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Diffuse mesothelioma is a rare but highly aggressive and
treatment-resistant neoplasm with low survival rates. Effective
therapeutic strategies are limited, and resistance to treatment is a
major obstacle. Myeloid cell leukemia (MCL)-1 and B-cell leu-
kemia (BCL)-xL are antiapoptotic B-cell lymphoma 2 (Bcl-2)
family proteins that block cell-intrinsic apoptosis through inter-
actions on the mitochondrial outer membrane which contribute
to therapeutic resistance. We investigated whether B-cell ho-
mology domain3 profiles were consistent between intra-patient
fresh tumor sample, patient-derived cells, and patient-derived
xenografts (PDX) by B-cell homology domain-3 profiling; we
observed striking consistency which enabled cross-model
comparisons. Next, we co-targeted BCL-xI and MCL-1 and
noted that the combination synergistically reduced cell via-
bility and increased apoptosis. Mechanistically, BCL-xL inhi-
bition affected the cells through both the canonical and the

Introduction

Diffuse mesothelioma arises from neoplastic transformation of
mesothelial cells lining the pleural cavities and has 5-year overall
survival under 10% (1). The chemotherapeutic agents, cisplatin
(CDDP) and pemetrexed, were US FDA-approved based on a me-
dian overall survival benefit from 9.3 to 12.1 months in 2004 (1).
Alternative therapies have minimally affected survival until
2021 with the landmark trial, CHECKMATE 743, of immune
checkpoint inhibitors (2). Despite some improvements with
systemic chemotherapy or immunotherapy, responses only occur
in a subset of patients and resistance is common.
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emerging noncanonical apoptotic pathways. BCL-xL induced
mitochondrial depolarization which resulted in MCL-1 cellu-
lar dependency, rendering cells highly sensitive to MCL-1
inhibition. Next, we co-targeted BCL-xL and MCL-1 in vivo
which induced synthetic lethality in PDX models within
hours, implying that this approach is not a safe strategy for
clinical development. However, targeting MCL-1, which exerts
its antiapoptotic activity without non-apoptotic on-target ef-
fects, decreased the mitochondrial threshold for apoptosis and
enhanced chemosensitivity without toxicity in PDX models.
Our findings suggest that targeting the mitochondria via MCL-1
enhances the efficacy of chemotherapy but co-targeting two
proteins in the Bcl-2 pathways results in synergistic lethality.
These results will help define a safe clinical strategy to utilize Bcl-
2-targeted therapy to undermine therapeutic resistance in pa-
tients with diffuse mesothelioma.

Cell-intrinsic apoptosis, in part, occurs through the mitochondria
via the balance of B-cell lymphoma 2 (Bcl-2) family of proteins (3,
4). Targeting antiapoptotic Bcl-2 proteins to undermine apoptotic
resistance led to a class of small-molecule inhibitors known as B-cell
homology domain-3 (BH3) mimetics (3). BH3 mimetics directly
target the pro-survival Bcl-2 proteins to sensitize cells to cell death
by mitochondrial outer membrane permeabilization (MOMP; refs.
5, 6). Our previous work showed that diffuse mesothelioma and
esophageal adenocarcinoma (EAC) resist apoptosis through the
upregulation of myeloid cell leukemia (MCL)-1; moreover, targeting
MCL-1 changed the threshold for apoptosis which enhanced sen-
sitivity to chemotherapy (7, 8). The antiapoptotic Bcl-2 proteins
have redundant functions; therefore, targeting one protein may
upregulate other non-targeted antiapoptotic Bcl-2 proteins to en-
sure tumor cell survival. Therefore, co-targeting MCL-1 with B-cell
leukemia (BCL)-xL is a logical strategy to prevent their redundant
functions (9, 10). Several pharmaceutical companies are currently
developing BH3 mimetics for clinical trials; the FDA has approved
the first BH3 mimetic, venetoclax, an oral Bcl-2 inhibitor to treat
chronic lymphocytic leukemia and acute myeloid leukemia (11), but
a major obstacle associated with these strategies is on-target, dose-
limiting toxicity (12, 13). Therefore, evaluation of mechanisms of
co-targeting these proteins is critically important to ensure safe
introduction into clinical trials.

