's Tyrosine Kinase (BTK) is a member of the TEC family and plays a central role in B-cell signaling, acti-
vation, proliferation and differentiation. Here we evaluated the impact of BTK inhibitor Ibrutinib on a panel of HL
models in vitro and in vivo. Ibrutinib suppressed viability and induced apoptosis in 4 HL cell lines in a dose and
time dependent manner. Molecular analysis showed induction of both apoptotic and autophagy markers. Ibrutinib
treatment resulted in suppression of BTK and other downstream targets including PI3K, mTOR and RICTOR.
Ibrutinib given at 50 mg/kg p.o daily for three weeks caused statistically significant inhibition of HL cell line
derived subcutaneous xenografts (p < 0.01) in ICR-SCID mice. Molecular analysis of residual tumor tissue
revealed down-regulation of BTK; its related markers and autophagy markers. Our studies are the first showing in
vitro and in vivo action of BTK inhibition in classical HL. A phase II study examining the activity of ibrutinib in
relapsed or refractory HL is currently enrolling (NCT02824029).
1. Introduction

Hodgkin's Lymphoma (HL) is a malignancy of mature post germinal
center B-lymphocytes that is diagnosed in approximately 9000 in-
dividuals annually in North America [1]. While the majority of patients
diagnosed with HL are cured with multi-agent chemotherapy, a signifi-
cant fraction of patients are refractory to conventional chemotherapy and
almost half of patients with high-risk disease relapse [2]. HL is largely
considered a malignancy of younger populations with a median age of
diagnosis of 30 and is the most common malignancy of adolescence. For
these patients few effective therapeutic options exist and the median
survival is generally short. Importantly a second diagnostic peak occurs
after age 55 and is associated with poorer outcomes. For these patients,
conventional therapies may be associated with unacceptable toxicities.
For patients who relapse after stem cell transplant or are not eligible for
intensive therapy, the treatment is largely palliative with only three
agents approved in the last 30 years for HL. Thus, novel molecularly
driven therapies are critically needed to improve outcomes [3].

Bruton's Tyrosine Kinase (BTK) is a member of the TEC family [4] and
plays a central role in B-cell signaling, activation, proliferation and
amchandren).
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differentiation [5]. Several studies have shown that BTK has been asso-
ciated with common cancer associated pathways such as PI3K, mTOR,
FAS and NF-κB [6]. Furthermore, BTK can be activated by IgM stimula-
tion, CD40 ligand binding, chemokines and activation of toll like receptor
(TLR) pathways [7]. Therefore, it is not surprising to note that BTK has
been linked to the pathogenesis of various lymphomas [8]. These ob-
servations have given traction to strategies that target BTK inhibition and
have ultimately enhanced the spectrum of therapeutic options in several
B cell lymphomas including Mantle Cell Lymphoma (MCL), Chronic
Lymphocytic Leukemia (CLL) and Waldenstr€om's marcoglobulinemia
[6].

The prognostic significance of BTK in HL has been established.
Expression analysis of BTK in 395 different lymphomas and 14 malignant
lymphoid cell lines compared to normal control showed more prominent
expression in B cell lymphomas than in T cell lymphomas. More
intriguingly, this study showed that among Hodgkin lymphomas, the
nodular lymphocyte predominant variant was more often positive
(>85%) than the classical variant (22%) [9]. In another study, analysis of
the mutational landscape of HL has shown that in addition to classical
alterations in pathways such as GM-CSF/IL-3, CBP/EP300, JAK/STAT,
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NF-κB, there was also a prominent mutational load in numerous variants
of genes affecting the B-cell receptor (BCR) pathway, such as BTK,
CARD11 and BCL10 [10]. These independent findings suggest a possible
mechanistic role for BTK in the pathobiology of HL and may therefore
serve as a therapeutic target.

