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Abstract
Bcl-2 proteins represent a rheostat that controls cellular viability. Obatoclax, a BH3-mimetic, has
been designed to specifically target and counteract anti-apoptotic Bcl-2 proteins. We evaluated the
biological effects of obatoclax on the anti-tumour activity of rituximab and chemotherapy agents.
Obatoclax induced cell death of rituximab/chemotherapy-sensitive (RSCL), -resistant cell lines
(RRCL) and primary tumour-cells derived from patients with B-cell lymphomas (N=39).
Obatoclax also enhanced the activity of rituximab and had synergistic activity when combined
with chemotherapy agents. The ability of Obatoclax to induce PARP cleavage varied between
patient samples and was not observed in some RRCL. Inhibition of caspase activity did not affect
obatoclax activity, suggesting the existence of caspase-independent death pathways. Autophagy
was detected by LC3 conversion and/or electron microscopy in RRCL and in patient-derived
tumour cells. Moreover, obatoclax activity was inhibited by Beclin-1 knockdown. In summary,
obatoclax is an active Bcl-2 inhibitor that potentiates the activity of chemotherapy agents and, to a
lesser degree, rituximab. Defining the molecular events triggered by obatoclax is necessary to
further its clinical development and identify potential biomarkers that are predictive of response.
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Introduction
The use of rituximab in combination with systemic chemotherapy has not only improved the
clinical outcome of patients with B-cell lymphoma, but appears to be changing the biology
of relapsed/refractory disease.(Coiffier, et al 2002, Czuczman, et al 1999, Hagberg and
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Gisselbrecht 2006, Pfreundschuh, et al 2008, Pfreundschuh, et al 2006) Martin et. al. (2008)
reported that patients with diffuse large B-cell lymphoma (DLBCL) failing upfront
rituximab-based immunochemotherapy had lower response rates to salvage chemotherapy,
as well as inferior progression-free survival (PFS) and overall survival (OS) rates after high
dose chemotherapy and autologous stem cell support (HDC-ASCS) when compared to
historical controls. In order to address the challenge of managing relapsed/refractory B-cell
lymphoma in the rituximab era, it is important to evaluate novel therapeutic strategies
targeting key regulatory pathways associated with rituximab-chemotherapy resistance.

Bcl-2 was the first protein involved in regulating apoptosis that was determined to be an
oncogene.(Cleary, et al 1986, Tsujimoto, et al 1985) Aberrant expression of Bcl-2 family
members may lead to an increase in the apoptotic threshold of cancer cells and association
with chemotherapy resistance resulting in poor clinical outcomes seen in subsets of
refractory non-Hodgkin lymphoma (NHL).(Bannerji, et al 2003, Cory and Adams 2002,
Gascoyne, et al 1997, Sohn, et al 2003)

Functionally, Bcl-2 family members can promote or prevent program cell death and can be
subdivided into three groups: 1) anti-apoptotic (Bcl-2, Mcl-1, A1, Bcl-XL and Bcl-w), 2)
pro-apoptotic (Bak, Bax), and 3) BH3 single domain pro-apoptotic proteins (Bim, Puma,
Noxa, Bid, Bik, Hrk, Bad and Bmf) that potentiate the effects of Bax and Bak upon
activation following cytotoxic signals.(Adams, et al 2005)

It is postulated that tissue homeostasis is regulated largely by the balance between BH3-only
proteins and Bcl-2 pro-survival family members. Upon cell damage (e.g. exposure to
chemotherapy agents) BH3-only proteins are activated and inactivate Bcl-2 anti-apoptotic
proteins by inserting their shared BH3 domain into a hydrophobic groove on the surface of
Bcl-2 pro-survival proteins.(Kim, et al 2006) The neutralization of Bcl-2 pro-survival
proteins by BH3-only proteins favours the activation and oligomerization of Bax/Bak that
leads to changes in mitochondrial potential and apoptosis.(Cheng, et al 2001) The activation
of BH3-only proteins is complex and varies between the different members of this subfamily
of proteins. For example, Bim and Bmf are regulated in part by sequestration to the
cytoskeleton while Puma and Noxa are regulated at the transcriptional level by p53.
(Puthalakath, et al 1999, Shibue, et al 2006, Shibue, et al 2003) As recently discovered, the
members of the Bcl-2 family proteins interact with other cellular proteins involved in cell
cycle and autophagy and thereby influence other cellular functions.

In order to study the mechanisms of rituximab resistance, our group of investigators
developed and characterized several rituximab-resistant cell lines. (Czuczman, et al 2008,
Olejniczak, et al 2008) Repeated exposure to rituximab resulted in deregulation of several
members of the Bcl-2 family proteins and downregulation of surface CD20, leading to a
phenotype resistant to both chemotherapy agents and rituximab. (Olejniczak, et al 2008)
These findings suggest the existence of common shared resistance pathways between
chemotherapy agents and monoclonal antibodies targeting CD20, and strongly suggest the
importance of Bcl-2 family members in the biology of relapsed/refractory B-cell lymphoma.

