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Abstract

The Bcl-2 family inhibitors venetoclax and navitoclax demonstrated potent

antitumor activity in chronic lymphocytic leukemia patients, notably in reduc-

ing marrow load and adenopathy. Subsequent trials with venetoclax have been

initiated in non-Hodgkin’s lymphoma and multiple myeloma patients. Tradi-

tional preclinical models fall short either in faithfully recapitulating disease

progression within such compartments or in allowing the direct longitudinal

analysis of systemic disease. We show that intravenous inoculation of engi-

neered RS4;11 (acute lymphoblastic leukemia) and Granta 519 (mantle cell

lymphoma) bioluminescent reporter cell lines result in tumor engraftment of

bone marrow, with additional invasion of the central nervous system in the

case of Granta 519. Importantly, apoptosis induction and response of these

systemically engrafted tumors to Bcl-2 family inhibitors alone or in combina-

tion with standard-of-care agents could be monitored longitudinally with

optical imaging, and was more accurately reflective of the observed clinical

response.

Abbreviations

ALL, acute lymphoblastic leukemia; BR, bendamustine-rituximab; CLL, chronic

lymphocytic leukemia; IHC, immunohistochemistry; IV, intravenous; LM, Cluc2-

mCherry; MCL, mantle cell lymphoma; ROI, region of interest; SC, subcutaneous;

TGD, tumor growth delay.

Introduction

Bcl-2 is an antiapoptotic protein frequently overex-

pressed in leukemias and lymphomas. In particular,

nodal follicular lymphomas harbor a hallmark t(14;18)

translocation, which leads to expression control of Bcl-2

being regulated by the IgH enhancer region, in 60–90%
of cases (Tsujimoto et al. 1984; Sekiguchi et al. 2005).

Bcl-2 overexpression is frequently observed in hemato-

logic tumors even in the absence of this translocation,

and is associated with increased mortality and rate of

relapse (Wei 2004). Navitoclax (ABT-263) and veneto-

clax (ABT-199) (structures in Fig. S1) are small mole-

cule inhibitors of the antiapoptotic Bcl-2 family proteins

designed to restore proper apoptotic homeostasis. Navi-

toclax inhibits family members Bcl-2, Bcl-xL, and Bcl-w

(Tse et al. 2008), specifically activating the intrinsic

apoptotic cascade. Venetoclax, an inhibitor which specif-

ically targets Bcl-2, demonstrates similar target-driven

activity, is significantly more potent than navitoclax, and

the absence of Bcl-xL binding makes this agent platelet

sparing (Souers et al. 2013).

In subcutaneous (SC) xenograft models, these inhibi-

tors have demonstrated single agent antitumor efficacy

against multiple leukemia and lymphoma cell types (Lock

et al. 2008; Tse et al. 2008; Souers et al. 2013), and

in vivo potentiation has been seen with other chemother-

apeutic agents and regimens (Tse et al. 2008; Ackler et al.
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2010, 2012; Souers et al. 2013). In contrast, intravenous

(IV) inoculation of cancer cells via the tail vein allows

dissemination throughout the animal and seeding to the

organ(s) of preference. The major advantage of these

models over SC inoculation is that growth in these condi-

tions closely mimics human disease by allowing for

proper microenvironmental interaction and engraftment

in clinically relevant sites. Monitoring tumor growth and

disease progression in these models can be cumbersome,

involving serial bleeding, and analysis for specific markers

(i.e., CD45) or relying on clinical observations of

moribundity as an end point (Liem et al. 2004).

To determine preclinical activity of Bcl-2 inhibitors in

systemic disease, we employed in vivo optical imaging.

This technology has been used over the past decade to

noninvasively track cancer cells stably expressing biolumi-

nescent and/or fluorescent reporters longitudinally to

accurately monitor tumor growth in ectopic, orthotopic,

metastatic, or systemic models (Kaijzel et al. 2007; Weis-

sleder and Pittet 2008; Hickson 2009; O’Neill et al. 2010).

We induced stable expression of the fusion construct of

luc2, a firefly luciferase optimized for expression in mam-

malian cells, and mCherry, a far red fluorescent protein

(luc2-mCherry or LMC hereafter), in an acute lym-

phoblastic leukemia (ALL) cell line, RS4;11 and a mantle

cell lymphoma (MCL) cell line, Granta 519. We report

consistent systemic engraftment in bone marrow of both

models, with additional invasion of the central nervous

system in the case of Granta 519-LMC. Bioluminescence

was utilized to monitor cancer growth as well as response

to navitoclax, venetoclax, and standard chemotherapy

agents. We also evaluated the rapid pharmacodynamic

induction of apoptosis in tumors following treatment

with Bcl-2 inhibitors using both classical immunohisto-

chemical (IHC) approaches and the novel bioluminescent

probe VivoGlo.

