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A novel BH3-mimetic, AZD0466, targeting BCL-XL
and BCL-2 is effective in pre-clinical models of
malignant pleural mesothelioma
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Abstract
Malignant pleural mesothelioma (MPM) is an aggressive cancer with treatment limited to Cisplatin and Pemetrexed
chemotherapy. Recently, we showed that drugs targeting the BCL-2-regulated apoptosis pathway could kill MPM cell
lines in vitro, and control tumor growth in vivo. These studies showed BCL-XL was the dominant pro-survival BCL-2
family member correlating with its high-level expression in cells and patient tumor samples. In this study we show
another inhibitor, AZD4320 that targets BCL-XL (and BCL-2), can also potently kill MPM tumor cells in vitro (EC50 values
in the 200 nM range) and this effect is enhanced by co-inhibition of MCL-1 using AZD5991. Moreover, we show that a
novel nanoparticle, AZD0466, where AZD4320 is chemically conjugated to a PEGylated poly-lysine dendrimer, was as
effective as standard-of-care chemotherapy, Cisplatin, at inhibiting tumor growth in mouse xenograft studies, and this
effect was enhanced when both drugs were combined. Critically, the degree of thrombocytopenia, an on-target
toxicity associated with BCL-XL inhibition, was significantly reduced throughout the treatment period compared to
other BCL-XL-targeting BH3-mimetics. These pre-clinical findings provide a rationale for the future clinical evaluation
for novel BH3-mimetic formulations in MPM, and indeed, other solid tumor types dependent on BCL-XL.

Introduction
Malignant pleural mesothelioma (MPM) is a rare and

aggressive cancer caused by exposure to asbestos1.
Overall survival rates for MPM (typically around
12 months) are amongst the lowest of all cancers2, due
in part, to the limited treatment options available for
these patients. For over a decade the mainstay therapy
for MPM has been Cisplatin plus Pemetrexed combi-
nation chemotherapy3, although the recent MAPS study
showed a modest improvement in overall survival with
the addition of Bevacizumab, an anti-angiogenic agent,

to this regimen4. Trials with immunotherapy have
demonstrated some benefit predominantly in biphasic
and sarcomatoid MPM subtypes5,6, but therapies that
have attempted to target some of the pathways governed
by genetic defects associated with MPM have largely
been disappointing7.
In an attempt to provide a new avenue for MPM

treatment, we and others8–10 have recently investigated a
more generic approach of targeting the BCL-2 pro-sur-
vival proteins (i.e., BCL-2, BCL-XL, BCL-W, MCL-1 and
BFL-1) that frequently have deregulated expression in
cancer cells, leading to increased tumor cell survival and
treatment resistance11. This has been made possible due
to the availability of a new class of drugs, the “BH3-
mimetics”, that directly engage these proteins with high
affinity, much like their natural pro-apoptotic ligands, the
BH3-only proteins12. Compounds have now been
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developed that are either directed towards multiple pro-
survival proteins (e.g. Navitoclax which binds BCL-2,
BCL-XL and BCL-W, and AZD4320 which binds BCL-2
and BCL-XL)13,14, or which are more specific; Venetoclax
against BCL-215, A-1331852 against BCL-XL16, A-
1210477, S63845 and AZD5991 against MCL-117–19, and
others12. Our studies showed that MPM cell lines can be
potently killed with BH3-mimetics targeting BCL-XL,
though this activity is enhanced by co-treatment with an
MCL-1 inhibitor9. Notably, BCL-XL and MCL-1 were
also shown to be the dominant BCL-2 pro-survival pro-
teins expressed in MPM patient samples9.
Venetoclax is now being successfully used in the clinic

for treatment of chronic lymphocytic leukemia and is being
investigated in other hematological malignancies20–24, as
well as breast cancer where its combination with Tamox-
ifen appears promising25. However, outcomes with BH3-
mimetics in other solid cancers have generally not been as
positive to-date. For example, despite promising pre-
clinical data, little clinical benefit was observed with
Navitoclax in a phase II trial in small-cell lung cancer. A
major limitation associated with these drugs is the induc-
tion of thrombocytopenia, an on-target, dose-limiting,
toxicity associated with potent inhibition of BCL-XL26

which is required for platelet survival. Nevertheless, there
are currently several trials on-going with Navitoclax in
other cancers.
Unlike Navitoclax, the potent dual BCL-XL/BCL-2

inhibitor developed by AstraZeneca, AZD432013,27–29 was
designed for once weekly intravenous delivery rather than
daily oral administration. Whilst thrombocytopenia is still
observed, it is transient, and platelet levels recover within
48–72 h. However, more recent pre-clinical studies, have
also revealed dose-limiting cardiotoxicity30. To overcome
these issues as well as improve physicochemical limita-
tions such as solubility, AstraZeneca recently reported a
new BH3-mimetic where AZD4320 is conjugated via a
hydrolytically labile linker to the clinically validated DEP®

dendrimer nanomedicine platform30. This novel molecule
mitigates the cardiovascular effects observed with
AZD4320, and has shown significant efficacy in vitro and
in vivo in a range of hematological and solid cancers30.
Accordingly, AZD0466 is now undergoing a clinical trial
(NCT04214093) for hematological and advanced solid
cancers.
In this study we show that AZD0466 has potent

activity in MPM, with less thrombocytopenia compared
to that observed with other BH3-mimetics targeting
BCL-XL. It also requires significantly reduced dosing to
achieve outcomes similar to what we have previously
reported in pre-clinical models of MPM, underscoring
its efficacy relative to first generation unconjugated
BH3-mimetics.

