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Abstract
Purpose This study was designed to test the ability of the
Bcl-2 family inhibitor ABT-263 to potentiate commonly
used chemotherapeutic agents and regimens in hematologic
tumor models.
Methods Models of B-cell lymphoma and multiple
myeloma were tested in vitro and in vivo with ABT-263 in
combination with standard chemotherapeutic regimens,
including VAP, CHOP and R-CHOP, as well as single
cytotoxic agents including etoposide, rituximab, bortezo-
mib and cyclophosphamide. Alterations in Bcl-2 family
member expression patterns were analyzed to deWne mech-
anisms of potentiation.
Results ABT-263 was additive with etoposide, vincristine
and VAP in vitro in the diVuse large B-cell lymphoma line

(DLBCL) DoHH-2, while rituximab potentiated its activity
in SuDHL-4. Bortezomib strongly synergized with ABT-263
in the mantle cell lymphoma line Granta 519. Treatment of
DoHH-2 with etoposide was associated with an increase in
Puma expression, while bortezomib upregulated Noxa
expression in Granta 519. Combination of ABT-263 with
cytotoxic agents demonstrated superior tumor growth
inhibition and delay in multiple models versus cytotoxic
therapy alone, along with signiWcant improvements in
tumor response rates.
Conclusions Inhibition of the Bcl-2 family of proteins by
ABT-263 enhances the cytotoxicity of multiple chemother-
apeutics in hematologic tumors and represents a promising
addition to the therapeutic arsenal for treatment of these
diseases.

Keywords ABT-263 · Bcl-2 · Lymphoma · Myeloma · 
Apoptosis

Introduction

Hematologic tumors, comprising leukemias, lymphomas
and myelomas, are estimated to aZict 138,530 people and
lead to 52,910 deaths in 2008 [1]. The combination of
cyclophosphamide, doxorubicin, vincristine and prednisone
(CHOP) had been the standard of care for non-Hodgkin’s
lymphoma (NHL), and the addition of rituximab (R-CHOP)
has improved treatment outcomes in B-cell lymphomas [2].
More recently, the proteasome inhibitor bortezomib was
approved for relapsed mantle cell lymphoma (MCL) and
multiple myeloma (MM) and has improved treatment out-
comes in these diseases [3, 4]. However, there remains
signiWcant need for improvement in the treatment of these
disorders.
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A frequent event in this tumor class is the upregulation
of the anti-apoptotic Bcl-2 family members [5, 6]. Indeed,
the hallmark translocation in follicular lymphoma involves
placement of the Bcl-2 gene under the control of the IgH
enhancer region [7]. Even in the absence of this transloca-
tion, Bcl-2 and/or Bcl-xL are expressed in a high percent-
age of cases of diVuse large B-cell lymphoma (DLBCL),
chronic lymphocytic leukemia (CLL), MCL and MM
[8–12]. Overexpression of Bcl-2 or Bcl-xL, or alteration of
the Bax:Bcl-2 ratio, have been associated with poor
prognosis in these tumors [5].

Chemotherapeutics can modulate the expression of
Bcl-2 family members in hematologic tumors. Etoposide
has been shown to upregulate Bax expression in
the leukemia line HL-60 and concomitantly decreased
Bcl-xL levels in K562 chronic myeloid leukemia cells
[13, 14]. Belhoussine et al. [15] generated HL-60 lines
resistant to either vincristine or daunorubicin and found
resistance to be associated with increases in Bcl-2
or Bcl-xL expression, respectively. Bortezomib treat-
ment stabilized mitochondria-associated Bax protein
in DHL-4 DLBCL and primary CLL cells [16] and
increased Noxa expression in responsive MM cells [17].
Rituximab decreased the levels of Mcl-1 and the
caspase 3 inhibitory protein XIAP in circulating CLL
cells [18].

ABT-263 is an orally available, potent inhibitor of Bcl-2,
Bcl-xL and Bcl-w. ABT-263 competitively inhibits the
binding of the pro-apoptotic Bcl-2 family members to Bcl-2,
Bcl-xL and Bcl-w, allowing them to activate the intrinsic
apoptotic cascade [19]. ABT-263 and the related inhibitor
ABT-737 have demonstrated single-agent activity against
DLBCL and acute lymphoblastic leukemias (ALL) in vivo,
and CLL primary samples ex vivo [19–22]. Additionally,
these agents potentiate the response to several chemothera-
peutic regimens in vivo in hematologic tumors [19, 20, 23,
24]. However, an analysis of combinations of commonly
used chemotherapeutics with ABT-263 in murine xenograft
models has not been performed.

In this report, we analyzed ABT-263 in combination
with several standard chemotherapeutic regimens in both
Xank and systemic models of DLBCL, MCL and MM. Sig-
niWcant enhancement of response was measured in vitro
with combinations of ABT-263 and etoposide in DoHH-2
and rituximab in SuDHL-4 DLBCL lines, as well as bort-
ezomib in Granta 519 MCL cells. Etoposide treatment led
to increased Puma protein expression in DoHH-2, while
bortezomib increased Noxa levels in Granta 519. In vivo,
signiWcant increases in tumor growth inhibition and
delay and overall response rates were demonstrated using
ABT-263 in combination with CHOP, rituximab, R-CHOP,
etoposide, vincristine, bortezomib and cyclophosphamide
in both Xank and systemic models of DLBCL, MCL and

MM. These data demonstrate that ABT-263 can cooperate
with a broad range of cytotoxic agents and regimens in the
treatment of hematologic tumors.