Materials and Methods

Cell culture

RS4;11 and Granta 519 cells were purchased from

Deutsche Sammlung von Mikroorganismen und Zellkul-

turen GmbH (Braunschweig, Germany). Cells were cul-

tured in RPMI 1640 media (Invitrogen, Carlsbad, CA)

supplemented with 10% fetal bovine serum (FBS) (Hy-

clone, Logan, UT) and maintained at 37°C in 5% CO2 and

95% relative humidity.

Vector construction and cell line generation

A fusion construct of luc2 (Promega, Madison, WI) and

mCherry (Clontech, Mountain View, CA) was cloned into

the Lenti-X lentiviral vector (Clontech). Cells were trans-

duced with lentiviral particles for 48 h and a pool of cells

stably expressing the fusion construct were selected using

2 lg � mL�1 puromycin for 2 weeks.

Reagents

D-luciferin, VivoGlo reagent, and goat anti-luciferase anti-

body were purchased from Promega. Navitoclax and

venetoclax were synthesized at AbbVie as previously

described (Park et al. 2008; Souers et al. 2013).

Cyclophosphamide was purchased from Bristol-Myers

Squibb (Princeton, NJ). Doxorubicin was purchased from

Bedford Laboratories (Bedford, OH). Vincristine was pur-

chased from Mayne Pharmaceuticals (Paramus, NJ). Pred-

nisolone was purchased from ETHEX Corp (St Louis,

MO). Bendamustine was purchased from Cephalon Inc

(Frazer, MA). Rituximab was purchased from Genentech

(South San Francisco, CA). Phosal 50 PG was purchased

from American Lecithin (Oxford, CT). Rabbit anti-

cleaved caspase 3 antibody was purchased from Cell Sig-

naling (Danvers, MA).

In vitro analysis

To determine in vitro photon flux, RS4;11-LMC or

Granta 519-LMC cells were plated at different densities in

96-well plates. 150 lmol/L D-luciferin was added to each

well and luciferase activity was measured with a Xenogen

IVIS Spectrum Imaging system (Perkin Elmer, Waltham,

MA). Luminescent signal (photons/s) for each well was

quantified using Living Imaging 4.0 (Perkin Elmer) and

plotted as average values versus cell number. Photon flux

was calculated as the slope of the line. Sensitivity to navi-

toclax and venetoclax was determined following 48 h

exposure. Viability was assessed using CellTiter-Glo (Pro-

mega), with luminescence measured on an SpectraMax

M5 spectrophotometer (Molecular Devices, Sunnyvale,

CA). IC50 curves were plotted using GraphPad Prism5

(La Jolla, CA).

Mouse in vivo experiments

C.B. -17 scid-bg mice were purchased from Charles Rivers

Laboratories (Wilmington, MA). About 8 to10 mice were

housed per cage. Body weights upon arrival were 18–
20 g. Food and water were provided ad libitum. Mice

were acclimatized to the animal facilities for at least

1 week prior to inoculation. Animals were tested in the

light phase of a 12 h light:12 h dark cycle (lights on at

06:00 h). All animal studies were conducted in accor-

dance with the guidelines established by the AbbVie Insti-

tutional Animal Care and Use Committee and the
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National Institutes of Health Guide for Care and Use of

Laboratory Animals guidelines in a facility accredited by

the Association for the Assessment and Accreditation of

Laboratory Animal Care. The total number of mice used

in the present experiment was approximately 500. Tem-

perature was maintained at 25°C. All studies involving

animals are reported in accordance with the ARRIVE

guidelines (Kilkenny et al. 2010; McGrath et al. 2010).

For flank xenograft trials, mice were inoculated with

5 9 106 RS4;11-LMC or Granta 519-LMC cells subcuta-

neously in a 0.2 mL inoculum of a 1:1 mixture of cells in

culture media and Matrigel (BD Biosciences, Bedford,

MA). Tumor volume was estimated by 2–3 weekly mea-

surements of the length and width of the tumor by elec-

tronic calipers and applying the following equation:

V = L 9 W2/2. When tumors reached approximately

250 mm3, the mice were size-matched (day 0) into treat-

ment and control groups. All treatment groups consisted

of 10 mice per group. Tumor growth delay (%TGD) was

calculated as previously described (Souers et al. 2013).