Materials and methods
Drugs
AZD4320, AZD5991 and AZD0466 were provided by

Astra Zeneca. Stock solutions of AZD4320 and AZD5991
for in vitro analysis were prepared in dimethyl sulfoxide
(DMSO). Cisplatin was purchased from Selleckchem and
prepared in dimethyl formamide (DMF) for in vitro
analysis.

Immunohistochemical analysis of tumor samples ex vivo
Immunohistochemical analysis for BCL-2 family protein

expression was performed as described previously26 using
antibodies from Cell Signaling Technology (USA) against
BCL-XL (clone 54H6, cat# 2764), MCL-1 (clone D5V5L,
cat# 39224), BAK (clone D4E4, cat# 12105), BAX (clone
D2E11, cat#5023), BIM (clone C34C5, cat# 2933), BCL-2
(clone 124, cat# 15071) and cleaved Caspase-3 (clone
Asp175, cat# 9661) or Ki67 (clone 30-9, cat# 790-4286)
from Roche (USA). The intensity of the cytoplasmic
immunostaining with the BCL-2 family protein antibodies
was evaluated as: 0, no staining; 1, weak; 2, moderate; and
3, strong. The extent of tumor cell cytoplasmic immu-
nostaining was evaluated as: 0, no immunostaining; 1,
1–5% positive; 2, 6–25% positive; 3, 26–50% positive; 4,
51–75% positive; and 5, 76–100% positive. A combined
H-score was determined by multiplying the intensity and
extent scores, giving a final value between 0–15. Quan-
tification of cleaved Caspase-3 and Ki67 staining was
performed through division of the number of positive
cells by the number of all tumor cells per high power field
(20x) and the result was given as the mean of five ran-
domly evaluated regions for all tumor samples.

Cell culture
Human MPM cell lines (MSTO-211H; biphasic and

NCI-H28; epithelioid) were obtained from the American
Type Culture Collection (ATCC, USA). All lines were
confirmed to be mycoplasma negative based on in-house
MycoAlert assays (Lonza). Cells were cultured in RPMI
1640 medium (cat#11875093, Gibco), supplemented with
heat-inactivated 10% (v/v) fetal calf serum (PAA Labora-
tories, Australia), 1% (v/v) GlutaMAX Supplement
200mM L-alanyl-L-glutamine dipeptide in 0.85% (w/v)
NaCl (Gibco) and 100 U/ml penicillin, 100mg/ml strep-
tomycin (Gibco) and maintained at 37 °C with 5% CO2.

CellTiter-Glo luminescent viability assay
Cells (1000 per well) were seeded into 96-well white

plates and 4 h later treated with serial dilutions of vehicle
(DMSO or DMF), drugs alone, or combinations thereof.
Cell viability was assessed after 72 h treatment using the
CellTiter-Glo 2.0 assay (cat# G9243, Promega, Australia)
following the manufacturer’s instructions. Luminescence
was measured on an Ensight Multimode plate reader
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(Perkin Elmer). The results were normalized to the via-
bility of cells treated with the highest % (v/v) of vehicle.
The EC50 values were calculated using non-linear
regression algorithms using the Prism software (Graph
Pad, version 6) from the combined data of at least three
separate experiments. Synergy analysis was performed
using Combenefit software with Bliss, Loewe and HSA
models31.

FACS-based apoptosis assay
Cells (30,000 per well) were seeded into 24-well plates,

then 24 h later treated with vehicles, drugs, either alone or
in combination. For pan-caspase inhibitor assays, Q-VD-
OPh (cat# 03OPH10905, MP Biomedicals) was added
(final concentration 25 µM) to respective wells. Live and
dead cells were harvested and pelleted by centrifugation
and incubated with Annexin V-APC (cat# 550475, BD
Biosciences) and propidium iodide (cat# p4864, Sigma
Aldrich) in Annexin V binding buffer (cat# 556454, BD
Biosciences).
FACS analysis was performed on a BD FACSCanto II

flow cytometer (BD Biosciences, USA). Data was analyzed
using FlowJo Software Version 10 (FlowJo-LLC, USA) with
the number of viable cells (Annexin V negative / propidium
iodide negative) normalized relative to the number of
viable cells cultured in the vehicle control. GraphPad
Software was used for statistical analysis.