The use of BCL-2 oligonucleotides targeting endogenous Bcl-2, G3139 (i.e. oblimersen
sodium) was explored in pre-clinical lymphoma models.(Cotter, et al 1999, Ramanarayanan,
et al 2004) Subsequently, results from G3139 clinical trials in patients with relapsed/
refractory chronic lymphocytic leukaemia (CLL) or melanoma were not as robust as
predicted and lead scientists to develop alternative ways to target Bcl-2 family members.
(Bedikian, et al 2006, O’Brien, et al 2007) Several compounds that mimic the binding site
of the BH3 single domain proteins have been developed and are currently in pre-clinical and
clinical stages of evaluation(Labi, et al 2008).
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Obatoclax (GX15-070), is BH3-mimetic capable of binding and inactivating Mcl-1, Bcl-XL
and Bcl-w with minimal to no interaction with Bcl-2.(Nguyen, et al 2007) Based on its
binding affinity for Mcl-1, various investigators studied the anti-tumour activity of
obatoclax in mantle-cell lymphoma (MCL) in pre-clinical and clinical models with modest
results.(Perez-Galan, et al 2007) In the present report we demonstrate that obatoclax had
potent anti-tumour activity in a panel of rituximab-sensitive and resistant cell lines and in
tumour samples derived from patients with various subtypes of de novo or refractory/
relapsed B-cell lymphoma. We evaluated the biological interactions between obatoclax and
rituximab and three chemotherapeutic agents utilized in the treatment of B-cell lymphoma.
Finally, we found that depending on the status of the apoptotic machinery, obatoclax can
execute apoptosis or autophagy, suggesting the existence of a dual mechanism of action for
this novel targeted agent.

Materials and Methods
Antibodies, Drugs, and Reagents

Obatoclax, GX15-070 was provided by Gemin X Pharmaceuticals (Montreal, ON, Canada).
Cisplatin was purchased from American Pharmaceutical Partners (Schaumburg, IL),
doxorubicin obtained from Bedford Labs (Bedford, OH), and vincristine was provided by
the Roswell Park Cancer Institute (RPCI) Pharmacy.

Therapeutic antibodies, rituximab (anti-CD20) and trastuzumab (anti-Her-2/neu; used as
isotype control) were obtained from Genentech, Inc. (San Francisco, CA) and, unless
otherwise specified, were used at a final concentration of 10 μg/ml.

Primary mouse anti-human antibodies raised against Bak and actin were obtained from
Sigma Chemicals (St. Louis, MO), Bik from Santa Cruz Biotechnology (Santa Barbara,
CA), Moesin (Ab-1) from Lab Vision (Fremont, CA), PARP-1 from BD Pharmigen™ (San
Jose, CA), Noxa from Calbiochem (San Diego, CA), p53 and puma from BD Bioscience
(San Jose, CA) and LC3 from MBL International (Woburn, MA). Alkaline phosphatase
(AP) or horseradish peroxidase (HRP) conjugated anti-mouse secondary antibodies were
purchased from Jackson Immuno Research (West Grove, PA).

Ficoll-Hypaque was purchased from Sigma Chemical, St. Louis, MO. Sodium chromate51

(51Cr) and [3H] thymidine radioisotopes (Perkin-Elmer Life Inc., Boston MA) were utilized
in functional assays assessing antibody-associated cytotoxicity and cell proliferation,
respectively. Triton X-100, trypan blue and histopaque-1077 were obtained from Sigma-
Aldrich Inc. (St Louis, MO). Cell Titer-Glo Luminescent Viability Assay reagent was
purchased from Promega (Madison, WI). Three-methyladenine was obtained from Sigma
Chemicals, zVAD-fmk and Q-VD-OPh from MBL International.

Cell Lines
A panel of rituximab-sensitive (RSCL) or resistant (RRCL) cell lines was used for the
experiments. The parental, RSCL Raji, and RL were purchased from American Type
Culture Collection (ATCC, Manassas, VA). The SU-DHL-4 cell line was a kind gift from
Steven Treon (Dana Farber Cancer Institute, Boston, MA). RRCL were created from each
RSCL by repeat exposure of cells to escalating doses of rituximab in the presence (4RH) or
absence (2R) of human complement. Individual clones were isolated and expanded. These
RRCL have been previously described and characterized.(Czuczman, et al 2008, Olejniczak,
et al 2008)
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Patient’s specimens
Neoplastic B-cells were isolated from pre-treatment biopsy tissue obtained from 45 patients
with B-cell NHL or lymphocyte predominant Hodgkin lymphoma (LPHL) treated at RPCI.
Samples from patient biopsy specimens were procured under Institutional Review Board
(IRB) RPCI protocols I42804 and I42904. Tissue specimens were placed in phosphate-
buffered saline-containing collagenase type IV (1 mg/ml; Sigma-Aldrich, St. Louis, MO)
and incubated for 15 min at 37°C, including manual agitation for five minutes. Next,
samples were diluted with RPMI 1640 medium containing 10% fetal bovine serum (FBS)
and the cell suspension was filtered through a 100μm cell strainer to remove large clumps.
Subsequently, lymphocytes were enriched for by density centrifugation. B-cells were then
isolated from enriched lymphocytes by magnetis-activated cell sorting (MACS) separation
using a human B-cell Isolation Kit II (Miltenyi Biotec, Gladbach, Germany). B-cell purity
was assessed by flow cytometry using antibodies to CD19 and CD20 (Becton Dickenson,
San Jose, CA). Greater than 95% pure CD19+ cells were obtained from the first 8 specimens
processed.