Materials and methods

Cell culture

DoHH-2, SuDHL-4 and WSU-DLCL2 DLBCL, Granta
519 MCL, OPM-2 MM cells were purchased from Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH
(Braunschweig, Germany). Cells were cultured in RPMI
1640 media (Invitrogen, Carlsbad, CA) supplemented with
10% FBS (Hyclone, Logan, UT), 1% sodium pyruvate
(Invitrogen) and 4.5 g/L glucose (Sigma, St Louis, MO).
Cells were maintained at 37°C in 5% CO2 and 95% relative
humidity.

Reagents

ABT-263 (N-(4-{4-[2-(4-chlorophenyl)-5,5-dimethyl-cyclo-
hex-1-enylmethyl]-piperazin-1-yl}-benzoyl)-4-((R)-3-mor-
pholin-4-yl-1-phenylsulfanylmethyl-propylamino)-3-triXu-
oromethanesulfonyl-benzenesulfonamide) was synthesized
at Abbott Laboratories (Abbott Park, IL). Bortezomib was
purchased from Millennium Pharmaceuticals (Cambridge,
MA). Doxorubicin and etoposide were purchased from
Bedford Laboratories (Bedford, OH). Vincristine was pur-
chased from Mayne Pharmaceuticals (Paramus, NJ). Cyclo-
phosphamide was purchased from Bristol-Myers Squibb
Co. (Princeton, NJ). Rituximab was purchased from Genen-
tech Inc. (South San Francisco, CA). Prednisolone was pur-
chased from ETHEX Corp (St Louis, MO). Doxorubicin,
vincristine, cyclophosphamide, prednisone and etoposide
used in in vitro studies were purchased from Sigma. Human
IgG1� (cat # 0151K-01) was purchased from Southern
Biotech (Birmingham, AL). F(ab�)2 fragment goat anti-
human cross-linker antibody (#109-006-008) was pur-
chased from Jackson ImmunoResearch Laboratories (West
Grove, PA). Phosal 50 PG was purchased from American
Lecithin (Oxford, CT).

Combinatorial analysis

DoHH-2, SuDHL-4 and Granta 519 cells were plated at a
density of 50,000 cells per well in 96-well plates. Cells
were treated with ABT-263 and cytotoxic agent(s) at half-
log increments over a 3 log scale in an 8 £ 8 or 8 £ 10
grid, based around the IC50 value for each agent(s). All
treatment pairs were run in duplicate. ABT-263 was tested
at ranges from 20 to 0.01 �M. Etoposide was used at a dose
range of 100–0.14 nM. Vincristine was used at a dose range
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of 20–0.027 nM. VAP, where 1£ was deWned as doxorubicin
(1.5 pM), vincristine (260 pM) and prednisone (1 �M), was
used as described by Mohammad et al. for CHOP [25].
Relative concentrations were maintained from 300£ to
0.3£. Bortezomib was used at a dose range of 100–0.01 nM.
Rituximab was cross-linked as previously described [26].
ABT-263 was tested against rituximab-cross-linker (R-XL)
or human IgG1� isotype control-cross-linker (Ig-XL). All
incubations were performed for 24–48 h.

Cell killing was determined using the CellTiterGlo assay
(Promega, Madison, WI), and luminescence was measured
on a SpectraMax M2 plate reader (Molecular Devices,
Sunnyvale, CA). The combination index (CI) as described
by Chou-Talalay [27] was assessed using the software pro-
gram CalcuSyn (Biosoft, Ferguson, MO). CI determina-
tions were made at the ED50 value.

Western analysis of treated cell lines

Tumor cells were plated at 5 £ 106 cells/plate and treated
with concentrations of ABT-263 and/or cytotoxic agent
corresponding to maximum combination eVect. Cells were
treated for 4 or 24 h, and protein extraction and separation
were performed as previously described [20]. Mouse anti-
Bcl-2 (#610538) was purchased from BD Biosciences (San
Jose, CA). Mouse anti-Bcl-xL (#2300-MC) and mouse
anti-Bax (#2280-MC) were purchased from R&D Systems
(Minneapolis, MN). Rabbit anti-Mcl-1 (#sc-819) was pur-
chased from Santa Cruz (Santa Cruz, CA). Mouse anti-
Noxa (#IMG-349A) was purchased from Imgenex (San
Diego, CA). Rabbit anti-Bim (#AAP-330) was purchased
from Assay Designs (Ann Arbor, MI). Rabbit anti-Puma
(#4976), rabbit anti-caspase 3 (#9662) and rabbit anti-tubu-
lin (#2146) were purchased from Cell Signaling (Danvers,
MA). Goat anti-rabbit IgG-HRP and goat anti-mouse
IgG-HRP were purchased from Pierce (Rockford, IL).
Labeled proteins were detected and analyzed as previously
described [20].