For systemic engraftment studies, 2 9 106 cells were

inoculated intravenously in a 0.2 mL volume of culture

media on day 0. Disease progression was monitored via

in vivo bioluminescent imaging (see below). Animals were

staged at approximately 14 days (Granta 519-LMC) or

21 days (RS4;11-LMC) following inoculation by inclusion

of animals within a range of the median of whole-body

region-of-interest (ROI) coupled with detectable bone

marrow involvement. Further measurements monitoring

tumor burden were analyzed by whole-body ROI. Animals

were euthanized when a bioluminescence (BLI) signal of

1 9 109 (RS4;11-LMC) or 2 9 108 (Granta 519-LMC)

was achieved or when the animals demonstrated distress.

BLI values of 5 9 108 and 1 9 108 were used as endpoint

calculations for %TGD in RS4;11-LMC and Granta

519-LMC, respectively. Unless otherwise stated, all

experiments were performed with eight mice per

treatment group.

Immunohistochemistry

All tissues and tumors were harvested and fixed for

approximately 48 h in 10% neutral buffered formalin.

Bone samples were decalcified using Immunocal (Decal

Chemical, Tallman, NY) for 8–24 h depending upon size

and bone density. Other tissues were routinely processed,

and blocks were sectioned at 5 lm. Goat anti-luciferase

was used at a dilution of 1:1000, and rabbit anti-cleaved

caspase 3 at a dilution of 1:100. Secondary detection was

performed using either goat on rodent horseradish perox-

idase (HRP)- polymer (Biocare Medical, Concord, CA) or

rabbit Envision Plus–HRP polymer (Dako, Carpenteria,

CA), with 3,30-diaminobenzidine as a chromogen.

Statistical analysis

Significance within caspase activation experiments was

performed by two-tailed Student’s t-test. Significance for

%TGD was performed by Kaplan Meier log rank analysis.

P < 0.05 was considered significant.

Results

RS4;11 and Granta 519 cells with stable
expression of a fused bioluminescent and
fluorescent reporter gene retain sensitivity
to venetoclax and navitoclax

The LMC cassette was spliced into the Lenti-X lentiviral

vector for transduction of RS4;11 ALL and Granta 519

MCL cells. Transduced cells were selected using puromy-

cin, and the resulting pool stably expressing the construct

(referred to as RS4;11-LMC and Granta 519-LMC) were

determined to have an in vitro photon flux of 150 and

72 photons � cell�1, respectively (Fig. 1A and B). To

ensure that the selected cells did not have altered

response rates to navitoclax and venetoclax, sensitivity of

RS4;11-LMC and Granta 519-LMC were compared to the

sensitivity of their respective parent line. Response curves

were indistinguishable between parental and LMC lines

(Fig. 1C and D). RS4;11-LMC was further characterized

in vivo, and SC xenografts treated with navitoclax or

venetoclax (Fig. 1E), demonstrating similar sensitivity as

the parental line (Tse et al. 2008; Souers et al. 2013). We

have previously demonstrated that navitoclax and veneto-

clax monotherapy are only weakly active in Granta 519

SC xenografts (Tse et al. 2008; Souers et al. 2013). There-

fore, these agents were tested in combination with ben-

damustine and rituximab (BR) which have demonstrated

strong combinatorial activity with Bcl-2 inhibitors pre-

clinically (Ackler et al. 2012). Granta 519-LMC

responded similarly to the parent cell line when treated

with BR alone or in combination with navitoclax or

venetoclax (Ackler et al. 2012; Souers et al. 2013)

(Fig. 1F).

Molecular imaging of apoptosis induction
by Bcl-2 inhibition in SC RS4;11-LMC
xenografts

Previously, we have demonstrated the ability of VivoGlo

to accurately and noninvasively visualize caspase activa-

tion in vivo (Hickson et al. 2010). VivoGlo is a modified

firefly luciferase substrate (Z-DEVD-aminoluciferin) that

is cleaved and activated by caspases 3/7 to liberate

aminoluciferin, which can then be consumed by luciferase

to generate a luminescent signal. Because the function of
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luciferase requires viable cells which produce ATP, D-lu-

ciferin consumption was used as a control for viability of

the tumor tissue to produce a luminescent signal. IHC

was used to confirm caspase activation and the level of

necrosis within tumor samples to verify signal from Vivo-

Glo and D-luciferin, respectively.