BH3 profiling is a live cell functional bioassay that identifies
cellular dependence on individual antiapoptotic proteins and pre-
dicts cellular response to chemotherapy agent and identifies which
Bcl-2 proteins are responsible for resistance to apoptosis (7, 14). The
pro- and antiapoptotic Bcl-2 proteins that regulate MOMP interact
with one another at the hydrophobic BH3 domains. BH3 profiling
measures the relative interactions of these proteins to determine
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whether a tumor cell is near the threshold to activate apoptosis
(“priming”; refs. 14, 15), which predict response to chemotherapy
and resistance to targeted therapy in both clinical samples and cell
culture (16). We previously performed BH3 profiling directly on
fresh patient tumors of EAC and diffuse mesothelioma and iden-
tified proteins responsible for resistance (7). Although BH3 profiling
is a predictive tool for assessing mitochondrial apoptotic sensitivity,
it has not yet undergone sufficient large-scale clinical studies to
verify its reliability and predictive power for drug response to de-
termine therapy for patients. Validation of BH3 profiling in patient
samples to rapidly assess drug sensitivity is significant to enable
clinically feasible time frames as compared with cell culture or
mouse models.

In this study, we examined whether co-targeting MCL-1 and
BCL-xL is a safe therapeutic strategy. We expect that BH3 profiling
in fresh tumor will serve as a live cell, predictive bioassay to identify
which patient’s tumors will respond to BH3 mimetics. Additionally,
we expect to establish a safe strategy to introduce BH3 mimetics into
clinical trials. Our findings will provide insights into the mecha-
nisms of synergistic effects of targeting Bcl-2 proteins on canonical
and noncanonical apoptotic pathways with the goal of undermining
therapeutic resistance.

Materials and Methods

Cell culture and regents

Cell lines H28 and H2452 were purchased from ATCC. All cell
lines were authenticated yearly with HLA analysis and tested for
Mycoplasma contamination every six months. Cells were cultured in
RPMI (Thermo Fisher Scientific) supplemented with 10% FCS and 1%
penicillin/streptomycin (Gibco). BCL-2 inhibitor, ABT199, was pur-
chased from APExBIO; MCL-1 inhibitor, AZD5991 (17), and BCL-xL
inhibitor, A11554639 (18), were purchased from MedChemExpress;
and CDDP was purchased from APP Pharmaceuticals. Detail infor-
mation of all reagents is specified in Supplementary Table S1.

Primary cells

Mesothelioma tumor specimens were obtained from patients at
Baylor College of Medicine and Affiliated Hospitals with Institu-
tional Review Board approval (H46562), and written informed
consent was obtained from each participant. Patients’ information is
specified in Supplementary Table S2. Tumor samples were ob-
tained by biopsy or surgical resection and then minced and
dissociated using the human tumor dissociation kit (Miltenyi
Biotec). Samples were either incubated at 37°C while gently
rocking for 1 hour or dissociated using the gentleMACS system
following the manufacturer’s protocol. After dissociation, the
suspension was filtered through a 70-pm cell strainer (BD Fal-
con) and washed with PBS.

BH3 profiling

Intracellular BH3 profiling has been previously described in detail
(14, 19). Single-cell processing of solid tumors was performed by
manually cutting into multiple pieces and then digesting by gen-
tleMACS Dissociator (Miltenyi Biotec). After generating single cells,
for BH3 profiling, primary cells were first stained with viability dye,
LIVE/DEAD Fixable Aqua (Thermo Fisher Scientific), washed, and
then incubated with FcR blocking reagent and surface stained with
PE anti-human podoplanin (D2-40) antibody and common leu-
kocyte antigen CD45 antibody. Detail information of all reagents is
specified in Supplementary Table S1. Peptide and controls were
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mixed at 2x desired concentration in MEB2 buffer +20 pg/mL
digitonin (Sigma), and 50 pL of this combination was added per well
in a 96-well, non-binding plate (Supplementary Materials and
Methods). The cells, in 50 uL MEB2, were added and incubated with
the peptides for 1 hour at room temperature and then fixed. Fol-
lowing neutralization, anti-cytochrome C antibody (BioLegend)
was added at a 1:2,000 final antibody dilution. Staining was per-
formed at 4°C overnight. Viable D2-40-positive and CD45-negative
cells were analyzed by multi-parameter flow cytometry (Attune
NxT, Invitrogen). Retained cytochrome C was measured, and per-
cent cytochrome C release was calculated from the mean fluores-
cence intensity of the cytochrome C stain normalized to that of a
well containing 25 pumol/L alamethicin, which serves as 100% re-
lease, positive control. For dynamic BH3 profiling (DBP), digested
tumor cells were seeded into plates with BH3 mimetics treatment
in vitro. After 16-hour treatments, the cells were collected for sub-
sequent BH3 profiling analysis. “% Delta priming” refers to the
percentage change in mitochondrial priming, calculated by com-
paring the percentage of cytochrome c loss before and after treat-
ment cells.