Ibrutinib is a first-in-class orally bioavailable small-molecule inhibitor
of BTK. Ibrutinib covalently binds to the cys481 amino acid in the BTK
active site [11]. This results in the blockade of adenosine triphosphate
from binding and thus prevents activation of BTK by abrogation of its
auto-phosphorylation. Due in part to the covalent nature of binding and
having a short half-life, ibrutinib demonstrates high selectivity. This
permits the use of a once daily dosing with a near-complete occupancy of
the BTK active site in PBMCs. Although BTK is its primary target, Ibru-
tinib has also been shown to suppress interleukin-2–inducible T-cell ki-
nase (ITK), tec protein tyrosine kinase (TEC), cytoplasmic
tyrosine-protein kinase BMX, and epidermal growth factor receptor
(EGFR) [5].

In spite of the observed alterations of BTK and its role in HL survival
pathways, the impact of BTK targeted strategies using specific agents
such as ibrutinib are yet to be explored. In this report we demonstrate the
anti-proliferative effects of Ibrutinib in a series of HL cell lines with
different genotypic and phenotypic makeup in vitro. To extend these
studies and to model the characteristic clinical activity, we investigated
the mechanism of action ibrutinib in subcutaneous mouse xenograft
models derived from HL cells.

2. Materials and methods

The BTK inhibitor Ibrutinib (IB) was provided by Janssen (Janssen
Medical Affairs Oncology, Janssen Services, LLC USA). A panel of HL cell
lines [KM-H2 (Catalog # ACC-8 Hodgkin's Lymphoma representing
mixed cellularity), L1236 (Catalog # ACC-530 Hodgkin's Lymphoma
Fig. 1. Ibrutinib (BTK inhibitor) suppresses the activity of Hodgkin's Lymphoma ce
200,000 cells/well in triplicate and exposed to indicated concentrations of ibrutinib
counted using Trypan Blue viability assessment method as described previously. Gra
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representing mixed cellularity), L-428 (Catalog # ACC-197 Hodgkin's
Lymphoma representing nodular sclerosis)] and HDLM (lymphoid origin
of Hodgkin and Reed-Sternberg cells) were obtained from DSMZ (Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures,
Germany). Primary antibodies for BTK, PARP, Akt, pAkt, p65, Atg12,
AC3B, Bcl-2, p53 and cleaved caspase 3 were purchased from Cell
Signaling (Danver, MA USA). β-actin antibody and all secondary anti-
bodies were obtained from Sigma (St. Louis, MO, USA).
2.1. Cell growth inhibition determined by the trypan blue assay

Cells were seeded at a density of 2�105 viable cells/mL in 24-well or
6-well culture plates (Costar, Cambridge, MA, USA), or 10-cm cell culture
dishes (Corning Inc., Corning, NY, USA). All cells were maintained in
RPMI 1640 medium supplemented with 10% fetal bovine serum
(Hyclone Laboratories, Logan, UT, USA) and 1% penicillin-streptomycin
(Invitrogen, Carlsbad, CA, USA), at 37 �C in a humidified incubator with
5% CO2. The number of viable cells was determined by a trypan blue
exclusion test [trypan blue (0.4%), Sigma Chemical Co. St. Louis, MO,
USA]. Ibrutinib were added at indicated concentrations (0–20 μM)
diluted from a 10 mM stock. The results were plotted as means � SD of
two separate experiments using three determinations per experiment for
each experimental condition.
2.2. Quantification of apoptosis by Annexin V-FITC assay

Cell apoptosis was detected using an Annexin V-FITC assay (Bio-
vision, Danvers, MA, USA) according to the manufacturers' protocols. HL
cells were seeded at a density of 200,000 cells per well in six well plate in
duplicate and treated with ibrutinib for 72 hrs. All procedures were
performed according to our previously published protocols [12].
ll lines. 4 different HL cell lines were seeded in 24 well plates at a density of
(BTK inhibitor) for 24–72 hrs. At the end of each treatment period cells were
ph representative of two independent experiments [21].