In vitro effects of obatoclax on viability of NHL cell lines
In order to determine the biologically active dose of obatoclax, RRCL or RSCL were
exposed to escalating doses of GX15-070 (2–20μM) or vehicle control (dimethyl sulfoxide;
DMSO) for 24 or 48 h. All cells were plated at a density of 0.5 × 106 cells/ml. After each
time period, samples were collected and cell viability was determined by 0.1% trypan blue
staining or alamar blue reduction. Experiments were performed in triplicate and read by two
independent investigators. To confirm effects in cell viability, changes in ATP content
following obtatoclax exposure were evaluated using the Cell Titer-Glo Luminescent
Viability Assay reagent (Promega, Madison, WI).

In vitro effects of obatoclax with and without chemotherapy or rituximab on DNA synthesis
and cell proliferation of NHL cell lines

RSCL and RRCL were placed in 96-well plates (1 × 105 cells/well, cell density of 0.5 × 106

cells/ml) and exposed to obatoclax (1–10 μM) and/or cisplatin (0.1–10 μM), doxorubicin (4–
400 μM), vincristine (0.1–10 nM). Cells were then incubated at 37°C and 5% CO2 for 24
and 48 h. Then, 37 kBq/well of [3H]-thymidine was added and cells were incubated for an
additional 18 h. Cells were then harvested using the Tomac Cell Harvester (Tomtec,
Hamden, CT) into 96 well glass filters (Wallac Inc, Turku, Finland) and [3H]-thymidine
uptake was measured using an automated scintillation counter (Wallace, Gaithersburg, MD).

Synergistic anti-tumour activity between obatoclax and each chemotherapy agent used was
evaluated using a pharmacodynamic (PD) model. The inhibitory Emax model [Effect = Eo-
(Imax × Cγ)/(IC50γ + Cγ)], WinNonlin (Pharsight Corporation Version 5.3) was first used to
fit individual cell viability (PD)-concentration curves following 48-h exposure of obatoclax,
cisplatin, doxorubicin, and vincristine. The individual PD parameters, including IC50, Imax,
and Hill’s constant (γ) (a measure of the steepness of the slope), for single agent exposure to
RSCL and RRCL cells were obtained from the model (Table 1). To quantify the synergy of
obatoclax with cytotoxic agents (cisplatin, doxorubicin, and vincristine), a simplified PD
model was developed using ADAPT 5(BMSR)(D’Argenio, et al 2009). A modified version
of the PD interaction model that was originally developed by Ariuens and Simonis (Ariuens
and Simonis 1964) and more recently adapted by.Chakraborty and Jusko (2002) was used to
fit the data upon exposure to the combination of obatoclax with either, cisplatin,
doxorubicin, or vincristine as follows:
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For the purpose of modelling two drugs simultaneously, obatoclax is represented as drug A
and cytotoxic agents (cisplatin, doxorubicin, and vincristine) are represented by drug B in
each model run. ImaxA or ImaxB are the maximal inhibitory responses achieved for drug A
or B, B1 and B2 are the drug concentrations for each drug representing the response, IC50A
or B represent the concentration producing 50% inhibitory response. An interaction symbol,
termed psi (ψ), was introduced into the Hill function to characterize the interaction of
obatoclax with the cytotoxic agents (see above formula). Individual PD parameters in
equation 2 are all fixed to the estimated values determined upon single agent exposure in
equation 1 and the ψ is estimated. The degree of interaction between the two drugs of
interest was determined by the following criteria: When ψ equals 1, there is no interaction or
the interaction between the two drugs may be additive, a ψ less than 1 is representative of
synergy, and a ψ greater than 1 indicates antagonism.

51Cr release assay for the assessment of the impact that obatoclax exposure has on
rituximab-mediated complement-mediated cytotoxicity (CMC) and antibody-dependent
cellular cytotoxicity (ADCC)

RSCL or RRCL were exposed in vitro to obatoclax (2–10μM) or DMSO (0.001%) an
incubated at 37°C and 5% CO2 for 24 h. Subsequently, 2 ×106 viable cells were labelled
with 51Cr at 37°C, 5% CO2 for 2 h. 51Cr-labelled RSCL or RRCL were then placed in 96-
well plates at a cell concentration of 1 × 105 cells/well (CMC assay) or 1 × 104 cells/well
(ADCC assay). Cells were then exposed to rituximab or isotype and human serum (CMC,
1:4 dilution) or peripheral blood mononuclear cells (PBMC) (ADCC, 40:1 effector: target
ratio) for 6 h at 37°C and 5% CO2. 51Cr release was measured from the supernatant by
standard gamma counter and the percentage of lysis was calculated as following: % Lysis =
[Test cpm – background cpm]/[Maximum cpm – background cpm]. PBMC were obtained
from healthy donors (IRB-approved protocol CIC-016). Pooled human serum as source of
complement for CMC assays.

In vitro effects of obatoclax on rituximab direct anti-tumour effects
To determine the effects of obatoclax on rituximab direct anti-tumour activity, standard
[3H]-thymidine incorporation assays were performed. NHL cells were exposed to obatoclax
and/or rituximab (10μg/ml) or isotype control (tratuzumab) for 48 h without cross-linking.
Effects of cell proliferation were determined by [3H]-thymidine incorporation as described
above.