Apoptosis analysis

After treatment, cells were stained with annexin V and propidium
iodide (PI) according to the manufacturer’s instructions. After the
cells were incubated at room temperature for 15 minutes in dark,
apoptotic cells were analyzed with flow cytometry (Attune NxT,
Invitrogen). Apoptotic cell percentage corresponded to annexin
V(+)/PI(—) and annexin V(+)/PI(+) cells. Data were analyzed using
the FlowJo 10.4.1 software program (Tree Star).

Cell viability assay

The ICs, curves were generated by plating 3,000 cells/well in a 96-
well plate (Corning). Cells were treated overnight with ABT199 and
A1155463 or CDDP was added the next day at the indicated con-
centrations. Viability was assessed by CellTiter-Glo 2.0 Reagent
(Supplementary Materials and Methods). Synergy scoring was
determined using the “inhibition readout” on the online Syn-
ergyFinder software (https://synergyfinder.fimm.fi; ref. 20) speci-
fied in Supplementary Materials and Methods.

Animal studies

All animal experiments were performed in accordance with
the Guide for the Care and Use of Laboratory Animals and
protocols approved by the Institutional Animal Care and Use
Committee of Baylor College of Medicine. Patient-derived
xenografts (PDX) were established by the Patient-Derived
Xenograft and Advanced In Vivo Models core (21). Fresh PDX
tumor fragments were transplanted into the cleared, #4 mam-
mary fat pad (right abdominal) of female, 5-week-old NOD/
SCID gamma mice [JAX, NOD.Cg-Prkdcscid I12rgtm1Wjl/Sz]
(RRID: BCBC_4611)] and allowed to grow to the study start
size of 50 mm?®. The mice were randomized to each treatment
groups and were treated with vehicle control, AZD5991, A1155463,
AZD5991/A1155463, CDDP, CDDP/AZD5991, A1155364/CDDP,
or the combination of three drugs via intraperitoneal injection.
The dosage and frequency of drug administration are specified in
the figure legends. Body weights and tumor sizes were measured
every three days by blinding investigators. Animals were eutha-
nized if (i) tumor volume was >1,500 mm?> and (ii) tumor became
ulcerated.
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Western blotting

Equal amounts of protein were separated by 4% to 20% SDS-
PAGE and were transferred to polyvinylidene fluoride membranes
(Millipore). The membranes were incubated overnight at 4°C with
primary antibodies at the concentrations specified in Supplementary
Table S1. After additional incubation with an anti-immunoglobin
horseradish peroxidase-linked antibody for 1 hour, the immune
complexes were detected by the SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific).

Seahorse extracellular flux analysis

Oxygen consumption rates and extracellular acidification rates of
cells were measured using a Seahorse Bioscience XF96 Extracellular
Flux Analyzer (Supplementary Materials and Methods). Seahorse
programing consisted of 3-minute baseline measurements with 1-
minute intervals which were repeated after each injection. All values
were normalized to DNA content of each well to account for growth
differences.

JC-1 assays

Mitochondrial membrane potential (Aym) changes were detected
using the mitochondrial membrane potential-sensitive fluorescent
dye JC-1 (Thermo Fisher Scientific) following the manufacturer’s
instructions. After treatments, the cells were collected and sus-
pended in PBS at approximately 1 x 10° cells/mL containing JC-1
and the cells were incubated at 37°C with 5% CO, for 30 minutes.
After loading, the cells were washed twice with PBS and analyzed by
flow cytometry (Attune NxT, Invitrogen).

Mitochondrial reactive oxygen species detection assay

MitoSOX mitochondrial superoxide indicators (Thermo Fisher
Scientific) were used to measure mitochondrial superoxide pro-
duction within the cell according to the manufacturer’s protocol.
After treatments, the cells were collected and suspended in PBS at
approximately 1 x 10° cells/mL containing indicators and the
cells were incubated at 37°C with 5% CO, for 1 hour. The cells
were then analyzed on a FACS flow cytometer (Attune NxT,
Invitrogen). Relative fluorescence intensities were analyzed using
Flow]Jo 10.4.1 software (RRID: SCR_008520).