In vivo xenograft trials

All animal studies were conducted in accordance with the
guidelines established by the internal Institutional Animal
Care and Use Committee. C. B.-17 scid mice (DoHH-2,
WSU-DLCL2 and Granta 519) or C. B.-17 scid-bg mice
(SuDHL-4, OPM-2) (Charles River Laboratories, Wilming-
ton, MA) were inoculated with 1 £ 106 (DoHH-2, WSU-
DLCL2), 3 £ 106 (SuDHL-4) or 5 £ 106 (Granta 519,
OPM-2) cells subcutaneously in the right Xank. For Xank
xenografts, inoculation volume was 0.2 mL consisting of a
50:50 mixture of cells in growth media and Matrigel (BD
Biosciences, Bedford, MA). Tumor volume was estimated
by 2-3 weekly measurements of the length and width of the

tumor by electronic calipers and applying the following
equation: V = L £ W2/2. Tumors were allowed to reach
approximately 225 mm3, and mice were size matched (day
0) into treatment and control groups. For systemic Granta
519 tumor models, 2 £ 106 cells were injected via the tail
vein in 0.1 mL volume of cell media on day 0, and dosing
initiated on either day 7 or day 14. All animals were ear-
tagged and monitored individually throughout the experi-
ment. ABT-263 was administered as previously described
[19]. Marketed cytotoxic agents were administered accord-
ing to the manufacturer’s instructions, as described in
Table 1. CHOP MTD was determined experimentally, with
cyclophosphamide (25 mg/kg), doxorubicin (3 mg/kg)
vincristine (0.25 mg/kg) and prednisolone (0.5 mg/kg)
administered IP, IV, IV and orally, respectively, on day 1.
For R-CHOP, rituximab was administered at 10 mg/kg IV,
along with CHOP, on day 1. ABT-263 was administered
approximately 2 h prior to cytotoxic injection, with the
exception of bortezomib, which was given 4 h prior to
ABT-263 to avoid combination toxicity. Individual compo-
nents of CHOP and R-CHOP were injected approximately
1.5 h apart, in the following order: rituximab, cyclophos-
phamide, doxorubicin, vincristine, prednisolone. Tumor
growth inhibition (TGI), complete response (CR), partial
response (PR), overall response rate (ORR) and percent
increase in life span (%ILS) of mono- and combination
therapy was calculated as previously described [28]. All
xenograft trials were comprised of 9 or 10 mice per group.
Synergy in vivo was deWned as a greater than additive eVect
on %TGI or %ORR or both.

Statistical analysis

SigniWcance within in vivo experiments for tumor growth
inhibition and tumor growth delay were performed by
Wilcoxon rank sum analysis and Kaplan-Meier log rank
analysis, respectively. SigniWcance for CR and ORR was
performed by 2-tailed Fisher’s exact test.

Results

ABT-263 broadly potentiates chemotherapeutic 
agents in vitro

ABT-263 is a potent, orally available inhibitor of the Bcl-2
anti-apoptotic proteins Bcl-2, Bcl-xL and Bcl-w. ABT-263
has demonstrated single-agent activity in B-cell lymphoma
and small cell lung cancer (SCLC) [19] and is currently
being tested in phase I trials for these indications. While
signiWcant regressions were achieved by ABT-263 mono-
therapy in SCLC, B-cell lymphomas were more resistant to
the eVects of ABT-263 alone, but strongly potentiated the
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activity of several chemotherapeutic agents in these tumors
[19, 20]. SpeciWcally, the combination of rituximab or rapa-
mycin with ABT-263 in DoHH-2 DLBCL tumors induced

signiWcant improvements in tumor regressions, tumor
growth delay and inhibition, as well as a signiWcant
increase in ORR. In the MCL line Granta 519, combination

Fig. 1 In vitro combination analysis of cytotoxics with ABT-263.
Cell survival was measured using the CellTiterGlo assay, and syner-
gism was determined by the method of Chou-Talalay [27]. CI values
reported are for the ED50 value, ratios expressed as ABT-263:cyto-
toxic agent or regimen. a–c DoHH-2 DLBCL cells were treated with
escalating concentrations of ABT-263 in combination with varying ra-
tios of VAP (a), or escalating doses of etoposide (b) or vincristine (c)
for 48 h. a ABT-263 demonstrated additivity with VAP (CI = 0.89),
etoposide (CI = 0.85) and vincristine (CI = 0.89). d Granta 519 cells

were treated with doses of ABT-263 ranging from 10 to 0.01 �M and
bortezomib ranging from 100 to 0.1 nM. Strong synergy was demon-
strated with this combination (CI = 0.33). e SuDHL-4 killing follow-
ing combination of rituximab and ABT-263. ABT-263 killing at doses
ranging from 10 to 0.01 mM were measured in the presence of R-XL
or Ig-XL following 48 h of exposure. R-XL alone induced signiWcant
cell killing. IC50 values for ABT-263 shifted from 681 nM with Ig-XL
to 130 nM in the presence of R-XL, increasing the eYcacy of ABT-
263 5.2-fold
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of ABT-263 with R-CHOP led to a 100% CR rate and a
substantial increase in survival over either monotherapy
alone. ABT-263 combined with bortezomib in the MM line
OPM-2 also led to complete regressions and a signiWcant
increase in survival over either monotherapy alone.