Fig. 2. Ibrutinib induces apoptosis in HL cell lines in a dose dependent manner. HL cells lines were grown in quadruplet in 24 well plates (200,000 cells per well)
overnight. After 24 hrs the cells were exposed to indicated doses of ibrutinib for an additional 72 hrs. At the end of the treatment period, cells were centrifuged and re-
suspended in 500 μL of Annexin binding buffer in Corning glass tubes. Each tube was mixed with 5 μL of Annexin and 5 μL of PI solution in dark and incubated for 5
minutes. The cells were sorted for apoptotic fraction using Becton Dickinson Flow cytometer at Karmanos Cancer Institute Flow cytometry core facility.
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2.3. Western blot analysis

Cells (200,000) were grown in 24 well plates in triplicate and exposed
to indicated concentrations of ibrutinib for 72 hrs. At the end of the
treatment period, each treatment group was pooled followed by extrac-
tion of whole cell proteins for western blot analysis using previously
described methods [13].
2.4. RT-PCR

Cells (200,000) were grown in 24 well plates in triplicate and exposed
to indicated concentrations of ibrutinib for 72 hrs. At the end of treatment
period, RNA was extracted according to standard published procedure
[14]. Real-time RT-qPCR was conducted using High Capacity cDNA
Reverse Transcription Kit and SYBR Green Master Mixture from Applied
Biosystems (Waltham, MA). The PCR was initiated by 10 min at 95 �C
before 40 thermal cycles, each of 15 s at 95 �C and 1 min at 60 �C on
StepOnePlus system (Applied Biosystems). Data were analyzed according
to the comparative Ct method and were normalized by actin and/or 18S
rRNA expression in each sample. The primers used in this study were: BTK
forward, 50-aagcagttccttcaccgaga-30; BTK reverse, 50-ggacaggc
cgaaatcagata-30; RICTOR forward, 50-ggtgttgtgactgaaacccg-30; RICTOR
reverse, 50-gtcattccgccctcgtactc-30; Akt forward, 50-ttgtgaaggag
3

ggttggctg-30; Akt reverse, 50-ctcacgttggtccacatcct-30; PI3K forward
50-gagccccgagcgtttctg-3’; PI3K reverse 50-tcgtggaggcattgttctga-3’; 4EBP1
forward 50-caagggatctgcccaccatt-3’; 4EBP1 reverse 50-acac-
gatggctggtgcttta-3’; ATG7 forward 50-ttttggtcctagcagcccac-3’; ATG7
reverse 50-tacggtcacggaagcaaaca-3’; ATG12 forward 50-tgctggaggggaag-
gactta-3’; ATG12 reverse 50-gttcgctctactgcccactt-3’; Actin forward 50- gca-
cagagcctcgcctt-3’; Actin reverse 50-tcatcatccatggtgagctg-3’; 18S forward 50-
gcaattattccccatgaacg-3’; 18S reverse 50-ggcctcactaaaccatccaa-3’.
2.5. Development of animal xenograft and pre-clinical efficacy trial

Mouse xenograft was established as described previously [15]. The
maximum tolerated dose (MTD) of ibrutinib in severe combined immu-
nodeficient (ICR-SCID) mice was determined to be 50 mg/kg when given
intravenously. Mice were treated with ibrutinib at doses of 50 mg/kg p.o
5 days a week for 4 weeks. Mice in the control and ibrutinib treated
groups were followed for measurement of subcutaneous tumors, changes
in body weight, and other side effects of the drugs. Tumors were
measured twice weekly. Tumor weight (mg) was calculated using the
formula: (A � B2)/2, where A and B are the tumor length and width (in
mm), respectively. To avoid discomfort and in keeping with our Insti-
tutional Animal Care and Use Committee (IACUC) procedures, animals
were euthanized when their total tumor burden reached 2,000 mg. All