Immunofluorescence staining

Cells were seeded in Millicell EZ SLIDE four-well glass (Milli-
pore) for immunofluorescence staining according to the protocol.
Representative microphotographs were acquired using the EVOS
M5000 Imaging System. For high-resolution imaging, the cells were
seeded in an ibidi p-Slide 8 Well high coverslip overnight, and the
ONI Discovery Kit (ONI) was used for direct stochastic optical
reconstruction microscopy according to the manufacturer’s protocol
(Supplementary Materials and Methods).

Statistical analysis

Quantitative data are presented as the mean + SD. The Student
t test was carried out to compare means between two groups. A one-
way ANOVA followed by the post hoc Dunnett test was used to
compare means of more than two groups, and a multiple range least
significant difference was used for intergroup comparisons. For in
vivo studies, the tumor growth curves were converted to log, fold
change from baseline and were evaluated using general linear
models with random effects to account for mouse within treatment
group dependencies. Fold change data at the single time point were
simplified to evaluate tumor size changes at a specific time point using
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repeated-measures ANOVA analyses. Results with P < 0.05 were
considered statistically significant and are indicated by *, ¥, P < 0.05;
and **, ¥ P < 0.01. All statistical analyses were performed with SPSS
16.0 (RRID: SCR_002865) and GraphPad.

Data availability

Data related to sensitive patient information have been anony-
mized to protect privacy and the data generated in this study are
available upon reasonable request to the corresponding author.

Results

Dynamics BH3 profiling in diffuse mesothelioma specimens
reveals patient-specific responses

Our previous work established that BH3 profiling can identify cell
dependence on different antiapoptotic proteins in cultured cell lines
as well as fresh EAC and diffuse mesothelioma tumors (7). To assess
translational potential and further verify the predictive role of
BH3 profiling in patients with diffuse mesothelioma, we generated
patient-derived cell (PDC) and PDX models from patient tumor
tissue collected at surgery. Four PDCs and one PDX were success-
fully established. The PDCs had different morphologies, malignant
characteristics, cell proliferation rates, colony formation activities,
migration, and invasion. Several notable diffuse mesothelioma
makers (PanCK, WT-1, D2-40, and CK5/6; ref. 22) were evaluated
in PDCs which noted heterogeneity and variability in PDC cell lines
(Supplementary Fig. S1). After establishing the PDC and PDX
models, we confirmed that the PDC and MPM188 PDX model
retained the histologic characteristics of the original tumor (Sup-
plementary Fig. S2; Supplementary Table S3). Next, we performed
BH3 profiling on fresh tumor, PDC, and PDX to determine whether
BH3 profiles were similar between the models from the same patient
(Fig. 1A). The binding patterns of BH3 peptides (BIM, BAD,
NOXA, MS-1, and HRK) and BH3 mimetics (A1155463, AZD5991,
and ABT199) to antiapoptotic proteins (BCL-2, BCL-xL, and MCL-
1) were used in the BH3 profiling (Fig. 1B). The BH3 profiles of
patients with diffuse mesothelioma showed similar activities in the
tumor samples 4 hours after surgery compared with both PDC and
PDX models (Fig. 1C; Supplementary Fig. S3A). For example, one
patient strongly responded to MS-1 BH3 peptides in addition to the
ubiquitous sensitizer, BIM, in all models, which suggested sensitivity
to MCL-1 antagonism (Fig. 1C). This prediction was confirmed by
noting significant increases in apoptosis with MCL-1 inhibitor,
AZD-5991, in combination with CDDP compared with the BCL-2
inhibitor or BCL-xL inhibitor (Fig. 1D; Supplementary Fig. S3B).
These results show that BH3 profiling is similar across the models
and predictive of response to BH3 mimetic treatments.