Quantitative real-time polymerase chain reaction
Total RNA was extracted from freshly frozen tumor

samples using the ReliaPrep RNA Cell Miniprep System
(Promega, USA) and reverse-transcribed using random
hexamers and the Transcriptor High Fidelity cDNA
synthesis kit (Roche, Germany) as per the manufacturer’s
instructions. Quantitative RT-PCR was performed using
Power SYBR Green PCR Master Mix (Roche, USA) with
previously-published primer sets32 on a ViiATM 7 Real-
Time PCR System (Applied Biosystems, USA).

Mouse xenograft experiments
NOD-scid 6–8 week old female mice were purchased

from the Animal Resource Centre (Perth, Western Aus-
tralia) and maintained at the Bio-Resources Facility at
Austin Health. All animal experiments were approved
by the Austin Health Animal Ethics Committee
(A2017_05465/ A2018_05584) and carried out in accor-
dance with the guidelines of Austin Health/University of
Melbourne and conformed to the National Health and
Medical Research Council’s code of practice for the care
and use of animals for scientific purposes.
MSTO-211H cells (4 × 106) in Matrigel (BD Bios-

ciences, Australia) were injected subcutaneously into the
right flank of mice. When tumors reached 150–200 mm3,
the mice were randomized into different treatment groups

to ensure consistent average tumor size across all study
arms (n= 6–10 per group based on previous outcomes of
drug treatment studies using MPM xenografts) that
received either PBS (intra-peritoneal injection), AZD0466
vehicle (citrate/phosphate buffer, pH 5.0; intravenous
injection), Cisplatin (4 mg/kg; intra-peritoneal injection),
AZD0466 (100 mg/kg; intravenous injection), Cisplatin
plus AZD0466 vehicle (4 mg/kg; intra-peritoneal and
intravenous injections respectively) or Cisplatin plus
AZD0466 (4 mg/kg and 100mg/kg; intra-peritoneal and
intravenous injections respectively). Cisplatin and asso-
ciated vehicle controls were administered on Day 1, whilst
AZD0466 (and associated vehicle controls) were admi-
nistered on Days 1 and 8.
Tumors were measured using callipers three times a

week by a blinded investigator (SA) and three mice per
treatment group were culled by CO2 asphyxiation at the
end of the study treatment phase (19 days from start of
treatment, i.e., 10 days after final intravenous dosing). The
remaining mice were culled either at ethical endpoint
when tumors reached 1000 mm3 or if there was evidence
of toxicity (weight loss >15%). Although early termination
during the study treatment phase was a pre-defined cen-
soring event, no mice in the treatment cohorts lost weight
beyond that approved on the ethics protocol. Blood was
collected by retro-orbital bleed 48 h after dosing with
AZD0466, 10 days after start of treatment in microcuvette
tubes (Sarstedt). Full blood examination was carried out
on an Advia 2120 blood analysis machine (Siemens)
according to the manufacturer’s instructions. Tumors
were excised, measured and weighed, and subsequently
paraffin-embedded for IHC analysis or snap frozen for cell
lysate preparation for qRT-PCR.

Results
AZD4320 is effective on MPM cell lines and synergizes with
an MCL-1 inhibitor
To investigate the potential efficacy of AZD0466 in

MPM, we initially used CellTiter-Glo viability assays to
test the effect of the active moiety, AZD4320. AZD4320
provides similar outcomes on cell lines to AZD0466,
though with kinetics more suitable for testing in in vitro
assays due to the slower release of AZD4320 from the
AZD0466 dendrimer. Here, we used identical conditions
(e.g. cell numbers, volumes, incubation times) to those we
recently reported for other BH3-mimetic compounds we
have examined in MPM to enable meaningful compar-
isons between them9. We also used two cell lines, NCI-
H28 representative of the most common MPM histolo-
gical subtype (epithelioid), and MSTO-211H (biphasic), a
line that we have previously employed in in vivo studies9.
Single agent activity of AZD4320 was observed with

EC50 values (150–220 nM, Fig. 1A, B) similar to what we
previously observed for Navitoclax (310–830 nM) on the
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same cell lines, though it was not as potent as A-1331852,
a more specific BCL-XL inhibitor (EC50 ~4–11 nM)9. As
we previously showed that MCL-1 is a significant barrier
to maximum efficacy with A-1331852 and Navitoclax, we
also combined AZD4320 with AZD5991, a potent MCL-1
inhibitor from AstraZeneca19. These data mirrored what
we saw previously with combinations of A-1331852 or
Navitoclax with another MCL-1 inhibitor (S63845), where
significant improvements in EC50 values were achieved
with increasing doses of the MCL-1 inhibitor (Fig. 1A, B).
AZD5991 alone was inactive (EC50 > 15 μM), as seen with
S638459, though when combined with AZD4320, EC50

values in the range of 3–55 nM were observed (depending
on the AZD5991 concentration). This increased activity
was synergistic across a range of drug dose combinations,
as assessed using BLISS analysis (Fig. 1C).
Combined, these data demonstrate that AZD4320 is as

potent as previously investigated BH3-mimetic drugs that

we have shown to have in vivo activity on MPM, and are
consistent with our previous findings that co-targeting of
BCL-XL and MCL-1 synergistically induces MPM cell
killing.