Fig. 3. Impact of Ibrutinib on downstream targets: L-428 cell lines were grown in 24 well plates at a density of 200,000 cells per well in quadruplet and exposed to
indicated concentrations of Ibrutinib for 72 hrs. At the end of the treatment period cells were pooled and RNA was isolated and RT-PCR was performed using standard
procedures (*p < 0.05; **p < 0.01). [B] KM-H2 cells were grown in 24 well plates in quadruplet and exposed to indicated concentrations of Ibrutinib for 72 hrs. At the
end of the treatment the samples from individual treatment groups were pooled and protein was isolated using standard procedures. The proteins lysates were resolved
using polyacrylamide gel electrophoresis and Western Blotting. The blots were probed for antibodies against BTK, pAkt and p65. β-actin was used as a loading control.
Original uncropped gel images can be viewed in Supplementary Fig. 1.
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studies involving mice were done under Animal Investigation
Committee-approved protocols. Residual tissue from the control and
treatment groups was analyzed for changes in molecular markers by
western blotting and RT-PCR by standard procedures.

2.6. Statistical analysis

Wherever appropriate, the data were subjected to a Student's t-test
using GraphPad Prism software (La Jolla, CA). p < 0.05 was considered
statistically significant.

3. Results

3.1. Ibrutinib prevents HL proliferation

In order to evaluate the cell proliferation inhibition potential,
4

classical HL cell lines (KM-H2, L1236, L-428 and HDLML) were exposed
to Ibrutinib (0–25 micro M concentrations for 0–72 hrs) followed by
trypan blue viability analysis. As can be seen from the results of Fig. 1
(A–D), exposure to Ibrutinib resulted in marked suppression of HL cell
lines in a time and dose dependent manner. All the cells lines tested
demonstrated response to ibrutinib with a IC50 in the range of 7.5–10 μM.
These results for the first time show that Ibrutinib is effective in sup-
pressing the proliferation of HL cells and support its credentials to be
used as a new therapy for this disease.

3.2. Ibrutinib induced apoptosis in HL cells

To verify whether the cell death proliferation inhibition by Ibrutinib
was consistent with apoptosis induction, Annexin V FITC assay was
performed. As can be seen from the results of Fig. 2, Ibrutinib treatment
resulted in statistically significant induction of apoptosis in KM-H2



Fig. 4. Protein expression analysis post
ibrutinib treatment. L-428 cell lines were
grown in T75 culture flask in the presence of
indicated doses of Ibrutinib for 72 hrs. At the
end of the treatment period cells protein was
isolated and western blot was performed
using standard protocols [22]. Blots were
probed for antibodies against PARP, cleaved
Caspase 3, ATG12 and LC3B (see methods for
antibody source). β-actin was used as a
loading control. Blots are representative of
two independent experiments. Original un-
cropped gel images can be viewed in Sup-
plementary Figs. 2–5.
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(Fig. 2A ~4% apoptosis in control vs ~33% apoptosis at 10 μM and
~70% apoptosis at 20 μM ibrutinib); L1236 (Fig. 2B); L428 (Fig. 2C) and
HDLM (~8% apoptosis in control vs ~50% apoptosis at 15 μM). In
agreement with the viability assay findings, apoptosis was consistently
observed in all the cell lines indicating that the drug could impact HL
irrespective of the sub-types of the disease.
3.3. Molecular analysis of ibrutinib targeted pathways in HL