Therefore, ABT-263 was tested against several diVerent
chemotherapeutic regimens in lymphoid cell lines, to deter-
mine whether Bcl-2 family inhibition potentiated the activ-
ity of these agents. Cells were treated with ABT-263, and a
cytotoxic agent or regimen in an 8 £ 8 or 8 £ 10 concen-
tration grid centered approximately around the IC50 value
of each agent for that cell line. Combination groups were as
follows: DoHH-2 with VAP, etoposide and vincristine
(Fig. 1a–c), and Granta 519 with bortezomib (Fig. 1d).

VAP was used in place of CHOP for in vitro analysis,
because cyclophosphamide requires hepatic metabolism to
become activated [29]. In DoHH-2 cells, combination of
ABT-263 with VAP, etoposide or vincristine was additive,
with ED50 CI values ranging from 0.85 to 0.89. Combina-
tion of ABT-263 with bortezomib in Granta 519 cells
resulted in strong synergy, with an ED50 CI value of 0.33
(Fig. 1d).

SuDHL-4 cells were pre-treated with rituximab or isotype
control and cross-linked with a human F(ab�)2 fragment to
induce downstream signaling and apoptosis, as previously
described [26]. Modulating rituximab or cross-linker con-
centration was not found to be dose-responsive (data not
shown). However, both rituximab and the cross-linker

Fig. 2 Bcl-2 family member expression in hematologic tumor cells
treated with cytotoxics and/or ABT-263. Expression of Bcl-2 family
member proteins was examined following exposure of cells to cyto-
toxic agents with or without ABT-263 for 4 and 24 h. Cleavage of
caspase 3 was also measured to determine level of apoptosis within
cells. Concentrations used were determined by isobolographic analysis
as shown in Fig. 1. Graphs depict densitometric analysis of western
blots, plotted as fold of untreated cells. a DoHH-2 cells treated with
etoposide (33 nM) with or without ABT-263 (740 nM). Treatment of
DoHH-2 cells with etoposide increased Puma expression 2.5-fold fol-
lowing 24 h of exposure. ABT-263 induced a more modest increase in
Puma following 24 h (1.5-fold). Combination of both agents increased

Puma levels more rapidly, with a 2.5-fold increase observed at 4 h. No
other members of the Bcl-2 family demonstrated signiWcant alteration
in expression through 24 h. Caspase activation was seen in both etopo-
side and ABT-263 treated groups, but was more pronounced in the
combination group at 24 h. b Granta 519 cells were treated with bort-
ezomib (3 nM) with or without ABT-263 (300 nM). Bortezomib in-
creased Noxa expression levels by 12-fold following 24 h of exposure,
while ABT-263 alone had no eVect on Noxa levels. Combination of
both agents also led to an increase in Noxa levels, albeit lower than
bortezomib alone. However, caspase 3 cleavage was only signiWcantly
induced by combination treatment
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alone modestly induced apoptosis in SuDHL-4 following
18 h of exposure, while the combination signiWcantly
enhanced apoptosis over either agent alone (Fig. S1).
Therefore, ABT-263 activity was measured in the presence
of R-XL or Ig-XL. R-XL alone induced signiWcant cell kill-
ing following 48 h of exposure (approximately 70%). The
IC50 of ABT-263 was shifted approximately 5.2-fold in the
presence of R-XL versus Ig-XL (Fig. 1e).

Cell killing with etoposide and bortezomib were associated 
with upregulation of pro-apoptotic BH3-only proteins

Cells were treated with cytotoxic agents and/or ABT-263
for 4 and 24 h, and protein was harvested to determine
alterations in the protein levels of Bcl-2 family members.
DoHH-2 cells treated with etoposide (33 nM) demonstrated
a 2.5-fold upregulation of Puma protein following 24 h of
exposure. While ABT-263 treatment alone at 740 nM dem-
onstrated only a modest increase (1.5-fold) in Puma expression

at 24 h, the combination of these agents accelerated the
upregulation of Puma, with a 2.5-fold increase in expres-
sion following 4 h of exposure. By 24 h of exposure to both
agents, Puma levels were below untreated control, but
caspase 3 cleavage was signiWcantly increased (Fig. 2a). In
contrast, DoHH-2 cells treated with vincristine (250 nM)
and/or ABT-263 (250 nM), or VAP (3£) and/or ABT-263
(120 nM), demonstrated no signiWcant alterations in
expression of Bcl-2 family proteins (Fig. S2).

Granta 519 MCL cells treated with bortezomib (3 nM)
substantially upregulated Noxa expression approximately
12-fold after 24 h of exposure, in agreement with previous
reports [17]. ABT-263 (300 nM) alone had no eVect on
Noxa expression. Combination of ABT-263 with bortezo-
mib demonstrated an increase in Noxa levels which was
slightly less pronounced than bortezomib alone; however,
induction of caspase 3 cleavage was signiWcantly enhanced
by the combination at 24 h (Fig. 2b), most likely due to
inhibition of Mcl-1 by Noxa.