AZD4320 reduces MPM cell viability via apoptosis
induction
The CellTiter-Glo viability assays measure cellular ATP

levels, hence, changes could reflect effects on either cell
proliferation or apoptosis induction (or both). To confirm
that AZD4320 was inducing apoptosis as expected, flow
cytometry assays were performed using well-established
markers of apoptosis (Annexin V and propidium iodide
staining) and showed dose-dependent apoptotic cell kill-
ing with AZD4320. Moreover, when doses of AZD4320
that provided 65% or less cell killing (i.e., at 1 μM or less)
were combined with 1 μMAZD5991 (where essentially no
killing was observed), the effect was enhanced (Fig. 2A),

Fig. 1 AZD4320 inhibits MPM cell viability in vitro. A AZD4320 alone inhibits MPM cell line viability, and this effect is enhanced by co-treatment
with AZD5991. Cell viability was determined using CellTiter-Glo assays after 72 h treatment. Data represent mean ± SEM (n= 3). B Summary of EC50
values for treatments in A. C Synergy analysis of BH3-mimetic drug combinations was performed with Combenefit software using the BLISS synergy
model. Strong synergy was observed across a range of drug concentrations.
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closely reflecting the outcomes of the CellTiter-Glo
assays. To confirm apoptosis was the dominant mechan-
ism-of-action, AZD4320 was tested alone or in combi-
nation with AZD5991 in the presence of the pan-caspase
inhibitor, Q-VD-OPh. Consistent with the loss of viability
being through apoptosis, Q-VD-OPh rescued the effect of
AZD4320 on its own and in combination with AZD5991
(Fig. 2B). Hence, these data confirm that the mechanism-
of-action of AZD4320 (and AZD5991) is via apoptosis
induction, in line with their capacity to engage their pro-
survival protein targets with high affinity.

AZD4320 enhances the effect of Cisplatin in vitro
Standard drug development protocols necessitate that

any new agents are combined with standard of care
treatment regimens, which for mesothelioma currently
includes Cisplatin. As our previous studies showed that
BCL-XL inhibition (using ABT-263 or A-1331852) could
enhance the effects of Cisplatin, both in vitro and in vivo9,
it was of interest to determine whether AZD4320 could
act similarly. Accordingly, we also examined the effect of
AZD4320 in combination with Cisplatin on cell viability.
As observed with other BH3-mimetics capable of inhi-
biting BCL-XL, some enhanced activity was observed
when AZD4320 was combined with Cisplatin, though this
was cell-line dependent with NCI-H28 cells showing the
greater relative increase in response with the

combinations (14-fold versus 2-fold when Cisplatin was
titrated in the presence of 1 μM AZD4320). However, it
should be noted that this cell line was significantly more
resistant to Cisplatin alone (~7-fold), compared to
MSTO-211H cells (Fig. 3A, B). For both cell lines, these
responses were weakly synergistic (Fig. 3C). Hence,
AZD4320 displays similar behavior to other BCL-XL
antagonists in its capacity to act in co-operation with
Cisplatin to kill MPM tumor cells.

AZD0466 is efficacious on MPM xenografts and its activity
is enhanced by Cisplatin co-treatment
As AZD4320 can potently kill MPM cell lines in vitro,

we next assessed whether the dendrimer incorporating
this drug, AZD0466, could exert similar activity in vivo.
Here, we used MSTO-211H xenografts to enable direct
comparison with other BH3-mimetics we have pre-
viously tested in vivo using this cell line9, and because
we were unable to establish tumors in mice for the
NCI-H28 cell line. Pilot dose escalation studies in non-
tumor bearing mice using AZD0466 at 25 mg/
kg–100 mg/kg (once weekly for two weeks), together
with a single dose of Cisplatin (4 mg/kg) demonstrated
that the highest dose was well tolerated based on the
minimal weight loss (<15%) observed over the treat-
ment period. Hence, this dosing schedule was used in
our xenograft studies.

Fig. 2 AZD4320 induces apoptosis in MPM cell lines. A Indicated cell lines were treated with AZD4320, AZD5991, or both for 72 h, and apoptosis
induction monitored by FACS using Annexin V / propidium iodide staining. B Apoptosis induction was confirmed by treating cells with drugs as
single agents and in combination in the presence of the pan-caspase inhibitor Q-VD-OPh. Data represent mean ± SEM (n= 3) *p ≤ 0.05, **p ≤ 0.01
and ***p ≤ 0.001 (unpaired Students t-test).
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Similar to what we observed with A-1331852 and
Navitoclax9, AZD0466 alone was able to inhibit tumor
growth (volume and mass) and extend median mouse
survival (i.e., time to ethical endpoint tumor size of
1000mm3) to 32 days compared to Cisplatin alone
(28 days) or vehicle controls (21 days, p ≤ 0.01) (Fig.
4A–C). The combination of AZD0466 with Cisplatin
further increased median survival to 36 days. As expected,
tumors resected from a subset of mice 10 days following
the final dose of intravenous treatment displayed evidence
of increased apoptosis and decreased proliferation, as
determined by immunohistochemical analysis of cleaved
Caspase-3 and Ki67 respectively (Fig. 4D). These changes
were more pronounced in the AZD0466-treated tumors
versus those treated with Cisplatin alone, and most pro-
nounced in the combination treatment group. Immuno-
histochemical (Fig. 4E) and quantitative RT-PCR (Fig. S1)
analysis of BCL-2 family protein and mRNA levels in
tumors following treatment showed that mRNA and