In vitro effects of obatoclax on ATP content of lymphoma cell lines and primary tumour
cells derived from patients with B-cell lymphoma

To further confirm the biological activity of obatoclax as a single agent and to study its
effects in a more clinically relevant model we studied changes in ATP following obatoclax
exposure in RSCL, RRCL and in 45 tumour specimens collected from patients with various
types of B-cell lymphoproliferative disorders. Briefly, RSCL, RRCL and primary neoplastic
B-cells were exposed to obatoclax (0.1–5 μM) or DMSO control (0.0001%) at a cell-density
of 0.5 × 106 cells/ml. Following a period of 24 or 48 h incubation at 37°C and 5% CO2,
changes in ATP were determined using the Cell Titer-Glo Luminescent Viability Assay.
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Effect of caspase inhibition on obatoclax anti-tumour activity
RSCL and RRCL were incubated with obatoclax (20μM) or vehicle control for 24 or 48 h
with or without the pan-caspase inhibitors zVAD-fmk (50μM) and Q-VD-OPh (5μM).
Differences in cell viability following caspase inhibition were determined using the Cell
Titer-Glow Luminescent Viability Assay reagent.

Changes in the expression of several pro-apoptotic or autophagy proteins in RSCL or
RRCL after exposure to obatoclax

In order to study the mechanisms responsible for obatoclax anti-tumour activity in B-cell
lymphoma, RSCL or RRCL were exposed to obatoclax (20μM) or control in vitro for 24 or
48 h. Subsequently, changes in the expression of puma, noxa, p53, PARP cleavage, bak, bax
and LC3 were determined by Western blotting.

Morphological changes in RSCL or RRCL following obatoclax exposure
In order to further evaluate if obatoclax induced autophagy in RRCL with low levels of Bak/
Bax, RSCL and RRCL were exposed in vitro to obatoclax (20μM) or vehicle control for 48
h. Subsequently, cells were fixed in ultrapure gluteraldehyde and stored at 4°C. Fixed cells
were then sent to the RPCI imaging facility for analysis by transition electron microscopy
(TEM). Experiments were performed in triplicates on three separate occasions.
Representative photographs of the results are presented. Pathological interpretation of the
morphologic changes observed was performed by a pathologist who was blinded to
experimental conditions.

The role of autophagy on obatoclax anti-tumour activity in RRCL
In order to characterize the role of autophagy execution following therapy with obatoclax,
we inhibited the autophagy pathway in RRCL. First, RRCL were incubated with or without
3-methyladenine (2.5 mM) and then exposed to obatoclax (0–10 μM) for 24 or 48 h. Cell
viability was determined by changes in the ATP content using the Cell Titer-Glow
Luminescent Assay. Subsequently, siRNA-mediated knockdown of Beclin-1 was performed.
Knockdown of BECN1 was achieved using ON-TARGET plus SMART pool siRNA
containing a mixture of 4 siRNAs designed to specifically target BECN1 (Dharmacon,
Lafayette, CO). Non-targeting SMART pool siRNA (Dharmacon) was used as a negative
control. Efficient knockdown of Beclin-1 was confirmed by Western blotting. Once
conditions were optimized, RRCL were transfected with 2μg of siRNA targeting BECN1 or
control using an Amaxa Nucleofector (Lonza Laboratories, Anaheim CA) and cells were
incubated with obatoclax (0–10μM) for an additional 24 h. Differences in cell viability were
determined by ATP quantification as previously described.

Results
Obatoclax induces cell death in RSCL and RRCL regardless of baseline Bak/Bax levels

While the expression of Bcl-2 members differs between RSCL and RRCL, obatoclax
induced cell death in a dose-dependent fashion in all the cell lines tested (Figure 1). RRCL
are characterized as having higher levels of MCL-1/Bcl-XL and lower levels of Bak/Bax as
compared to RSCL (Olejniczak, et al 2008). The dose of obatoclax that resulted in cell death
of 50% of the RSCL or RRCL was 5μM following a 48 h period of incubation (Figure 1)
and was independent of rituximab-chemotherapy sensitivity or Bak/Bax levels (Figure 1).
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Obatoclax has potent anti-tumour activity in tumour cells derived from patients with
diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL)

Subsequently, we studied the anti-tumour activity of obatoclax against tumour cells derived
from patients with B-cell lymphoma. A total of 39 tumour samples were tested. The
demographic characteristics of the patients whose tumour cells were evaluated are
summarized in Table 2. The majority of the patients had DLBCL (N=15) or FL (N=12), and
44% had relapsed/refractory disease. Of interest, obatoclax activity was observed in both de
novo and relapsed/refractory lymphoma. Cell death was observed at all doses tested (0.1 –
5μM) and was more pronounced at 48 h (Figure 2). When analysing DLBCL using the
Han’s algorithm, activity was observed in both germinal centre B-cell (GCB) (5/6, 83%) and
in non-GCB lymphomas (9/9, 100%). In addition, obatoclax decreased cell viability in 90%
and 75% of the FL (Figure 2) or LPHL (data not shown) samples tested respectively.
Although only evaluated in 2 patient samples of each, obatoclax had a minimal to modest
(up to 25% cell death at 48 h) anti-tumour activity in small lymphocytic lymphoma (SLL),
marginal zone lymphoma (MZL), and mantle cell lymphomas (MCL) (Supplemental Figure
1). No biological effects were found in 4 samples obtained from patients with benign
lymphoid hyperplasia (data not shown).