After verifying the predictive role of BH3 profiling in patients
with diffuse mesothelioma, we performed DBP to evaluate whether
BH3 mimetics induced mitochondrial apoptotic priming (decreased
the threshold to trigger apoptosis) in patients with diffuse meso-
thelioma (Fig. 1E). DBP generates a “delta priming” which is the
comparison of BH3 profiles before and after drug treatment (23,
24). Increased priming indicates dependence on corresponding
antiapoptotic proteins. We performed DBP in seven patients
with diffuse mesothelioma; the heatmap indicated differences in
mitochondrial priming between patients. Patients M1207 and
MPM196 showed relatively poor priming with BH3 mimetics,
whereas patients MPM188 and MPM207 seemed to have a
marked response to MCL-1 and BCL-xL inhibition. Further-
more, in all patients treated with BH3 mimetics, we noticed that
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Dynamic BH3 profiling in diffuse mesothelioma specimens reveals patient-specific responses. A, Timeline of BH3 profiling in fresh samples from patients with
diffuse mesothelioma, diffuse mesothelioma-derived cells (PDCs), and xenografts (PDXs). B, Interaction map for BH3 peptides and BH3 mimetics with BCL-2
family proteins. Red indicates high-affinity binding and white indicates low-affinity binding. C, Heatmap showing BH3 profiling in MPM188 patient samples at
4 hours compared with PDC and PDX when exposed to the indicated peptides. Data were normalized to DMSO (as negative control) and alamethicin (ALM25, as
positive control). D, After pretreatment with 1.0 umol/L AZD5991 for 24 hours, the apoptotic ratio in cells at 48 hours after treatment with CDDP was measured
by annexin V flow cytometry; cells positive for annexin V staining were counted as apoptotic cells (**, P < 0.01 for treatment vs. DMSO). E, The workflow for measuring
BH3 mimetics-induced priming using DBP on primary samples from patients with diffuse mesothelioma. F, Heatmap of mitochondrial priming of fresh samples with
1.0 umol/L AZD5991 or A1155463 treatment for 16 hours. G, The expression profiles of MCL-1, BCL-xL, and BCL-2 in each case are shown as a percentage of all 50 cases.
(H) or (L) means high or low expression, respectively. Representative images of IHC expressions of MCL-1, BCL-xL, and BCL-2 in tissue microarray from patients with
diffuse mesothelioma. (A and E, Created in BioRender. https://BioRender.com/a478jgq, https://BioRender.com/8wvjw5w, and https://BioRender.com/t7qkOfq.)

the MCL-1 sensitizers, NOXA and MS-1 peptides, were most
responsive when treated with the BCL-xL inhibitor, A1155463.
Additionally, when treated with the MCL-1 inhibitor AZD5991,
the peptides BAD and HRK were increased, which suggests that
these tumors are now responsive to BCL-xL (Fig. 1F). These
results suggested that BCL-xL and MCL-1 have functional re-
dundancy in which they play compensatory roles for each other.
In other words, when treating MCL-1, BCL-xL increases as a
compensatory mechanism to prevent induction of apoptotic
pathways.

AACRJournals.org

To further investigate clinical importance of Bcl-2 proteins, we
assessed the expression profiles of MCL-1, BCL-xL, and BCL-2 in a
tissue microarray. High MCL-1 expressions were found in 88 of
94 cases (93%), high combination of MCL-1, BCL-xL, and BCL-2
expressions was observed in 19 of 94 cases (20%), and high BCL-xL
and MCL-1 were observed in 40 of 94 cases (43%). The MCL-1he%/
BCL-xL"&" population (63%) was the most common profile in
diffuse mesothelioma (Fig. 1G). These results suggest that targeting
both MCL-1 and BCL-xL may be a treatment strategy for patients
with diffuse mesothelioma.
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Synergistic cell death is induced by the combination of MCL-1
and BCL-xl inhibition in diffuse mesothelioma cell lines

Most solid tumors are not sensitive to single-agent treatment with
BH3 mimetics (10, 23, 25-27). We previously reported that S63845
(previously used agent), ABT199 (targeting BCL-2), and A1155463
(targeting BCL-xL) had weak activity on EAC and diffuse meso-
thelioma cells (7). We extended these findings to additional diffuse
mesothelioma cell lines, as well as diffuse mesothelioma PDC. As

expected, all cells were relatively resistant to single-agent AZD5591,
A1155463, and ABT199 (Fig. 2A). Given that MCL-1 and BCL-xL
are co-expressed in diffuse mesothelioma, we treated the cell lines,
H28 and H2452, and PDC to evaluate the cytotoxic activity of
AZD5991 in combination with titrated, non-sensitizing concentrations
of A1155463. Cell death was observed with A1155463 with ICs, values
60- to 200-fold less than single agents in diffuse mesothelioma cells
(Supplementary Fig. S4A). The combination treatment resulted in
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Figure 2.