protein expression of MCL-1 was decreased following
AZD0466 treatment, while BIM mRNA and protein
expression was increased following Cisplatin treatment.
As observed in our pilot study, AZD0466 treatment was

tolerated over the treatment period with no overt sign of
clinical toxicity in any treatment group or weight loss
(<15%) compared to the control groups (Fig. 4F). Blood
samples were analyzed 48 h post AZD0466 treatment as
our ethics approval for these experiments proscribed
sampling within 2 days of intravenous drug injection.
Notably, there was no evidence of thrombocytopenia in
the AZD0466 treatment group at this time point, and
whilst the platelet count was reduced in the AZD0466
plus Cisplatin treatment group, the degree of thrombo-
cytopenia was relatively mild (i.e. mean platelet counts of
597/μL in the treatment groups versus 1066/μL in con-
trols) (Fig. 4G). These platelet levels rebounded one week
after treatment cessation. Hence, AZD0466 has significant
impact on MPM tumor growth, and this outcome is

Fig. 3 AZD4320 enhances MPM cell killing by Cisplatin. A Cisplatin alone is less effective than AZD4320, however, the combination increases cell
killing. Cell viability was determined using CellTiter-Glo assays after 72 h treatment. Data represent mean ± SEM (n= 3). B Summary of EC50 values for
treatments in A. C Synergy analysis of combinations in A performed with Combenefit software using the BLISS synergy model.
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Fig. 4 AZD0466 treatment results in tumor growth control of MPM xenografts. A MSTO-211H xenograft tumor volumes measured during and
following treatment with AZD0466 (100mg/kg, days 1 and 8, IV) and Cisplatin (4 mg/kg, day 1 IP), the combination, or appropriate controls. B Tumor
masses at Day 19 from start of treatment. Each point is the mass of an individual tumor (photographed) with the bar indicating the mean ± SEM
(n= 3) and significance determined by Student’s t-test (unpaired). C Kaplan–Meier survival curves of mice treated with AZD0466, Cisplatin and
combinations of both, with relevant vehicle controls. Survival endpoint was when tumors reached 1000mm3 as dictated by the ethics approval
associated with this experiment. Significance determined by Log-rank (Mantel–Cox test). D Immunohistochemistry analysis of tumors for cleaved
Caspase-3 (CC3) and Ki67. Values represent the mean % postively stained cells for each antibody in five different fields of view. Data are mean ± SEM
(n= 3), significance determined by Student’s t-test (unpaired). E Effect of AZD0466 and Cisplatin treatment on indicated BCL-2 family protein
expression determined by immunohistochemistry (H-scores) on tumors harvested at Day 19 for indicated BCL-2 family members. Sections were
scored for staining by each antibody in 5 different fields of view. Data are mean ± SEM (n= 3 tumors per group), significance determined by
Student’s t-test (unpaired). F Body weights of mice were measured during and after the treatment period. Data represent mean ± SEM (n= 6–10).
G Platelet counts (units per μL blood) determined 48 h post AZD0466 or vehicle dosing on Day 10 in all treatment groups and in Cisplatin plus
AZD0466 treated mice 3 weeks (3w) post start of the treatment phase. Data is mean ± SEM (n= 3 mice per group), significance determined by
Student’s t-test (unpaired).
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enhanced by co-treatment with Cisplatin, with minimal
overall effect on platelet levels.

Discussion
In this study we have shown that AZD0466, a novel

dendrimer nanomedicine based on the dual BCL-XL/
BCL-2 inhibitor AZD432013,27,28, is as efficacious as Cis-
platin in controlling tumor growth and overall mouse
survival (as assessed by time to ethical endpoint), and
combinations of these drugs leads to further increased
benefit. This level of disease control mirrors what we
observed previously with other well-characterized inhibi-
tors that can target BCL-XL (i.e., A-1331852 and
Navitoclax)9.
Thrombocytopaenia is a known consequence of BCL-