ABT-263 enhances the cytotoxic activity of a broad range 
of chemotherapeutics in lymphoma xenografts

Based on the additivity and/or synergy seen in in vitro
experiments, ABT-263 was tested in combination with
several common cytotoxic agents and regimens in vivo.
ABT-263 administered at 100 mg/kg/day QDx17 signiW-
cantly inhibited tumor growth in all models of DLBCL
tested (Fig. 3a–d; Table 1), with an approximately twofold
increase in tumor growth inhibition and a signiWcant delay
in tumor growth ranging from 57 to 91%. However, outside
of a single CR in the DoHH-2 group, monotherapy did not
induce signiWcant regressions in these models. In the
Granta 519 MCL and OPM-2 MM models, ABT-263
monotherapy did not demonstrate a statistically signiWcant
eVect on tumor growth inhibition or delay.

CHOP has been the standard of care for NHL, achieving
40% cures in these cases clinically [30]. In the DLBCL
models examined here, DoHH-2 and WSU-DLCL2 were
sensitive to CHOP treatment, with signiWcant inhibition of
tumor growth (76 and 46%, respectively) and tumor growth
delay (122 and 92%, respectively). While CHOP therapy
did not induce signiWcant regression in DoHH-2 (20%
ORR), a 60% ORR rate was achieved in WSU-DLCL2. In
SuDHL-4 tumors, however, CHOP treatment was ineVec-
tive, with tumor growth inhibition of 14% and delay in
tumor growth of 27%.

Combination of ABT-263 with CHOP signiWcantly
enhanced the response of all three DLBCL xenografts.
Tumor growth rate inhibition was signiWcantly increased in
DoHH-2, SuDHL-4 and WSU-DLCL2 (86, 45 and 78%,
respectively), along with increases in delay of tumor growth to
1 cc over CHOP alone (23, 28 and 43%, respectively).

Fig. 3 Xenograft sensitivity to ABT-263 with or without cytotoxic
agent(s). Mice were grafted with WSU-DLCL2 (a), SuDHL-4 (b),
DoHH-2 (c, d), Granta 519 (e), or OPM-2 (F) cells and treated follow-
ing size matching at approximately 225 mm3 (day 0). Animals were
dosed with either combination vehicle (Wlled diamond), ABT-263
100 mg/kg/day (open square), cytotoxic agent(s) as described in
Table 1 (open triangle) or both (Wlled circle). Bars represent dosing
schedules for ABT-263, while arrows represent cytotoxic agent(s).
Statistical analysis of data presented in Table 1. a WSU-DLCL2 tu-
mors treated with ABT-263 and/or CHOP. Both ABT-263 and CHOP
induced signiWcant tumor growth inhibition compared to vehicle con-
trol from days 16-40 versus vehicle, with CHOP producing a 60%
ORR. Combination of both agents was superior to CHOP alone, with
signiWcant decrease in tumor growth rate from days 19-51. ORR was
increased to 100% with the combination v. CHOP alone. b SuDHL-4
tumors treated with ABT-263 and/or rituximab. Both rituximab and
ABT-263 were superior versus vehicle control from days 23–40.
Rituximab combined with ABT-263 showed signiWcantly decreased
tumor growth rate compared to rituximab alone from days 23-44.
Rituximab plus ABT-263 increased ORR to 67%, all CRs. (c, d)
DoHH-2 tumors treated with ABT-263 and/or etoposide (c) or vincris-
tine (d). All single agents were superior to vehicle control from days
19–30, with vincristine producing a 10% ORR. Etoposide plus
ABT-263 showed a signiWcant decrease in tumor growth rate from days
21-37, while the vincristine/ABT-263 combination was signiWcant from
days 19-40. ABT-263 combination with etoposide signiWcantly in-
creased ORR to 50% with one CR, and combination with vincristine
led to a 70% ORR with one CR. e Granta 519 tumors treated with
ABT-263 and/or bortezomib. Both agents as monotherapy inhibited
tumor growth rate compared to vehicle control. ABT-263 plus bortezo-
mib was superior to bortezomib alone from days 20-32. However,
increase in ORR was modest, with a 20% ORR in the combination
group and one CR versus 0% ORR with bortezomib alone. (f) OPM-2
tumors treated with ABT-263 and/or cyclophosphamide. Tumor
growth inhibition by ABT-263 was signiWcant from vehicle control on
days 13, 20, 22, 27 and 29, while cyclophosphamide was signiWcant for
days 13-29 with a 20% ORR. Combination of ABT-263 with cyclo-
phosphamide was signiWcantly better than cyclophosphamide mono-
therapy on days 18-36 and 41-43, with an increase in ORR to 100%
with one CR

�
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While ORR was only slightly increased in SuDHL-4
(11%), ORR was signiWcantly increased in DoHH-2, with a
90% response rate. Similarly, WSU-DLCL2 response rates
increased from 60 to 100% (Fig. 3a). CHOP therapy alone
induced minimal weight loss in all three models. While
ABT-263-treated mice gained weight in DoHH-2- and
WSU-DLCL2-bearing mice, SuDHL-4-bearing mice lost
weight over the treatment course (7.2%). In all cases, how-
ever, weight loss was not exacerbated by combination of
CHOP and ABT-263.