Synergistic cell death is induced
by the MCL-1 inhibitor, AZD5991,
and BCL-xL inhibitor, A1155463, in
diffuse mesothelioma cell lines.
A, Single-agent activity of
BH3 mimetics in diffuse meso-
thelioma cell lines after 48 hours
of treatment. The IC5q values of
AZD5991, A1155463, and ABT199
were calculated. Data are pre-
sented as mean + SD of four
technical replicates from three
independent experiments. B, Cell
death was assessed upon expo-
sure of diffuse mesothelioma cell
lines to increasing concentrations
of AZD5991 and/or A1155463 for
48 hours. Data are presented as
mean + SD of three technical
replicates from three indepen-
dent experiments. C, The heat-
maps showing dose-response
matrix analyses based on cell
death with the MCL-1 inhibitor,
AZD5991, and BCL-xL inhibitor,
AN55463. D, Visualization of the
calculated 2D synergy maps for
the cell viability assay from the
SynergyFinder Bliss_Loewe in-
dependence model combinatorial
analysis. Red regions represent
synergy and green regions rep-
resent antagonism. E, After pre-
treatment with FD 1.0 pmol/L
AZD5991 or FD 1.0 pmol/L
AT155463 and the combination of
LD 0. pmol/L AZD5991 and LD
0.1 pmol/L A1155463 for 24 hours,
the apoptotic ratio in cells at
48 hours after treatment with
CDDP was measured by annexin
V flow cytometry; cells positive
for annexin V staining were
counted as apoptotic cells
(**, P < 0.01 for treatment vs.
DMSO; #, P < 0.05 for combina-
tion treatment vs. A1155463 and
AZD5991 co-treatment; ##, P <
0.01 for combination treatment
vs. Al1155463 and AZD5991 co-
treatment.)
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significant cytotoxicity in insensitive cells with either treatment alone
(Fig. 2B; Supplementary Fig. $4B). With the SynergyFinder program, we
assessed AZD5991 and A1155463 combinations and observed a distri-
bution that confirmed the predictive, synergistic effects in the region
around ICs,. These results are based on synergy scores over 10, which
are considered synergistic. The most synergistic area was 0.125 to
0.5 umol/L, which showed about 80% inhibition with a score around 30
(Fig. 2C and D; Supplementary Fig. S4C). Based on these results, we
chose 0.1 umol/L as the combination dose for future studies. In our
previous work, we found that targeting MCL-1 or BCL-xl with
$63845 or A1155463 in combination with CDDP significantly increased
apoptosis compared with CDDP alone (7). To determine whether the
redundancy of MCL-1 and BCL-xl reduced the synergistic effects of
either agent alone with CDDP, we treated cells with the combination of
AZD5991 and A1155463 with CDDP. We observed that targeting both
MCL-1 and BCL-L significantly increased apoptosis with CDDP
(Fig. 2E; Supplementary Fig. S4D). Hence, these data demonstrate that
co-targeting BCL-xL and MCL-1 may block the compensatory mecha-
nisms of Bcl-2 antiapoptotic proteins to synergistically increase apoptosis
and enhance chemotherapy response.

MCL-1 inhibition enhances antitumor response of CDDP in PDX
models

We evaluated AZD5991 and A1155463 in the MPM188 PDX
model. First, we performed a tolerance study in non-tumor-bearing
NOD/SCID gamma mice with AZD5991 at 0.5 mg/kg to 10 mg/kg
and A1155463 at 0.25 mg/kg to 5 mg/kg. We found that the com-
bination of MCL-1 and BCL-xL at lower doses was well tolerated
based on stable body weight (Fig. 3A). In contrast, higher doses
were lethal within 5 hours even though the single agents were well
tolerated at the same dose.

Next, we performed an efficacy in vivo experiment. Mice bearing
MPM188 tumors were randomized into eight arms with vehicle,
full-dose (FD) AZD5991, FD A1155463, FD AZD5991, or FD
A1155463 with CDDP, and low dose (LD) with and without CDDP
(Fig. 3B). FD AZD5591 and FD A1155463 as single agents, as well
as the LD combination of AZD5991 and A1155463, did not result in
significant tumor growth inhibition consistent with our in vitro
results. In contrast, single-agent FD AZD5991 with CDDP signifi-
cantly reduced tumor growth. Treatment with FD A1155463 also
resulted in significant growth inhibition; however, A1155463 was
less effective than AZD5991 (Fig. 3C and D; Supplementary Table
S4). We confirmed the enhanced efficacy of the single-agent FD
AZD5991 with CDDP by the mass of tumors collected on day
78 when the vehicle group reached endpoint; the slight tumor
suppression effects observed with the triple combination treatment
compared with single-agent treatments were attributable to the low
combination doses used, which, although synergistic in vitro, may
not reach optimal therapeutic efficacy in vivo at these safety levels
(Fig. 3E). Moreover, AZD5991 with CDDP significantly increased
survival compared with vehicle or single-agent treatments (Fig. 3F).
Importantly, body weight remained constant during the in vivo
study period and mice seemed healthy after treatment. These data
suggested that MCL-1 inhibition increases mitochondrial priming
to enhance the chemosensitivity to CDDP in diffuse mesothelioma.