To determine the extent and kinetics of caspase activa-

tion induced by navitoclax or venetoclax in RS4;11-LMC
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Figure 1. Generation and characterization of RS4;11-LMC and Granta 519-LMC. (A) In vitro photon flux analysis of RS4;11-LMC and Granta

519-LMC. Cells were plated at the densities shown. (B) Graphical representation of photon flux data for RS4;11-LMC and Granta 519-LMC.

Photon flux is calculated as the slope of the line, shown in the inset. (C and D) Comparison of in vitro response curves for navitoclax and

venetoclax in RS4;11 and RS4;11-LMC, and Granta 519 and Granta 519-LMC, as measured using CellTiterGlo. Response curves presented as

mean � SEM of three replicates. IC50 values in nmol/L are shown in legends in parentheses. (E) RS4;11-LMC flank xenograft tumors treated with

either vehicle, navitoclax, or venetoclax (100 mg�kg�1�day�1, p.o. q.d. 9 7). (F) Granta 519-LMC flank xenografts treated with either vehicle,

navitoclax, or venetoclax (100 mg�kg�1�day�1, p.o. q.d. 9 7), BR (25, 10 mg�kg�1, q.d. 9 1) or BR combined with navitoclax or venetoclax. Bars

underneath graphs represent dosing period. For (F), green arrow represents BR administration. N = 10 mice per treatment group, data presented

as mean � SEM.
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SC tumors, we utilized VivoGlo following a single dose of

these agents. Tumor-bearing mice were treated and

imaged following administration of VivoGlo at 2, 6, and

24 h, or with D-luciferin at �2 h (predose), 28, and 48 h.

These staggered timepoints were chosen to allow for

washout of bioluminescent probes prior to subsequent

imaging.

Caspase activation is shown in Figure 2A and B. Vene-

toclax-induced caspase activation more rapidly than navi-

toclax, with approximately 70% of venetoclax-treated

tumor cells staining positive for cleaved caspase 3 after

2 h, as compared to approximately 5% for navitoclax-

treated tumors. By 24 h, navitoclax-treated tumors had

reached 80% caspase positivity, while caspase staining was

seen in 99% of venetoclax-treated tumors. VivoGlo imag-

ing demonstrated increased caspase activity of 1.5-fold

and 1.8-fold as early as 2 h following navitoclax or vene-

toclax treatment, respectively. Decreasing signal strength

at 24 h was observed for both cohorts (0.8-fold and 0.1-

fold, respectively). However, as the presence of ATP-pro-

ducing cells expressing luciferase is essential for VivoGlo

bioluminescent signal production, Figure 2C and D show

H&E staining and D-luciferin signal, respectively. Necrotic

cells appeared more rapidly following venetoclax treat-

ment (35% by 2 h, 99% by 24 h) than with navitoclax

(5% by 2 h, 80% by 24 h). By 28 h, venetoclax had

markedly decreased luciferase activity by 95%, which

further diminished to 98% of control signal by 48 h. Sim-

ilarly, navitoclax also demonstrated a decrease in lucifer-

ase signal at 28 h of 61% of control signal that was

maintained through 48 h. Normalizing VivoGlo signal to

D-luciferin signal demonstrated that navitoclax and vene-

toclax induce significant apoptosis as early as 2 h, with

the percentage of VivoGlo signal as a factor of total signal

rising from 6% to 10% and 12%, respectively. Signal

ratio, 24 h after dosing revealed further increases in apop-

totic signal from 7% for vehicle-treated tumors to 14%

and 21% for navitoclax- and venetoclax -treated tumors,

respectively (Fig. 2E).

Sites of engraftment following IV
inoculation of RS4;11-LMC mirror those in
patients

Mice were inoculated IV with 5 9 105 to 2 9 106

RS4;11-LMC cells and bioluminescence was used to track

tumor growth longitudinally. Using whole-body ROI to

quantify tumor burden, tumor engraftment and growth

was rapid, reaching a moribundity endpoint (typically

hind limb paralysis) approximately 40 days post-inocula-

tion. Empirically, we determined that a bioluminescent

signal of 1 9 109 photons � sec�1 was predictive of immi-

nent moribundity, and in all subsequent studies mice

were humanely euthanized upon reaching this endpoint.

Tumor engraftment rates following IV inoculation were

>80%, with highly consistent growth as shown in Fig-

ure 3A tracking individual mice. Flow cytometric analysis

was performed on whole blood and bone marrow samples

from a limited set of mice at 4–5 weeks postinoculation.