Rituximab is a humanized antibody to CD20 which has
shown signiWcant single-agent activity in human B-cell
lymphoma, as well as enhancement of chemotherapeutic
regimens [2]. It has been demonstrated previously that
ABT-263 signiWcantly enhanced the activity of rituximab
in DoHH-2 Xank tumors in vivo [19]. In SuDHL-4 and
WSU-DLCL2, rituximab alone also demonstrated signiW-
cant tumor growth inhibition (46 and 68, respectively) and
tumor growth delay (109 and 86, respectively). Treatment

of SuDHL-4 with rituximab alone failed to result in tumor
regressions, while treatment of WSU-DLCL2 tumors with
rituximab alone resulted in a 40% ORR with two CRs.
Combination of rituximab with ABT-263 signiWcantly
improved tumor responses over rituximab alone in each of
these tumor types. SuDHL-4 demonstrated a synergistic
increase in tumor growth delay (278% vs. rituximab alone)
with an increased inhibition of tumor growth of 81%
(Fig. 3b). A 67% rate of CRs was observed. Combination
eYcacy was additive in WSU-DLCL2, with a 58% increase
in tumor growth delay versus rituximab alone and tumor
growth inhibition of 85%. A 90% ORR with Wve CRs was
achieved in this model.

Addition of rituximab to CHOP therapy has shown sig-
niWcant improvement in a variety of B-cell lymphomas [2].
In the Granta 519 MCL xenograft model, R-CHOP induced
signiWcant anti-tumor activity, with a 70% decrease in
tumor growth, a tumor growth delay of 138% and a
50% ORR with one CR. It was reported previously that

Table 1 Combination activity of ABT-263 with various agents in hematologic Xank xenograft models

* P < 0.05 versus vehicle (vs. monotherapy for combination groups), Wilcoxon Rank Sum test

** P < 0.05 versus vehicle (vs. monotherapy for combination groups), Mantel–Cox log-rank test of Kaplan–Meier analysis
9 P < 0.05 versus vehicle (vs. monotherapy for combination groups), Fisher’s exact test
a ABT-263: 100 mg/kg, p.o., q.d. £21 (DLBCL: q.d. £17); CHOP: cyclophosphamide 25 mg/kg, i.p., doxorubicin 3 mg/kg, i.v., vincristine
0.25 mg/kg, i.v., prednisone 0.5 mg/kg, p.o., q.d. £1; etoposide: 15 mg/kg, i.p., q4d x3; vincristine: 0.25 mg/kg, i.v., q7d x3; rituximab: 10 mg/kg,
i.v., qd x1; R-CHOP: rituximab 10 mg/kg, i.v., cyclophosphamide 25 mg/kg, i.p., doxorubicin 3 mg/kg, i.v., vincristine 0.25 mg/kg, i.v., predni-
sone 0.5 mg/kg, p.o., q.d. £1; bortezomib: 1 mg/kg, i.v., q4d £3; cyclophosphamide: 100 mg/kg, i.p., q4d £3
b Ratio of tumor volume for treated versus control (vehicle) at end of dosing period
c Median percentage increase compared to vehicle (vs. monotherapy for combination groups) in days to 1 cc tumor, (1st day of treatment deWned
as day 1)
d Percentage of complete responders (tumor volume below the detection limit)
e Overall response rate (sum of complete and partial responders)

Model Cytotoxic agenta Cytotoxic agent(s) monotherapy ABT-263a + cytotoxic agent(s)

TGIb %ILSc %CRd %ORRe TGI %ILS %CR %ORR

DoHH-2 (DLBCL) None – – – – 33* 57** 10 10

CHOP 76* 122** 0 20 86* 23 0 909

Etoposide 59* 33** 0 0 79* 25** 10 509

Vincristine 63* 43** 0 10 87* 40** 10 709

SuDHL-4 (DLBCL) None – – – – 50* 91** 0 0

CHOP 16 27 0 0 45* 28** 0 11

Rituximab 46* 109** 0 0 81 278** 679 679

WSU-DLCL2 (DLBCL) None – – – – 46* 62** 0 0

CHOP 46* 92** 0 609 78* 43** 0 100

Rituximab 68* 86** 20 40 85 58** 50 90

Granta 519 (MCL) None – – – – 38 22 0 0

R-CHOP 70* 138** 10 50 >99* 453 889 1009

Bortezomib 44* 71** 0 0 79* 58 10 20

OPM-2 (MM) None – – – – 58 20 0 0

Cyclophosphamide 72* 83** 0 20 8* 22 10 1009

Bortezomib 89* 116** 0 909 >99* 83** 759 100
123



Cancer Chemother Pharmacol (2010) 66:869–880 877
combination of R-CHOP with ABT-263 induced substan-
tial tumor inhibition, with some cures [19], a result con-
Wrmed in further studies (Table 1).