XL inhibition due to the absolute dependence of plate-
lets on this pro-survival protein for their survival, and
has hindered the translation of BH3-mimetics targeting
BCL-XL to the clinic. One of the key potential benefits
of AZD0466 over these other inhibitors is that the level
of thrombocytopenia associated with treatment appears
to be reduced. Indeed, there was no detectable change in
mean platelet levels 48 h after drug administration. One
caveat here is that our ethics approval for this experi-
ment precluded blood sampling within 48 h of intrave-
nous drug delivery, hence, a direct comparison of this
on-target toxicity associated with A-1331852 / Navito-
clax treatment was not possible as analysis with those
drugs was performed 24 h after oral drug delivery.
However, as AZD0466 was only administered once
weekly, rather than daily for 5 consecutive days (fol-
lowed by a two day break) as was performed for A-
1331852 / Navitoclax, the overall degree of thrombo-
cytopenia with AZD0466 is inevitably significantly
reduced as compared to those other drugs where pla-
telets are depleted by >90% within 24 h of administra-
tion (which occurs daily). As reported by AstraZeneca,
platelet cell numbers decreased within 24 h of AZD0466
administration, though (like with AZ4320), this is only
transient and levels recover within 48–72 h, as we
observed30. Hence, there is the potential for a greater
therapeutic margin with respect to thrombocytopenia
with AZD0466 compared with Navitoclax.
The fact that comparable efficacy was observed with

two single doses of AZD0466 as compared with 14 days of
treatment for ABT-263 and A-1331852 speaks to the
advantages derived from using the dendrimer platform
where the extended (~25 h) drug release half-life medi-
ated via the hydrolytically cleaved linkers dampens the
plasma Cmax and enhances delivery to, and retention
within the tumor to increase efficacy, whilst reducing the
non-clinical cardiovascular effects observed with
AZD4320 in rats30. Indeed, we observed no evidence of
cardiotoxicity in our studies.

AZD0466 is currently being tested in a phase I first-in-
human clinical trial which includes patients with solid and
hematological tumors (NCT04214093). This study will
provide important insight into the therapeutic window of
this agent. Similar to our study (and the pivotal pre-
clinical study30), AZD0466 is being dosed weekly in the
phase I trial. Potentially, if a safe therapeutic window can
be established, co-dosing of AZD0466 with an MCL-1
inhibitor could be feasible, and presents an attractive
strategy, especially given that we and others, have shown
that optimal tumor cell killing can be achieved with BCL-
XL and MCL-1 co-inhibition33–35. To date, this has not
been possible due to the acute hepatotoxicity that is
observed when current BCL-XL inhibitors are co-dosed
with MCL-1 inhibitors in mice34.
In summary, our data with AZD0466 indicates that

novel nanomedicine delivery of BH3-mimetics can pro-
vide similar, if not increased efficacy in MPM, compared
to currently available “unconjugated” BH3-mimetics, and
can potentially overcome the major single-agent toxicity
(i.e., thrombocytopenia) associated with BH3-mimetics
targeting BCL-XL in general. Whether similar efficacy will
be observed in other solid tumor types is currently
unknown, however, the phase I trial currently underway
with AZD0466 should provide some insights into this in
the near future. Regardless, given the limited treatment
options currently available for MPM patients, these pro-
mising initial data on AZD0466 in MPM suggests its
future clinical evaluation in this disease should be
considered.

Acknowledgements
Support for this work was provided by the National Health and Medical
Research Council (NHMRC) of Australia Project Grant (GNT1157551) and Tour
de Cure Pioneering Grant (RSP-202-18/19) to W.D.F. and T.J, NHMRC Senior
Research Fellowship (GNT1046092) to J.M.M. and Peter Doherty Early Career
Fellowship (GNT1166447) to A.R.P. S.A. and L.J. are the recipients of a La Trobe
University Post Graduate Research Scholarship and S.A. a Lung Foundation
Australia Grant-in-Aid. E.F.L. is a recipient of fellowships from the Australian
Research Council (Future Fellowship FT150100212) and the Victorian Cancer
Agency (Mid-Career Fellowship MCRF19045). We thank Mr Josh Lorimer and
Ms Haley Sleep from the Austin Health Bio Resources Facility for providing
technical mouse work support. We are grateful to Mr David Baloyan for his
technical expertise with FACS-based assays and sorting.

Author details
1Olivia Newton-John Cancer Research Institute, Heidelberg, VIC, Australia.
2School of Cancer Medicine, La Trobe University, Bundoora, VIC, Australia.
3Department of Medical Oncology, Austin Health, Heidelberg, VIC, Australia.
4Department of Clinical Pathology, University of Melbourne, Melbourne, VIC,
Australia. 5Department of Pathology, Austin Health, Heidelberg, VIC, Australia.
6Bioscience, Oncology R&D, AstraZeneca, Boston, MA, USA. 7Department of
Biochemistry and Genetics, La Trobe Institute for Molecular Science, La Trobe
University, Bundoora, VIC, Australia. 8Present address: Department of
Pathology, St Vincent’s Hospital Melbourne, Melbourne, VIC, Australia. 9Present
address: Peter MacCallum Cancer Centre, Melbourne, VIC, Australia