The presence of RS4;11-LMC cells was detected using

antibodies against human CD45 and in contrast to the

significant number of tumor cells identified in the bone

marrow, only a limited number of these cells were found

in circulation at 5 weeks (6.8–32% vs. 0.3–2.0%, respec-

tively, data not shown).

BLI analysis indicated that RS4;11-LMC cells were

reproducibly engrafted in both hind legs, within the tho-

racic cavity (most likely the lung), and abdomen. The

abdominal signals, consistent with involvement of the

liver and spleen, were observed less frequently (Fig. 3B).

H&E staining of decalcified bone revealed significant bone

marrow invasion, and changes in bone architecture and

morphology. The hematopoietic precursor cells along

with stromal cells of bone marrow were replaced and

effaced by multifocal tumor masses, and also extended

into the surrounding skeletal muscle. The tumor masses

were densely populated with uncircumscribed boundaries.

The medullary trabecular bones were severely affected

with scalloped border and the cortical bones adjacent to

the tumor cells showed multiple reversal and resting lines

(Fig. 3C). The growth plates of all the affected bones were

disorganized with retention of cartilages in the metaphy-

seal trabecular and cortical compact bones. The presence

of tumor cells was confirmed by immunohistochemistry

using an anti-luciferase antibody (Fig. 3C). The lungs,

liver, and spleen were diffusely infiltrated with individual

and small aggregates of tumor cells (Fig. 3D). Tumor

growth kinetics were similar for whole-body ROI and legs

only ROI (Fig. 3E), demonstrating that growth within the

marrow compartment was at a similar rate to other distal

sites.

Differential response of RS4;11-LMC to Bcl-2
inhibitors in SC and systemic engraftment
models

Efficacy of navitoclax and venetoclax was assessed in the

RS4;11-LMC systemic engraftment model. On day 21

post-inoculation, animals were imaged and distributed

into treatment groups based on whole-body ROI signal

(d0). Treatment was begun the following day and

response to therapy was tracked longitudinally. Both navi-

toclax and venetoclax demonstrated significant efficacy

(Fig. 4A), although the durability of the response was

more than twofold lower as compared to SC xenografts

(Fig. 1E). Chemotherapeutics cyclophosphamide and ben-
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damustine, as well as the combination regimen CHOP,

were also evaluated in both the SC and systemic engraft-

ment models. All of these treatments demonstrated signif-

icant inhibition of tumor growth and prolonged survival

in the SC model (Table 1). However, only cyclophos-

phamide and the cyclophosphamide-containing regimen

CHOP displayed significant delay in tumor growth in the

systemic engraftment model. While response to CHOP
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was 4.8-fold less durable than in the SC model, durability

of response to cyclophosphamide alone was equivalent in

both models (Table 1).

Addition of Bcl-2 inhibitors enhances
cyclophosphamide efficacy in the RS4;11-
LMC systemic engraftment model

Using RS4;11-LMC systemically engrafted mice, we ini-

tially employed navitoclax to test the combination of

Bcl-2 inhibition with cyclophosphamide, CHOP, and

bendamustine. Combinations of navitoclax with

cyclophosphamide containing regimens were more

responsive than combinations with bendamustine

(Table 1).

In a subsequent study, we tested cyclophosphamide in

combination with navitoclax or venetoclax, using either

one cycle of treatment or a second cycle after a 14 day

drug holiday (Fig. 4B and C, respectively). By day 28,

disease burden in the cyclophosphamide-treated group

had relapsed and returned to the original size match

levels. Tumors remained responsive to a second round of

cyclophosphamide, although the level of regression and

duration of response were both blunted compared to the

first cycle of therapy. In the cyclophosphamide plus navi-

toclax or cyclophosphamide plus venetoclax groups, the

combination induced a substantially greater regression,

with a significant increase in tumor growth delay, relative

to cyclophosphamide alone. The second cycle of the

treatment maintained tumor regression throughout the

second dosing period, while the single-regimen groups

progressed to the endpoint. Representative images of

individual mice in each treatment group are shown in

Figure 4D.

Venetoclax and navitoclax, alone or in
combination with cyclophosphamide, induce
significant apoptosis in bone marrow
tumors

To further test the ability of VivoGlo to detect apoptosis,

we established RS4;11-LMC tumors in the bone marrow

and treated the mice with venetoclax or navitoclax in

combination with cyclophosphamide. Cleaved caspase

induction is shown in Figure 5A. As with the flank

tumors, venetoclax rapidly induced caspase activation,

with 60% activation within 2 h, while both navitoclax

and cyclophosphamide alone reached 60% within 24 h.