Etoposide is an adjuvant drug in several therapeutic reg-
imens for hematologic tumors [31]. In DoHH-2 DLBCL
tumors, etoposide administered at 15 mg/kg/day Q4Dx3
induced signiWcant tumor growth inhibition and delay (59
and 100%, respectively), with no tumor regressions. Con-
comitant ABT-263 therapy was synergistic, signiWcantly
increasing tumor growth inhibition (87%) with a 50% delay
in tumor growth versus etoposide alone (Fig. 3c). ORR was
signiWcantly increased, with a 50% response rate and one
CR.

Vincristine administered at 0.25 mg/kg/day Q7Dx3
induced a signiWcant increase in tumor growth inhibition
and tumor growth delay in DoHH-2 tumors (63 and 119%,
respectively), with a 10% ORR and no CRs. Combination
with ABT-263 led to a synergistic response, signiWcantly
enhancing tumor growth inhibition (87%), tumor growth
delay (40% over vincristine alone) and induced signiWcant
tumor regression versus vincristine alone, as measured by a
70% ORR with one CR (Fig. 3d).

Bortezomib is a proteasome inhibitor approved for
refractory MCL and MM [3]. It was demonstrated previ-
ously that bortezomib monotherapy had signiWcant eYcacy
in OPM-2 MM cells, with a signiWcant improvement of
response when combined with ABT-263 [19]. In Granta
519, bortezomib administered at 1 mg/kg/day Q4Dx3
induced signiWcant increases in tumor growth inhibition
and delay (44 and 71%, respectively), but no tumor regres-
sions. Combination with ABT-263 was additive, with a sig-
niWcant enhancement of tumor growth inhibition (79%), a
moderate but not signiWcant increase in tumor growth delay
versus bortezomib alone (58%), and a 20% ORR with one
CR (Fig. 3e).

Cyclophosphamide administered at 100 mg/kg/day
Q4Dx3 in OPM-2 MM tumors yielded a signiWcant
increase in tumor growth inhibition and delay (72 and 83%,
respectively), with a 20% ORR with no CRs. Addition of
ABT-263 synergized with cyclophosphamide, with a 92%
tumor growth inhibition and a moderate increase in tumor
growth delay, but a signiWcant increase in ORR to 100%
with one CR (Fig. 3f).

ABT-263 synergizes with R-CHOP in systemic Granta 519 
tumors

Based on the responses seen using R-CHOP and ABT-263
in the Granta 519 MCL xenograft Xank model, analysis of
response rates of this combination were measured in a sys-
temic model of Granta 519. Granta 519 MCL cells were
injected intravenously and treatment with R-CHOP and/or
ABT-263 (100 mg/kg QDx17) starting day 7 or day 14

following inoculation. All vehicle-treated mice evidenced
morbidity between days 23 and 25 following inoculation.
Upon necropsy, tumors were found in the inner pelvic
region (which led to hind-limb paralysis), as well as the
spleen and lung.

ABT-263 monotherapy was ineVective in delaying mor-
bidity in these mice. R-CHOP alone was able to signiW-
cantly increase survival when initiated at either day 7 or
day 14, although the increase in survival was larger when
dosing was started earlier (97% increase in median sur-
vival, 61% for late-stage dosing). When combined with
ABT-263, morbidity delay was increased to 221% above
vehicle, or 63% versus R-CHOP alone, for early treatment
initiation. After 130 days of monitoring, one mouse
remained without overt signs of tumor burden. For the late
initiation of dosing, ABT-263 plus R-CHOP remained sig-
niWcantly more eYcacious when compared to R-CHOP
alone (148% increased median survival over vehicle, or
54% versus R-CHOP alone). However, no mice survived
beyond 50 days when treatment was delayed (Fig. 4).
These data demonstrate that in a systemic model of MCL, a
stringent model that more closely resembles human disease,
ABT-263 combined with R-CHOP was still capable of sig-
niWcantly improving survival.

Discussion

Hematologic tumors represent a class of bone marrow cell-
derived tumors encompassing leukemias, lymphomas and
myelomas. CHOP has been the standard of care in DLBCL,
providing a 40% cure rate [30], and addition of rituximab
has signiWcantly improved clinical outcomes [2]. Etoposide
is used as an adjuvant in several existing and experimental
regimens for the treatment of lymphoma and myeloma [31].
Bortezomib was recently approved for the treatment of
refractory MCL and MM, where it has been found to
increase ORR alone and in combination with other agents
[3, 4]. ABT-263 is currently in phase I trials for the treat-
ment of leukemia/lymphoma.

In this report, we analyzed the combination of ABT-263
with commonly used cytotoxics in models of DLBCL,
MCL and MM in vitro and in vivo. In the DLBCL line
DoHH-2, ABT-263 demonstrated additivity with VAP, eto-
poside and vincristine (Fig. 1). SuDHL-4 cells pre-treated
with activated rituximab demonstrated a Wvefold lower IC50

to ABT-263 (Fig. 1e). Synergy was observed in vivo in
DoHH-2 DLBCL tumors treated with CHOP or vincristine,
and SuDHL-4 DLBCL tumors treated with rituximab.
Additivity was observed in DoHH-2 treated with etoposide,
SuDHL-4 treated with CHOP and WSU-DLCL2 treated
with rituximab (Fig. 3; Table 1). Recent reports have also
demonstrated in vivo synergy with ABT-263 in DoHH-2
123
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and SuDHL-4 using rapamycin, and in DoHH-2 using rit-
uximab [19, 20].