Conflict of interest
Assoc. Prof. W. Douglas Fairlie and Dr Erinna Lee were previously employees of
The Walter and Eliza Hall Institute where they were involved in collaborations
with AbbVie and Genentech to develop and characterize BH3-mimetic drugs

Arulananda et al. Cell Death Discovery           (2021) 7:122 Page 8 of 9

Official journal of the Cell Death Differentiation Association



and receive payments in respect of Venetoclax. AstraZeneca provided Fairlie
and Lee’s laboratory with AZD0466, AZD4320 and AZD5991 to conduct these
studies, however, they did not receive any financial support. Dr Surein
Arulananda has received speaker fees and travel support from Merck-Sharpe
Dohme, AstraZeneca, Boehringer-Ingelheim, Bristol-Myers Squibb and Roche,
outside the submitted work. Assoc. Prof. Thomas John has received speaker
fees and travel support from Pfizer, AstraZeneca, BMS, Novartis, Merck Sharp &
Dohme, Boehringer-Ingelheim, Takeda, Merck and Roche, outside the
submitted work. Dr Jonathan Cebon has received speaker fees and travel
support from Amgen, Bristol-Myers Squibb, GlaxoSmith Kline, Merck; Merck
Sharp & Dohme and Novartis, outside the submitted work. Dr Justin Cidado
and Dr Srividya Balachander are current or former AstraZeneca employees and
shareholders.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41420-021-00505-0.

Received: 20 January 2021 Revised: 15 April 2021 Accepted: 1 May 2021

References
1. Marinaccio, A. et al. Malignant mesothelioma due to non-occupational

asbestos exposure from the Italian national surveillance system (ReNaM):
epidemiology and public health issues. Occup. Environ. Med. 72, 648–655
(2015).

2. Abdel-Rahman O. Global trends in mortality from malignant mesothelioma:
analysis of WHO mortality database (1994-2013). Clin. Respir. J. 12, 2090–2100
(2018).

3. Vogelzang, N. J. et al. Phase III study of pemetrexed in combination with
cisplatin versus cisplatin alone in patients with malignant pleural mesothe-
lioma. J. Clin. Oncol. 21, 2636–2644 (2003).

4. Zalcman, G. et al. Bevacizumab for newly diagnosed pleural mesothelioma in
the Mesothelioma Avastin Cisplatin Pemetrexed Study (MAPS): a randomised,
controlled, open-label, phase 3 trial. Lancet 387, 1405–1414 (2016).

5. Scherpereel, A. et al. Nivolumab or nivolumab plus ipilimumab in patients
with relapsed malignant pleural mesothelioma (IFCT-1501 MAPS2): a multi-
centre, open-label, randomised, non-comparative, phase 2 trial. Lancet Oncol.
20, 239–253 (2019).

6. Baas, P. et al. First-line nivolumab + ipilimumab vs chemotherapy in unre-
sectable malignant pleural mesothelioma: CheckMate 743. J. Thorac. Oncol. 15,
E42 (2020).

7. Tsao, A. S. et al. Current and future management of malignant mesothelioma:
a consensus report from the National Cancer Institute Thoracic Malignancy
Steering Committee, International Association for the Study of Lung Cancer,
and Mesothelioma Applied Research Foundation. J. Thorac. Oncol. 13,
1655–1667 (2018).

8. Jackson, M. R. et al. Mesothelioma cells depend on the antiapoptotic protein
Bcl-xL for survival and are sensitized to ionizing radiation by BH3-mimetics. Int
J. Radiat. Oncol. Biol. Phys. 106, 867–877 (2020).

9. Arulananda, S. et al. BCL-XL is an actionable target for treatment of malignant
pleural mesothelioma. Cell Death Disco. 6, 114 (2020).

10. Arulananda S., Lee E. F., Fairlie W. D., John T. The role of BCL-2 family proteins
and therapeutic potential of BH3-mimetics in malignant pleural mesothe-
lioma. Expert Rev. Anticancer Ther. 21, 413–424 (2020).

11. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell
144, 646–674 (2011).

12. Merino D., Kelly G. L., Lessene G., Wei A. H., Roberts A. W., Strasser A. BH3-
mimetic drugs: blazing the trail for new cancer medicines. Cancer Cell 34,
879–891 (2018).

13. Takimoto-Shimomura, T. et al. Dual targeting of bromodomain-containing 4
by AZD5153 and BCL2 by AZD4320 against B-cell lymphomas concomitantly
overexpressing c-MYC and BCL2. Invest N. Drugs 37, 210–222 (2019).

14. Tse, C. et al. ABT-263: a potent and orally bioavailable Bcl-2 family inhibitor.
Cancer Res. 68, 3421–3428 (2008).

15. Souers, A. J. et al. ABT-199, a potent and selective BCL-2 inhibitor, achieves
antitumor activity while sparing platelets. Nat. Med 19, 202–208 (2013).

16. Leverson, J. D. et al. Exploiting selective BCL-2 family inhibitors to dissect cell
survival dependencies and define improved strategies for cancer therapy. Sci.
Transl. Med 7, 279ra240 (2015).