Combination of Bcl-2 family inhibitors and cyclophos-

phamide increased both the extent and speed of caspase

induction, with the venetoclax-cyclophosphamide combi-

nation reaching >90% after 2 h. By 24 h, quantification

became difficult, with the necrosis in the bone marrow

being difficult to distinguish from nascent marrow tissue

in venetoclax-treated tumors, as shown in the H&E stain-

ing in Figure 5B. Percent cleaved caspase staining was

estimated and plotted in Figure 5C. We repeated the

experiments shown in Figure 2 with VivoGlo and D-lu-

ciferin in systemically engrafted mice; however, the

bioluminescent signal was very weak resulting in low sig-

nal-to-noise ratios in these sites (Fig. S2).

Development of a systemic, bioluminescent
MCL line with CNS penetrance

Systemic inoculation of Granta 519 cells induces dissemi-

nated disease leading to conspicuous clinical symptoms

such as altered gait and loss of righting reflex (Ackler et al.

2012), which are suggestive of CNS impairment. Tracking

Table 1. Response rates of RS4;11-LMC in xenograft and systemic engraftment models to Bcl inhibitors and standard of care agents.

Treatment Dose (mg/kg per day)

SC xenograft IV systemic

Schedule %TGD1 Schedule %TGD1 %TGD1 (+navit)

Navitoclax 100 p.o. q.d. 9 7 >1333 p.o. q.d. 9 14 573 N/A

Venetoclax 100 p.o. q.d. 9 7 >1333 p.o. q.d. 9 14 673 N/A

Cyclophosphamide 100 i.p. q.4d. 9 4 1273 i.p. q.4d. 9 4 1363 2004

Cyclophosphamide2 25 i.p. q.d. 9 1 673 i.p. q.d. 9 1 143 864

Doxorubicin 3 i.v. q.d. 9 1 i.v. q.d. 9 1

Vincristine 0.25 i.v. q.d. 9 1 i.v. q.d. 9 1

Prednisolone 0.5 p.o. q.d. 9 1 p.o. q.d. 9 1

Bendamustine 25 i.v. q.d. 9 1 193 i.v. q.d. 9 1 0 57

25 i.v. q.7d. 9 2 293 i.v. q.7d. 9 2 �6 464

1% Tumor growth delay.
2Representative of CHOP. All four agents administered on d1, spaced 90 min apart in order shown.
3P < 0.05 versus vehicle control (Kaplan–Meier log rank test).
4P < 0.05 versus cytotoxic(s) (Kaplan–Meier log rank test).
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engraftment and disease progression in mice following IV

inoculation of Granta 519-LMC cells revealed consistent

infiltration and replacement of bone marrow in long bones

with extension to the surrounding skeletal muscle similarly

to RS4;11-LMC (Fig. 6A and B). Granta 519-LMC also

affected medullary trabecular bones and cortical compact

bones. Bioluminescent images revealed spinal infiltration

in most mice, with subsequent brain involvement in a

smaller percentage of animals. Growth rate of tumor as

monitored by BLI was similar from both the dorsal and
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Figure 4. Combination activity of Bcl-2 inhibitors with cyclophosphamide in the RS4;11-LMC systemic engraftment model. (A) Efficacy of either

vehicle, navitoclax,or venetoclax (100 mg�kg�1�day�1, p.o. q.d. 9 14) as monitored ventrally by longitudinal whole-body ROI. Blue and purple

bars represent navitoclax and venetoclax dosing period, respectively. (B) Response of RS4;11-LMC systemic engraftment model to repeated cycle

of cyclophosphamide (100 mg�kg�1�day�1, i.p. q.4d. 9 4; C100 9 2) or cyclophosphamide plus navitoclax (mg�kg�1�day�1, p.o. q.d. 9 14)

through one (CN) or two (CN 9 2) cycles, as monitored ventrally by longitudinal whole-body ROI. (C) Response of RS4;11-LMC systemic

engraftment model to repeated cycle of cyclophosphamide (100 mg�kg�1�day�1, i.p. q.4d. 9 4, C100 9 2) or cyclophosphamide plus venetoclax
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presented as mean � SEM. For all experiments, arrows represent cyclophosphamide dosing days, color-coded bars represent relevant Bcl-2 family

inhibitor dosing periods. (D) Representative images of mice from each treatment group presented above.
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ventral positions (Fig. 6C). Histological analysis (H&E) of

spinal cords revealed multifocal infiltration of tumor cells

with disruption of their normal architecture. Adjacent

neuronal tissues showed a large number of vacuoles (spon-

giosis) with degeneration and necrosis of several neurons.