In Granta 519 MCL cells, ABT-263 demonstrated robust
synergy with bortezomib in vitro (Fig 1). In a Xank xeno-
graft model, combination of ABT-263 with R-CHOP was
synergistic, while additivity was seen with bortezomib
(Fig. 3; Table 1). A systemic model of Granta 519 also
demonstrated synergism between ABT-263 and R-CHOP
(Fig. 4). OPM-2 MM tumors demonstrated synergy
between ABT-263 and cyclophosphamide (Fig 3; Table 1).
Combination of ABT-263 with bortezomib was also found
to be synergistic, conWrming prior reports [19].

Mcl-1 provides resistance to ABT-263 and the related
ABT-737, as it is not bound by these inhibitors, and
decreasing Mcl-1 levels either pharmacologically or via
RNA interference improves sensitivity to these agents [19,
32–35]. Mcl-1 has a short half-life and is regulated primar-
ily by post-translational mechanisms. Increases in the pro-
apoptotic BH3-only proteins Noxa and Puma, which are
capable of binding Mcl-1, can also neutralize this factor
[36]. Noxa upregulation occurred following bortezomib
treatment of Granta 519 cells (Fig. 2), and this was associ-
ated with improved cell killing when combined with
ABT-263 (Figs. 1, 2). While etoposide treatment of DoHH-2
induced a 2.5-fold in Puma expression, this was not suY-
cient to induce synergy with ABT-263. While the reason
for this is unknown, Kutuk et al. [37] found that cisplatin
could induce an increase in Puma and Noxa in Bcl-2
overexpressing MCF-7 cells, but Puma was not required for
induction of apoptosis. Combination of ABT-263 with
vincristine or VAP was additive, and alterations in Bcl-2
family members were not observed with these agents
(Fig. S2), which may explain why synergy was not achieved.

As Wei et al. [5] reported a strong prognostic indicator
in hematologic tumors is the Bax:Bcl-2 ratio. Rituximab
was more eVective when combined with agents which raise
the Bax:Bcl-2 ratio [38–40]. CHOP synergized with
genistein and bryostatin 1, both of which increased the
Bax:Bcl-2 ratio in WSU-DLCL2 cells [30, 41]. By compar-
ison, etoposide increased Bax levels in leukemia cells [13,
14]. ABT-263 potently binds to Bcl-2 and Bcl-xL, inducing
Bax translocation to the mitochondria, release of cyto-
chrome c and initiation of caspase 3 cleavage [19]. We
posit that by neutralizing Bcl-2 within these cells, ABT-263
eVectively increases the Bax:Bcl-2 ratio and subsequently
increases cell killing induced by these agents.

Similarly, drug resistance in hematologic tumors has
been associated with overexpression of Bcl-2 and/or
Bcl-xL. Pre-B leukemia cell line 697 forced to overexpress
Bcl-2 became resistant to methotrexate, cytarabine, etopo-
side, vincristine and cisplatin [42]. Bcl-xL overexpression
in FL5.12 cells conferred resistance to bleomycin, cisplatin,
etoposide and vincristine [43]. Finally, multiple myeloma
lines RPMI-8226, IM-9 and U266 treated with doxorubicin
upregulated Bcl-2, and these cells were resistant to further
treatment with both doxorubicin and etoposide [44]. Based
on the work presented in this report, treatment with
ABT-263 should be able to restore anti-tumor activity to
these upregulated lines.

In conclusion, ABT-263 potentiates a variety of
approved chemotherapeutic agents in vitro and in vivo.
Synergy in vitro with bortezomib was associated with the
induced expression of the Mcl-1 neutralizing proteins
Noxa. These data support the use of ABT-263 in combina-
tion with commonly used therapeutic regimens in the treat-
ment of hematologic tumors.

Fig. 4 Systemic Granta 519 sensitivity to ABT-263 with or without
R-CHOP. Mice were inoculated IV with 2 £ 106 cells, and treatment
with ABT-263 and/or R-CHOP was initiated either 7 days (a) or
14 days (b) post-inoculation. Mice were treated with either combina-
tion vehicle (red), ABT-263 100 mg/kg/day (green), R-CHOP as de-
scribed in “Materials and methods” (brown), or both (blue). Vehicle
treated mice demonstrated morbidity between 23 and 25 days, with a
median value of 24. ABT-263 monotherapy was indistinguishable

from vehicle in this model. R-CHOP monotherapy demonstrated sig-
niWcant increase in survival in both early (97%) and late (61%) treat-
ment groups. Combination of ABT-263 with R-CHOP led to enhanced
survival when compared to R-CHOP alone in both the early and late
treatment groups (63 and 54%, respectively). While no animals sur-
vived past 50 days in the late initiation group, one mouse survived
through 130 days in the early initiation group receiving ABT-263 plus
R-CHOP with no overt signs of disease
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