17. Kotschy, A. et al. The MCL1 inhibitor S63845 is tolerable and effective in
diverse cancer models. Nature 538, 477–482 (2016).

18. Leverson, J. D. et al. Potent and selective small-molecule MCL-1 inhibitors
demonstrate on-target cancer cell killing activity as single agents and in
combination with ABT-263 (navitoclax). Cell Death Dis. 6, e1590 (2015).

19. Tron, A. E. et al. Discovery of Mcl-1-specific inhibitor AZD5991 and preclinical
activity in multiple myeloma and acute myeloid leukemia. Nat. Commun. 9,
5341 (2018).

20. DiNardo, C. D. et al. Venetoclax combined with decitabine or azacitidine in
treatment-naive, elderly patients with acute myeloid leukemia. Blood 133,
7–17 (2019).

21. Konopleva, M. et al. Efficacy and biological correlates of response in a phase II
study of venetoclax monotherapy in patients with acute myelogenous leu-
kemia. Cancer Disco. 6, 1106–1117 (2016).

22. Roberts, A. W. et al. Targeting BCL2 with venetoclax in relapsed chronic
lymphocytic leukemia. N. Engl. J. Med 374, 311–322 (2016).

23. Wei, A. H. et al. Venetoclax plus LDAC for patients with untreated AML
ineligible for intensive chemotherapy: phase 3 randomized placebo-controlled
trial. Blood 135, 2137–2145 (2020).

24. Seymour, J. F. et al. Venetoclax-rituximab in relapsed or refractory chronic
lymphocytic leukemia. N. Engl. J. Med. 378, 1107–1120 (2018).

25. Lok, S. W. et al. A phase Ib dose-escalation and expansion study of the BCL2
inhibitor venetoclax combined with tamoxifen in ER and BCL2-positive
metastatic breast. Cancer Cancer Disco. 9, 354–369 (2019).

26. Rudin, C. M. et al. Phase II study of single-agent navitoclax (ABT-263) and
biomarker correlates in patients with relapsed small cell lung cancer. Clin.
Cancer Res. 18, 3163–3169 (2012).

27. Montero, J. et al. Destabilization of NOXA mRNA as a common resistance
mechanism to targeted therapies. Nat. Commun. 10, 5157 (2019).

28. Sale, M. J. et al. Targeting melanoma’s MCL1 bias unleashes the apoptotic
potential of BRAF and ERK1/2 pathway inhibitors. Nat. Commun. 10, 5167
(2019).

29. Balachander, S. B. et al. AZD4320, a dual inhibitor of Bcl-2 and Bcl-xL, induces
tumor regression in hematologic cancer models without dose-limiting
thrombocytopenia. Clin. Cancer Res. 26, 6535–6549 (2020).

30. Patterson, C. M. et al. Design and optimisation of dendrimer-conjugated Bcl-2/
xL inhibitor, AZD0466, with improved therapeutic index for cancer therapy.
Commun. Biol 4, 112 (2021).

31. Di Veroli, G. Y. et al. Combenefit: an interactive platform for the analysis and
visualization of drug combinations. Bioinformatics 32, 2866–2868 (2016).

32. Chueh, A. C. et al. ATF3 repression of BCL-XL determines apoptotic sensitivity
to HDAC inhibitors across tumor types. Clin. Cancer Res. 23, 5573–5584 (2017).

33. Soderquist, R. S. et al. Systematic mapping of BCL-2 gene dependencies in
cancer reveals molecular determinants of BH3 mimetic sensitivity. Nat. Com-
mun. 9, 3513 (2018).

34. Weeden, C. E. et al. Dual inhibition of BCL-XL and MCL-1 is required to induce
tumour regression in lung squamous cell carcinomas sensitive to FGFR inhi-
bition. Oncogene 37, 4475–4488 (2018).

35. Lee, E. F. et al. BCL-XL and MCL-1 are the key BCL-2 family proteins in
melanoma cell survival. Cell Death Dis. 10, 342 (2019).

Arulananda et al. Cell Death Discovery           (2021) 7:122 Page 9 of 9

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41420-021-00505-0

	A novel BH3-mimetic, AZD0466, targeting BCL-XL and BCL-2 is effective in pre-clinical models of malignant pleural mesothelioma
	Introduction
	Materials and methods
	Drugs
	Immunohistochemical analysis of tumor samples ex�vivo
	Cell culture
	CellTiter-Glo luminescent viability assay
	FACS-based apoptosis assay
	Quantitative real-time polymerase chain reaction
	Mouse xenograft experiments

	Results
	AZD4320 is effective on MPM cell lines and synergizes with an MCL-1 inhibitor
	AZD4320 reduces MPM cell viability via apoptosis induction
	AZD4320 enhances the effect of Cisplatin in�vitro
	AZD0466 is efficacious on MPM xenografts and its activity is enhanced by Cisplatin co-treatment

	Discussion
	Acknowledgements