IHC analysis of vertebral and long bone sections confirmed

the presence of luciferase-expressing cells in the respective

bone marrow and spinal cord (Fig. 6D).

Addition of Bcl-2 inhibitors enhances BR
efficacy in the Granta 519-LMC systemic
engraftment model

To monitor the response of CNS infiltrates into BR and

navitoclax, or venetoclax, Granta 519-LMC was inocu-

lated into mice and size-matched at 14 days post-inocula-

tion based on dorsal whole-body ROI. Neither navitoclax

nor venetoclax demonstrated single agent activity

(Fig. 7A). BR alone led to regression in this model, which

rebounded approximately 10 days after treatment. Addi-

tion of either navitoclax or venetoclax to BR induced a

deeper and more rapid regression in tumor burden, and

approximately doubled the delay in tumor regrowth as

compared to BR alone. Representative images of individ-

ual mice are shown for each treatment group (Fig. 7B).

Importantly, bioluminescent signal in the spinal column

was reduced with combination therapy, demonstrating

that Granta 519 cells which penetrate the CNS can be

accessed and respond to Bcl-2 family inhibitors and BR

(Fig. 7B, Fig. S3).
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Discussion

We demonstrate herein that the LMC-labeled ALL cell

line RS4;11 engraft within the bone marrow, liver, lung,

and spleen, and that growth of these tumors can be

readily tracked longitudinally by bioluminescent imaging.

Additionally, the MCL cell line Granta 519-LMC

engrafts primarily in the CNS, most often in the extra

and intradural space of the spinal column, as well as

the bone marrow. Engraftment and growth in distal

sites was consistent and reproducible across animals.

Importantly, bone engraftment did not require the use

of more permissive animal strains (i.e., NSG or NOD/

SCID mice), or preconditioning of the host with irradi-

ation to eliminate existing marrow, improving survival

rates prior to size match. Following development of

these models, we then demonstrated therapeutic efficacy

of standard-of-care chemotherapeutics as well as the

Bcl-2 small molecule inhibitors, venetoclax and navito-

clax.

Clinically, leukemias preferentially localize to the bone

marrow compartment, where they are more resistant to

apoptosis induction (Chiorazzi et al. 2005). Vogler et al.

(2009) and Butterworth et al. (2009) have demonstrated

that primary chronic lymphocytic leukemia (CLL) cells

become resistant to the navitoclax-related inhibitor

ABT-737 when cocultured in vitro with stromal cells

found in lymph nodes or bone marrow. Data presented
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Figure 7. Combination activity of Bcl-2 inhibitors with BR in the systemic Granta 519-LMC model. (A) Combination activity of BR (25/

10 mg�kg�1, i.v. q.d. 9 1) and navitoclax or venetoclax (100 mg�kg�1�day�1, p.o. q.d. 9 14). Graphs represent dorsal measurements to capture

brain and spinal responses. Green arrow represents BR administration, blue and purple bars represent navitoclax and venetoclax dosing period,

respectively. Inset shows %TGD values for each treatment group. (B) Representative images of mice treated with BR and/or navitoclax or

venetoclax. Data presented as mean BLI � SEM. *P < 0.05 versus vehicle. †P < 0.05 versus BR monotherapy.
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here, however, demonstrate that RS4;11-LMC cells

within bone marrow and other tissues remain responsive

to both navitoclax and venetoclax (Fig. 4), although the

response was less durable than in the SC model. Simi-

larly, navitoclax and venetoclax have been reported to

significantly decrease splenomegaly, as well as nodal and

marrow load as a single agent, in CLL and NHL

patients, respectively (Wilson et al. 2010; Davids et al.

2012; Roberts et al. 2012). While the reason for this dis-

crepancy is unclear, a likely explanation is the natural

in vivo environment of lymph nodes and bone marrow

are not accurately reproduced in these coculture sys-

tems.

CNS involvement with non-Hodgkin’s lymphoma is

associated with poor prognosis and significant increased

mortality (Gill et al. 2009), yet the mechanism by which

CNS invasion occurs and the progression therein are

poorly understood. MCL is known to invade the CNS in

a low percentage of cases, particularly after relapse and

when presenting with high-risk factors, such as a blastoid

phenotype (Gill et al. 2009). One important observation

was seeding of Granta 519-LMC in the CNS, consistent

with the fact that the parent cell line was established from

a patient whose disease was blastoid in phenotype whom

had rapidly relapsed following therapy (Jadayel et al.