Obatoclax enhances rituximab-medicated ADCC in vitro
Previous investigators had demonstrated that granzyme-B released by effector cells
following cytokine activation of ADCC could activate tBid, a member of the BH3 single
domain subfamily proteins favouring apoptosis of target cells(Waterhouse, et al 2005).
ADCC is a key mechanism of action of rituximab in B-cell lymphoma and therefore, we
evaluated the effects of pre-incubating RSCL or RRCL with obatoclax prior to rituximab
exposure. In RSCL (RL and Raji cells), in vitro exposure to obatoclax for 24 h prior to the
exposure of rituximab, resulted in a dose-dependent increase in rituximab-mediated ADCC.
The mean percentage of rituximab-associated ADCC on DMSO (vehicle) pre-treated RL
and Raji cells was 20.3% +/−1.14% standard error of the mean (sem) and 17.6% +/
−1.07%sem, respectively. Exposure of RL cells to obatoclax (5μM) for 24 h prior to
rituximab exposure lead to a statistically significant increase in rituximab-mediated ADCC
[mean % lysis 58.56% +/− 3.6%sem, P= 0.007]. Similar results were seen in Raji cells
[mean % lysis 42.6% +/−3.03%sem, P=0.026] (Figure 3a).

No significant improvement in rituximab-mediated ADCC was observed in RRCL (data not
shown). In addition, obatoclax did not impact rituximab-associated CMC in RSCL or RRCL
or direct anti-proliferative effects (Figure 3b and supplemental figure 2). No significant
changes in CD20 surface antigen expression were observed in lymphoma cells exposed to
obatoclax (data not shown). Still, the ability of obatoclax to improve rituximab-associated
ADCC in vitro warrants further pre-clinical studies that may lead to evaluate obatoclax in
combination with rituximab in lymphoma clinical trials.

Obatoclax potentiates chemotherapy effects in both RSCL and RRCL
Increasing concentrations of the combination of Obatoclax and a cytotoxic agent results in
enhanced cell kill. A graphical representation of the interaction of obatoclax with cytotoxic
agents (cisplatin, doxorubicin, and vincristine) on cell kill, normalized by single agent IC50
values, demonstrated that when used in combination, obatoclax was synergistic with the
tested cytotoxic agents (Figure 4). Viability is represented by a colour scheme, where red
and orange indicate greater cell viability; the dark blue regions represents 100% inhibition of
cell growth. A clear synergism was observed for doxorubicin, cisplatin, and vincristine in
combination with obatoclax in both RSCL (RL cells) and RRCL (RL-4RH), as estimated Ψ
values were all well below 1 (Table 1). A greater degree of synergy, as represented by the
lowest Ψ values, was apparent with cisplatin and doxorubicin in combination with obatoclax
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in RSCL (RL) cells relative to the vincristine-obatoclax combination. The surface
representing the complete inhibition of cell growth generated for the vincristine-obatoclax
combination is most likely to be due to predominantly vincristine, as it was the most potent
cytotoxic single agent tested in these cell lines (Figure 4E,F). As a result, this may warrant
additional experiments using lower concentrations of vincristine to further characterize
contribution of obatoclax on cell inhibition with this drug combination. There was no
difference in the estimated Ψ between cell lines for each combination tested (p>0.05)
suggesting that obatoclax effects on each chemotherapy agents was similar in both RSCL
and RRCL (Table 1). These results demonstrate that when used in combination with
cytotoxic agents, obatoclax has enhanced killing in both cell lines and may support its use in
combination with such agents.

In vitro exposure of RSCL and RRCL to obatoclax results in the up-regulation of p53-
regulated BH3 single domain proteins Puma and Noxa

In order to characterize the mechanisms by which obatoclax kills lymphoma cells and
potentiates the effects of rituximab and chemotherapy agents, we studied its effects on the
expression of other regulatory proteins of the apoptotic pathway. In vitro exposure of RSCL
and RRCL to obatoclax for 48 h resulted in decreased p53 protein and the upregulation of
p53-regulated Puma, and to a lesser degree Noxa (Figure 5). Of interest, PARP cleavage was
only detected in RSCL exposed to obatoclax that are known to have adequate levels of Bax
and Bak. While cell death and upregulation of Puma and Noxa was observed in RRCL
exposed to obatoclax; PARP cleavage was not observed (Figure 5). This finding strongly
suggests the existence of additional pathways of cell death being executed by obatoclax in
cells with low levels of Bak/Bax and therefore a higher apoptotic threshold.

Obatoclax induces caspase-independent cell death in lymphoma cell lines
To further define the mechanisms of cell death responsible for obatoclax activity in B-cell
lymphoma, we studied the consequences of caspase inhibition on obatoclax activity. In vitro
exposure of RSCL or RRCL to zVAD-fmk (50μM) did not affect the anti-tumour activity of
obatoclax (Figure 6a). Similar effects were observed with 5μM Q-VD-OPh (data not
shown).