In order to evaluate the signaling mechanisms regulated by ibrutinib
in HL cells RT-PCR and western blotting was performed. As can be seen
from the results of Fig. 3A, treatment of HL cells ibrutinib (to IC50 or
related doses) resulted in statistically significant down-regulation in the
mRNA levels of the drug's primary target BTK in L428 cells in a dose
dependent manner. Additionally, we also observed down-regulation of
BTK downstream effectors 4EBP1 and RICTOR. Total AKT levels showed
only a slight increase that was not significant at the mRNA level.
Following this we also analyzed the protein expression changes in BTK
regulated proteins post ibrutinib treatment. As can be seen from the re-
sults of Fig. 3B, ibrutinib treatment resulted in significant down-
regulation phospho-Akt levels. The levels of total Akt and NF-κB com-
plex component p65 did not decrease significantly. These results indicate
that ibrutinib treatment modulates the targets downstream effectors in
HL.
3.4. Ibrutinib activates autophagy pathways in HL cells

Despite prominent apoptotic cell death observed in the 4 different cell
lines tested, we did not observe significant changes in some of the clas-
sical pro-apoptotic markers. A limited set of proteins from the apoptosis
cascade such as cleavage of PARP and caspase 3 were observed post
ibrutinib treatment (Fig. 4A and B). Similarly there was no significant
change in p53 expression (Fig. 4A middle lane). Therefore, in order to
enhance our understanding of the cytotoxic mechanisms of ibrutinib we
expanded our molecular analysis and evaluated non-classical cell death
marker proteins. Interestingly, probing for autophagy markers revealed a
unique mechanism of ibrutinib cell death induction in these cells. As can
be seen from the results of Fig. 4 C and D, we observed enhancement in
the expression of well-known autophagy markers LC3B, and ATG12.
These results clearly show that ibrutinib mediated cell death in HL goes
well beyond the classical apoptosis pathway and that additional anti-
proliferative pathways are activated by the drug.
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3.5. Pre-clinical anti-tumor efficacy trial of ibrutinib in HL sub-cutaneous
xenograft

Next we probed for the in vivo anti-tumor activity of ibrutinib in KM-
H2 subcutaneous xenografts. Oral treatment of ibrutinib (50 mg/kg p.o
once daily 5 days a week for 4 weeks) to mice harboring KM-H2 at the
sub-cutaneous site (n¼ 5) resulted in statistically significant reduction of
tumor growth (P < 0.001) (Fig. 5A graph showing tumor weight, Fig. 5B
gross tumor weight 24 hrs post last drug dosing and Fig. 5C excised tumor
images post treatment). Ibrutinib was found to be tolerated at this dose
with no outward body weight loss (<10%) and no discomfort to animals.
RNA from excised residuals tumors was subjected to RT-PCR analysis to
capture molecular markers. As can be seen from the results of Fig. 5E and
results that are aligned to our in vitro observations, ibrutinib treatment
resulted in marked reduction of mRNA levels of BTK, 4EBP1, RICTOR
and PI3K in the residual HL tumors. We also observed activation of
autophagy markers in the residual tumors (LC3A, LC3B, ATG12 and
Beclin 5E Lower panel). These findings were consistent with those noted
in cell lines indicating that the postulated mechanisms of action of
ibrutinib in HL may be translated to in vivo models.

4. Discussion

In this report we for the first time demonstrate the activity of Bruton's
Tyrosine Kinase inhibitor ibrutinib in classical Hodgkin's Lymphoma
(HL) models in vitro and in in vivo. Mechanistically we show that ibrutinib
induces several cell death mechanisms (apoptosis and autophagy) in HL
and support the utility of BTK as a therapeutic target for this disease.
Based on this work a phase II study examining the activity of ibrutinib in
relapsed or refractory HL is currently enrolling (NCT02824029).
Importantly, presentations from this study and case reports of therapeutic
response to ibrutinib have been presented or published indicating the
potential clinical activity of this agent in HL.