We performed DBP on harvested mouse tumors and compared
each treatment arm with control to identify antiapoptotic depen-
dency changes. The PDX tumors treated with AZD5991 and CDDP
had the most growth inhibition, which was consistent with the
greatest change in the DBP. In contrast, the DBP showed almost no
priming in the LD combination group which is consistent with a
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lack of tumor response. AZD5991 or CDDP showed significantly
increased response to MS-1, BAD, and NOXA BH3 peptides, in-
dicating an increased dependency to MCL-1, whereas an increase in
the HRK BH3 peptide suggests that MCL-1 antagonism also drives
BCL-xL dependency (Fig. 3G). Our results are consistent with prior
reports that DBP measures early changes in apoptotic signaling
which occur before frank apoptosis (28). These data confirm that
BCL-xL and MCL-1 have compensatory roles in antitumor effects,
antagonizing results of increased dependence on the other.

Co-targeting MCL-1 and BCL-xL synergistically increases cell
death through the intrinsic mitochondrial apoptotic pathway

We evaluated whether co-targeting BCL-xL. and MCL-1 syner-
gistically increases cell death via the mitochondrial apoptotic
pathways. We knocked down MCL-1 and BCL-xL (shMCL-1 and
shBCL-xL) to determine whether these knockdowns phenocopied
pharmacologic inhibition. First, H28 and H2452 cells did not sur-
vive double knockdown of MCL-1 and BCL-xL. Interestingly, the
protein expression of MCL-1 was significantly elevated in shBCL-xL
H28 and H2452 cells, whereas shMCL-1 had no effect on BCL-xL
expression. BCL-2 expression did not have a consistent pattern in
either H28 or H2452 cell lines with MCL-1 and BCL-xL knock-
downs (Fig. 4A). Our previous study found that mesothelioma has a
lower dependence on Bcl-2 for survival and is less sensitive to its
targeted inhibition by ABT199 (7). Therefore, in this study, we did
not explore the ABT199 efficacy in mesothelioma. Next, we
treated shMCL-1 cells with the BCL-xL inhibitor A1155463 and
shBCL-xl cells with the MCL-1 inhibitor AZD5991. shMCL-1
sensitized the cells to A1155463; similarly, shBCL-xL sensitized
the cells to AZD5991 (Fig. 4B). Significantly increased apoptosis
was observed in shMCL-1 or shBCL-xL cells with the drug tar-
geting the other protein (Fig. 4C). These results are consistent
with the synergistic effects of dual pharmacologic inhibition of
MCL-1 and BCL-xL.

MCL-1 and BCL-xL exert antiapoptotic activity by inhibiting the
effector proteins of MOMP called BAX and BAK (3). To verify on-
target engagement of MOMP when co-targeting MCL-1 and BCL-
xL, we knocked down BAX and BAK (DKD"*"*; Fig. 4D). The
DKD?*% cells were significantly more resistant to AZD5991 and
A1155463, with 60% of shCTL cells exhibiting apoptosis compared
with less than 20% of DKD"*/** (Fig. 4F). We repeated the ex-
periments in PDCs (MPM188 and MPM193) and noted similar
findings that blocking MOMP by DKD"*** prevented synergistic
cell death when co-targeting MCL-1 and BCL-xL (Supplementary
Fig. S5).

BCL-xL inhibition induced mitochondrial damage and
dysfunction

MCL-1 and BCL-xL maintain mitochondrial integrity and dy-
namics (29-32). To investigate whether MCL-1 and BCL-xL play
contributing roles in mitochondrial integrity and dynamics during
treatment-induced cell death, we assessed mitochondrial changes in
H28 and H2452 cells. To assess morphology, we performed direct
stochastic optical reconstruction microscopy to observe mito-
chondria ultrastructural changes at super resolution (33). Cells
were labeled with a mitochondrial marker TOM20. We observed
reticulated and elongated mitochondria in shCTL and shMCL-1
cells. In contrast, the mitochondria were fragmented and almost
exclusively perinuclear in shBCL-xL cells (Fig. 5A). Similarity,
A1155463 induced markedly perinuclear clustering of mito-
chondria unlike AZD5991. Additionally, H28 and H2452 cells
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Figure 3.