Obatoclax induces autophagy in RSCL, RRCL, and in primary tumour cells derived from
patients with DLBCL

Other investigators demonstrated that in certain pre-clinical models, other BH3 mimetics
induced autophagy, a caspase-independent cell death pathway.(Hetschko, et al 2008, Maiuri,
et al 2007) To further study caspase-independent mechanisms to explain obtatoclax’s
activity, we investigated whether autophagy was triggered following in vitro exposure to this
novel BH3 mimetic. LC3-II conversion from LC3-1, a surrogate marker of autophagy, was
observed in RSCL, RRCL and in primary DLBCL tumour cells following in vitro exposure
to obatoclax for 48h (Figure 6b). To confirm the execution of autophagy following
obatoclax exposure, TEM was performed in RSCL and RRCL after a 48-h period of
incubation with vehicle or obatoclax. Of interest, different cellular effects were observed
between RSCL and RRCL exposed to obatoclax. Cellular changes consistent with apoptosis
were seen in RSCL (Figure 6c). In contrast, TEM confirmed cellular changes consistent with
the induction of autophagy following exposure of rituximab chemotherapy-resistant cells to
obatoclax (Figure 6c). Moreover, the cell death induced by obatoclax could be inhibited by
transient siRNA knockdown of Beclin-1 or by treatment with 3-methyladenine, an inhibitor
of autophagy in RRCL (Figure 6d). Altogether, these data support the premise that obatoclax
has a dual mechanism of action and is capable of inducing apoptosis or autophagy in B-cell
NHL cells depending on their apoptotic threshold (e.g. Bak/Bax levels).
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Discussion
Prior to rituximab, the overexpression of Bcl-2 was found to be a negative prognostic factor
with respect to chemotherapy response, PFS, and OS in patients with various subtypes of
NHL and other cancers. The addition of rituximab to systemic chemotherapy for B-cell
neoplasms has counteracted the negative impact of the over-expression of some Bcl-2
family members in the clinical settings(Mounier, et al 2003, Shivakumar and Armitage
2006, Wilson, et al 2007). Alternatively, based on two rituximab-resistance pre-clinical
models and emerging clinical data, de-regulation of Bcl-2 family members will probably
have a significant impact in the biology of relapsed/refractory lymphoma.(Jazirehi, et al
2007, Olejniczak, et al 2008)

BH3 mimetics, including obatoclax, are emerging as potentially valuable anti-cancer agents.
Obatoclax has been studied in pre-clinical models of haematological and non-
haematological malignancies (Konopleva, et al 2008, Li, et al 2008, Perez-Galan, et al 2008,
Perez-Galan, et al 2007, Trudel, et al 2007). Significant anti-tumour activity has been
observed in models that utilized cancer cell lines. In our current work we demonstrated that
obatoclax had anti-tumour activity against RSCL, RRCL, and in primary tumour cells
derived from 39 patients with various subtypes of B-cell neoplasms (i.e. DLBCL and FL and
LPHL), enhanced the anti-tumour effects of rituximab and had synergistic activity when
combined with chemotherapy agents. Our findings are similar to those described by other
investigators, who demonstrated that obatoclax has synergistic activity when combined with
platinum compounds in lung cancer models.(Li, et al 2008)

Obatoclax has been studied in two clinical studies in patients with haematological
malignancies. Schimmer et. al. (2008) conducted the first phase II study of obatoclax in
patients with advanced haematological malignancies. The study included 44 patients with
refractory acute myeloid leukaemia (AML) or myelodysplastic syndrome (MDS) and
received escalating doses of obatoclax (7–40 mg/m2 every 1–2 weeks) as a continuous
intravenous infusion (CIVI). Grade 1 to 2 central nervous system (CNS) toxicity was the
most common adverse events observed. Anti-tumour activity was observed in one patient
with AML and three patients with MDS.(Schimmer, et al 2008) O’Brien et al (2009)
evaluated obatoclax in 26 patients with advanced CLL. Obatoclax was administered as a 1-h
(3.5 to 14 mg/m2) or 3-h (20 to 40 mg/m2) infusion. Modest anti-tumour activity was
observed with reversible grade 1–3 CNS toxicity.(O’Brien, et al 2009) The maximum
tolerated dose (MTD) was found to be 28 mg/m2(O’Brien, et al 2009, Schimmer, et al
2008).

Pharmacokinetic studies performed in the context of these two clinical trials demonstrated
that maximum plasma concentration (Cmax) and the area under the curve (AUC) of
obatoclax were dose-related.(O’Brien, et al 2009, Schimmer, et al 2008) In our experiments,
especially those conducted in primary tumour cells, obatoclax was used at doses ranging
from 0.1 to 10μM, which are equivalent to 40 to 4000 ng/ml and therefore within the range
suitable for the clinical setting. In our experiments we observed anti-tumour activity in cell
lines and in primary tumour cells obtained from patients with B-cell lymphomas at clinically
relevant doses.