1997). To the best of our knowledge, this is the first

report of a preclinical MCL model using a bioluminescent

reporter for noninvasively monitoring engraftment and

disease progression in the CNS. Furthermore, these data

demonstrate that Bcl-2 family inhibitors navitoclax or

venetoclax plus BR are capable of accessing Granta 519-

LMC CNS lesions and provide significant antitumor

efficacy.

Navitoclax was developed for single-agent therapy of

hematologic malignancies. Venetoclax supplanted navito-

clax because of its higher potency coupled with the lack

of Bcl-xL inhibition making it platelet sparing (Souers

et al. 2013). As shown in Figure 1C, venetoclax and navi-

toclax appear roughly equivalent in their ability to regress

RS4;11 SC tumors after repeated dosing. However, in

agreement with clinical data, we observed increased

in vivo potency of venetoclax following a single dose as

measured by immunohistochemistry for caspase 3 cleav-

age. Approximately, 70% of venetoclax-treated tumor

mass stained positive for cleaved caspase 3 after 2 h of

treatment, as compared to approximately 5% for navito-

clax-treated tumors. This increase in apoptosis correlated

with a faster induction of tumor cell necrosis (35% by

2 h, 99% by 24 h) than with navitoclax (5% by 2 h, 80%

by 24 h). Furthermore, increased potency of venetoclax

was independently confirmed noninvasively by molecular

imaging with the activatable bioluminescent apoptosis

probe VivoGlo normalized to cell viability (D-luciferin).

In the systemic model, similar results were obtained

revealing faster caspase 3 activation in the bone marrow

compartment with venetoclax (60% by 2 h) than with

navitoclax (5% by 2 h). Such rapid induction of apopto-

sis and concomitant decrease in viable cells within the

tumor following treatment more accurately reflects the

clinical response of patients during phase 1 trials with

venetoclax (Souers et al. 2013), where tumor lysis syn-

drome was more prevalent with venetoclax, but suggest

that over time navitoclax leads to similar tumor cell

killing.

In the RS4;11 systemic model, VivoGlo probe was

assessed, but we were unable to detect specific biolumi-

nescent signal over the background in treated animals

(Fig. S2). This limitation in probe utility is likely due to

the presence of fewer cancer cells and greater tissue pene-

tration requirements compared to the SC model. An

additional limitation of both RS4;11 and Granta 519 sys-

temic models is the requirement of immunocompromised

mice for xenografting, thereby eliminating the ability to

monitor host immune cell interactions with tumor cells.

A similar approach as the one we outlined here transduc-

ing murine leukemia and/or lymphoma cancer cell lines

with a bioluminescent reporter could enable allograft-

inglabeled cancer cells in immune competent mice, allow-

ing the role of the functional immune cells and/or

immunomodulatory agents to be analyzed.

In conclusion, we demonstrate that venetoclax and

navitoclax are effective at regressing tumors from leuke-

mia and lymphoma cells in distal sites, including bone

marrow and the CNS, and combination therapy was

effective at enhancing this response. Results in systemic

models were more predictive of clinical results than SC

xenografts (Roberts et al. 2012; Davids et al. 2013; Sey-

mour et al. 2013), and these models provide a powerful

system for preclinical evaluation of chemotherapeutic

agents.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Chemical structure of navitoclax (ABT-263)

and venetoclax. Marked atom represents chiral center of

navitoclax.

Figure S2. In vivo imaging of VivoGlo in RS4;11 systemic

engraftment tumors. Images of mice-bearing systemically

engrafted RS4;11-LMC tumors 2 h following a single dose

of either vehicle or venetoclax plus cyclophosphamide.

Mice were imaged using either D-luciferin predose (�2 h)

or VivoGlo (2 h).

Figure S3. Individual images of early time points demon-

strating addition of Bcl-2 inhibitors enhances BR efficacy

in the Granta 519 LMC systemic engraftment model.

Images of all individual mice (n = 8 per group) at early

time points in BR-containing dosing regimens. Imaging

thresholds (minimum and maximum) have been adjusted

uniformly across all images to demonstrate CNS engraft-

ment of Granta 519 LMC cells prior to therapy and sub-

sequent rapid regression in response to treatment.
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