Each year over 8000 Americans are diagnosed with HL and ~1000
die from this disease [16]. Despite some success with available radio-
therapy and systemic chemotherapies, there is a need for the develop-
ment of novel molecular targeted strategies that have minimal long term
toxcities [17]. Notably, ibrutinib treatment resulted in the suppression of
the proliferative potential of several distinct HL cell lines. Although these
IC50s are higher than clinically achieved concentrations of ibrutinib,
these are consistent with reported in vitro activity in chronic lymphocytic
leukemia (CLL) and other lymphomas where ibrutinib is clinically active,
perhaps reflecting that the physiological microenvironment may also
play a role [18]. Nonetheless, inhibition of proliferation is observed in

http://www.bloodjournal.org/lookup/external-ref?link_type=CLINTRIALGOV&amp;access_num=NCT02824029&amp;atom=%252Fbloodjournal%252F130%252FSuppl_1%252F1536.atom


Fig. 5. Ibrutinib suppresses the growth of KM-H2 subcutaneous xenograft in a statistically significant manner. Initially, 5X106 KM-H2 100% viable cells were sub-
cutaneously injected bilaterally in 5–6 ICR-SCID mice. After several attempts, and once tumor(s) develop, they were surgically removed, dissected into ~100 mg tumor
pieces, and transplanted into the flanks of 15 naïve, 4-5-week-old female ICR-SCID mice. Roughly two months later, 10 mice that developed sizable tumors were
randomly divided into two equal cohorts; Control (received diluent) and Ibrutinib-treated (orally 50 mg/kg qd X5 X3–4 weeks). [A] Graph showing anti-tumor ef-
ficacy. [B] Gross tumor weight at the last dose treatment. [C] Images of tumors excised from mice after treatment. [D] One mice was sacrificed to check the expression
of BTK and one mice was sacrificed to check the tumor quality. (Tumor weight calculated by vernier caliper by multiplying the length by witdth2/2) as described
previously [23]. Molecular analysis of residual tumor tissue using RT-PCR. Total RNAs from 2 tumor tissues were extracted by using the RNeasy Mini Kit (QIAGEN,
Valencia, CA) following the protocol provided by the manufacturer. The RNA (1μg) from each sample was converted to cDNA by using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). The expression level of BTK, PI3K, Akt, RICTOR, and 4EBP1 in cells or tumors was analyzed by real-time qPCR
using SYBR Green Master Mixture from Applied Biosystems. Data was analyzed according to the comparative Ct method and was normalized by GAPDH and 18S rRNA
expression in each sample. Original uncropped gel images can be viewed in Supplementary Fig. 6.
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vitro and was concurrent with induction of both apoptotic type cell death
(Annexin V positivity) and autophagy. We observed significant down-
regulation of BTK and its related downstream markers. Notably, probing
for molecular changes showed that ibrutinib treatment caused an auto-
phagic cell death in HL cells in addition to classical apoptotic pathway
activations. (PARP and caspase cleavage concurrent with significant
activation of autophagy markers Beclin, ATG12, LC13B). These results
are strongly supported by the in vivo results from the KM-H2 mouse
xenograft model, in which ibrutinib significantly inhibits tumor growth
compared to control. Downregulation of BTK and downstream effectors
as well as upregulation of autophagic markers are also observed these
tumors, akin to the in vitro results. Notably, the in vivo data show
persistence of remaining tumor even after 72 days of ibrutinib treatment,
suggesting that ibrutinib alone may provide tumor growth control but
that combination with other apoptosis-inducing agents may be needed
for tumor eradication. Supporting these studies in a glioblastoma model,
Wang and colleagues showed that anti-tumor mechanism of action of
6

ibrutinib involved activation of autophagy pathways [19]. In another
study in skin cancer model, ibrutinib was shown to induce cell death
through the activation of autophagy [20]. These findings suggest that
ibrutinibmay havemeaningful biologic activity beyond BTK/BCR/NF-kB
pathway inhibition alone and may induce tumor death through multiple
mechanisms.

In conclusion the present studies demonstrate the potential utility of
targeting BTK with ibrutinib in HL and provide further insights into the
mechanisms of ibrutinib-mediated tumor grown inhibition and tumor
death, which may guide further studies of ibrutinib in the future.
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