When used at low doses, obatoclax potentiates the anti-tumour activity of rituximab and
chemotherapy agents, most likely by affecting the net balance of anti- to pro-apoptotic
proteins in NHL cells. The biological interactions between obatoclax and the chemotherapy
agents tested could be a result of the direct effects of obatoclax, cisplatin, doxorubicin and
vincristine on the net balance of the pro- and anti-apoptotic Bcl-2 family members. In vitro
exposure of cancer cells to cisplatin or doxorubicin is known to affect the expression of p53-
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regulated BH3 single domain proteins Puma and Noxa (Jiang, et al 2006, Middelburg, et al
2005). In addition, microtubules sequestrate Bim and in vitro exposure of cells to vincristine
or paclitaxel (i.e. anti-mitotic agents) release Bim to interact with other Bcl-2 family
members and induce cell death.(Czernick, et al 2009)

The mechanisms by which pre-incubation of RSCL to obatoclax potentiate the rituximab-
associated ADCC in a dose-dependent fashion are not yet determined. However, it is
possible that the interactions of granzyme-B released during rituximab-associated ADCC
and/or the calcium influx following CD20 binding leads to Bim release from the
microtubules play role in this phenomena. Ongoing studies plan to further delineate the role
of granzyme B and Bim in the biological interactions between rituximab and obatoclax. The
lack of effect of obatoclax in rituximab-associated ADCC in RRCL could be explained by
the significant decrease in surface CD20 antigen exhibited by these cell lines.(Czuczman, et
al 2008)

In order to optimize the further clinical evaluation of obatoclax, it is important to understand
the mechanisms responsible for its anti-tumour activity. Our data suggest that obatoclax: 1)
induces the expression of p53-regulated pro-apoptotic BH3 single domain proteins Puma
and Noxa and may amplify death signalling; 2) possesses a dual mechanism of action
depending on the apoptotic threshold of the cancer cell targeted. In our experiments, caspase
inhibition did not affect the anti-tumour activity of obatoclax suggesting the existence of
alternative pathways of cell death executed by this BH3 mimetic. PARP cleavage and
nucleoli chromatin condensation, were observed following obatoclax exposure in rituximab-
sensitive cells lines with intact levels of Bak/Bax. In contrast, cellular changers compatible
with autophagy, such as vacuole formation by TEM and LC3-III conversion were observed
in RRCL with low levels of Bak/Bax. Moreover, inhibition of autophagy by 3-MA or by
siRNA knockout of BECN1 diminish obatoclax anti-tumour activity in RRCL, further
stressing the significant role that autophagy plays in the biological activity of obatoclax.

Our findings suggest that Bcl-2 family proteins may influence other cellular processes, such
as cell cycle or autophagy. Other investigators have demonstrated that Bcl-2 interacts with
p53, preventing its translocation into the nucleus and therefore affecting the cell cycle.(Day,
et al 2008, Knoops and de Jong 2008, Paquet, et al 2004) Similarly, there is growing
evidence that Bcl-XL interacts with Beclin-1 and may potentially play a role in regulating
autophagy under stress conditions. (Oberstein, et al 2007, Pattingre and Levine 2006,
Swerdlow and Distelhorst 2007)

In summary, BH3 mimetics, such as obatoclax are emerging as potentially valuable
therapeutic agents in the treatment of solid and haematological neoplasms. The multiple
cellular events observed following obatoclax exposure suggests that Bcl-2 family members
probably play a role in autophagy and/or cell cycle regulation, in addition to apoptosis.
Obatoclax has potent anti-tumour activity in rituximab-sensitive and -resistant cell lines,
primary NHL cells, as well as clinical activity observed early trials in patients with AML,
MDS or CLL. In addition, obatoclax lowers the chemotherapy sensitivity threshold in
rituximab-sensitive or -resistant lymphoma cell lines. Our pre-clinical data supports the
further evaluation of obatoclax as single agent or in combination with rituximab +/−
systemic chemotherapy in the context of future clinical trials in patients with B-cell
lymphoma.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
In vitro exposure of B-cell lymphoma cells lines to Obataclox results in dose-dependent cell
death and altered expression of Bcl-2 family proteins in Rituximab sensitive (Raji, and RL)
and resistant (Raji 2R, Raji 4RH, and RL 4RH). RRSL or RRCL were exposed to escalating
doses of obataclox. Cell death was determined by trypan exclusion (A) or Cell Titer-Glow
Luminescence Assay (B). Western blot analysis and quantification of Bcl-2 family proteins
from total cell lysates from Raji or RL cells vs. Raji-derived or RL-derived RRCL revealed
decreased Bax, Bak and Bcl-2 expression and increased Bcl-xL and Mcl-1 expression (C).
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Figure 2.
Ex vivo exposure of lymphoma cells derived from patients with untreated (U) or relapsed/
refractory (R/R) germinal centre B-cell (GCB) or Non-GCB diffuse large B-cell lymphoma
(DLBCL), or follicular lymphoma (FL) to obatoclax resulted in dose-dependent cell death.
Production of ATP was used as a surrogate of viability after 48 h of incubation. *Obatoclax
was utilized at 0.1, 1 and 2.5 μM for most of the samples obtained. Only cells obtained from
Patient 3 were exposed to obatoclax at higher dose (i.e. 5 μM)
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Figure 3.
Obataclox (GX15-070) enhances rituximab-mediated antibody-dependent cellular
cytotoxicity (ADCC) but not complement-mediated cytotoxicity (CMC) in rituximab
sensitive cell lines. Raji or RL cells were exposed to Obataclox (2 and 10 μM) for 24 h and
subsequently labelled with 51Cr. Labelled cells were then exposed to rituximab or isotype
and peripheral blood mononuclear cells at an effector: target ratio of 40:1(A) (ADCC) or
20% human serum pooled from healthy volunteers (B) (CMC) and incubated at 37°C, 5%
CO2 for 6 h. 51Cr-release was measured and the percentage of lysis calculated.

Brem et al. Page 17

Br J Haematol. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
In vitro exposure of rituximab sensitive (RL, a–c) and resistant cell lines (RL-4RH, d–f) to
Obatoclax potentiates the anti-proliferative effects of chemotherapy agents. NHL cells were
exposed to obatoclax with or without escalating doses of cisplatin, doxorubicin, or
vincristine. Following drug exposure for 48 h, changes in DNA synthesis were performed
using [3H]-thymidine incorporation assays. Cell viability response is represented as a
surface for combination of obatoclax with cytotoxic agents, cisplatin (A, B), doxorubicin (C,
D), and vincristine (E,F) normalized by estimated single agent IC50 in both RSCL (A, C, E)
and RRCL (B, D, F); a colour scheme is used to reflect cell kill, 100% cell viability is
represented in orange progressing to 0% represented by dark blue.
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Figure 5.
Changes in key regulatory proteins of apoptosis and cell cycle in rituximab-sensitive or
resistant cell lines following in vitro exposure to obatoclax. In vitro exposure of lymphoma
cell lines to obatoclax for 48 h resulted in the down-regulation of p53 and the up-regulation
of p53 regulated puma and noxa. In addition, PARP cleavage following obatoclax exposure
was observed in rituximab-sensitve cell lines (Raji and RL cells) and in some rituximab-
resistant cell lines (Raji4RH and RL-4RH), but not in Raji 2R cells.
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Figure 6.
Obatoclax induces cell death independently from caspase activation (A) primarily
autophagy (B–D). Various rituximab-sensitive and -resistant cell lines were exposed in vitro
to obatoclax (5 μM) with or without a pan-caspase inhibitor (zVAD-fmk, 50 μM). Cell
viability was detected by ATP generation using the Cell glow luminescent assay after 48 h.
(B) Obatoclax induces autophagy in rituximab-sensitive or resistant cell lines and in
lymphoma cells isolated from patients with diffuse large B-cell lymphoma (DLBCL). Cell
lines and patient-derived DLBCL cells (N=4) were exposed in vitro exposure to obatoclax
(5μM) or DMSO. Autophagy was determined by detection of LC3 conversion (C) and was
confirmed by electron microscopy. In vitro obatoclax exposure of Raji cells expressing Bak/
Bax induced morphological changes corresponding to apoptosis. Autophagy was observed
by electron microscopy in rituximab-chemotherapy resistant cells (Raji 2R shown here) that
are known to have low to absent levels of Bax/Bak. (d) Knock-down of Beclin-1 using
siRNA specific for BECN1 inhibited obatoclax killing of rituximab-resistant cell lines (Raji
4RH shown here). Data normalized to untreated control- or BECN1-siRNA transfected cells.
Western blot confirmed knockdown of Beclin-1. Co-incubation of obatoclax with 3-
methyladenine inhibited obatoclax-mediated killing of rituximab-resistant cell lines (Raji
2R)
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Table 1

Summary of Estimated Interaction Parameter (Ψ) upon exposure of Cisplatin, Doxorubicin, and Vincristine in
combination with Obatoclax in both rituximab-sensitive (RSCL) and –resistant (RRCL) cell lines. Two-tailed
student T-test evaluated the difference in Ψ between cell lines for each cytotoxic agent combined with
Obatoclax, expressed with a level of significance set at P<0.05

Drug combination Cell Line Ψ P value

Cisplatin + Obatoclax RSCL (RL) 0.391 (0.017)
}0.129

Cisplatin + Obatoclax RRCL (RL-4RH) 0.444 (0.045)

Doxorubicin + Obatoclax RSCL (RL) 0.432 (0.085)
}0.336

Doxorubicin + Obatoclax RRCL (RL-4RH) 0.492 (0.043)

Vincristine + Obatoclax RSCL (RL) 0.712 (0.045)
}0.069

Vincristine + Obatoclax RRCL (RL-4RH) 0.640 (0.023)

RSCL = rituximab-sensitive cell lines; RRCL = rituximab-resistant cell line.
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Table 2

Demographic characteristics of the patients whose primary tumour cells were derived and exposed in vitro to
obatoclax

Number of cases 39

Median Age, years (range) 62 (24–83)

Sex:

Male 25 (64%)

Female 14 (36%)

Diagnosis:

DLBCL 15

 GCB DLBCL 6

 Non-GCB DLBCL 9

FL 12

LPHL 2

SLL/MZL/MCL 6

Lymphoid Hyperplasia 4

Disease Status:

De Novo 22 (56%)

Relapsed/Refractory 17 (44%)

Prior rituximab therapy 35%

DLBCL = Diffuse Large B-cell Lymphoma

GCB = Germinal Centre B-cell

FL = Follicular Lymphoma

LPHL = Lymphocyte predominant Hodgkin lymphoma

SLL = Small Lymphocytic Lymphoma

MZL = Marginal Zone Lymphoma

MCL = Mantle Cell Lymphoma
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