MCL-1 inhibitor AZD5991 enhances antitumor response of CDDP in the MPM188 PDX model. A, Changes of mouse body weight upon treatment with different
combinational concentrations of AZD5991 and A1155463. B, Groups of mice for the experiment. Once the tumor volume reached between 50 and 100 mm?, the
mice were randomized to each treatment or control group and were treated with vehicle control, FD AZD5991 (10 mg/kg), FD A1155463 (5 mg/kg), LD AZD5991
(1 mg/kg), LD A1155463 (0.5 mg/kg), CDDP (2 mg/kg), the combination of FD AZD55991 and CDDP, combination of FD A1155364 and CDDP, or the combination
of LD AZD5991 and LD A1155463 with CDDP via intraperitoneal injection. C, Cumulative graph of mean tumor size (mm?) per group. (**, P < 0.01 for treatments
vs. vehicle control). D, Tumor size (mm?) of individual mice in each group from experiment described in B. E, Tumor masses on day 78 (the day that vehicle
group reached endpoint). Each point is the mass of an individual tumor with the bar indicating the mean + SD (n = 10). (**, P < 0.01 for combination treatment
vs. single AZD5991 treatment or vehicle control). F, Kaplan-Meier survival curves with log-rank analysis of mice treated with different groups, with relevant
vehicle controls. The survival endpoint was when tumors reached a volume of 1,500 mm? as dictated by the ethics approval associated with this experiment.
G, Heatmap of mitochondrial priming was generated by comparison of BH3 profiles of PDX samples from vehicle control groups between each treatment arms.

with LD AZD5991 and A1155463 combination showed the
presence of punctate-like mitochondria throughout the cyto-
plasm (Fig. 5B). Mitochondrial fragmentation results in loss of
fusion or increase in fission. However, we did not observe
consistent changes of mitochondrial fission (Drpl and FIS1) and
fusion (MFN1 and MFN2) proteins after the inhibition of MCL-
1 or BCL-xL in vitro or in vivo (Supplementary Fig. S6). These
results suggest that the synergistic effects of MCL-1 and BCL-xL
on tumor cell death are not mediated via fusion or fission.
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Given that mitochondrial clustering coinciding with nuclear
fragmentation is potentially a distinct feature of cells with dys-
functional mitochondria (34, 35) and that we observed that
targeting BCL-xL led to marked perinuclear clustering of mito-
chondria, we investigated the effects of BCL-xL and MCL-1 on
the mitochondrial metabolic status by measuring oxidative
phosphorylation. Seahorse data showed that shBCL-xL resulted
in significant decreases in ATP production, basal respiration, and
maximal respiration compared with shMCL-1 and shCTL in
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Figure 4.

Co-targeting MCL-1 and BCL-xL synergistically increases cell death through the intrinsic mitochondrial apoptotic pathway in diffuse mesothelioma cell lines.
A, Stable knockdown of MCL-1 (shMCL-1), BCL-xL (shBCL-xL), or scrambled control (shCTL) was generated in H28 and H2452 cells by transfecting short hairpin
RNA lentiviruses. The mRNA and protein levels of MCL-1, BCL-xL, and Bcl-2 were analyzed by gRT-PCR analysis and Western blotting. B, Cell viability at 48 hours
in shCTL, shMCL-1, and shBCL-xL cell lines treated with either AZD5991 or A1155436 alone. The ICso values of AZD5991 and A1155463 were determined in
different condition cells. Data are mean + SD of four technical replicates from three independent experiments. C, After pretreatment with 1.0 pmol/L FD
AZD5991 or 1.0 umol/L FD AT155463, the apoptotic ratio in shCTL, shMCL-1, and shBCL-xL cells was measured by annexin V flow cytometry; cells positive for
annexin V staining were counted as apoptotic cells (**, P < 0.01 for treatment vs. DMSO in respective cells). D, Stable double knockdown of Bax and Bak
(DKD?#7%3ky or scrambled control (shCTL) was generated in H28 and H2452 cells by transfecting short hairpin RNA lentiviruses. The mRNA and protein levels of
Bax and Bak were analyzed by qRT-PCR analysis and Western blotting. E, Cell viability at 48 hours in shCTL and DKD#?*5% cell lines when treated with the
combination of AZD5991 and AT1155463. The ICsq values of AZD5991 and A1155463 were determined in different conditions. Data are mean + SD of four technical
replicates from three independent experiments. F, After pretreatment with the combination of LD AZD5991 and A1155463 for 24 hours, the apoptotic ratio in
shCTL and DKD??5% cells was measured by annexin V flow cytometry; cells positive for annexin V staining were counted as apoptotic cells (**, P < 0.01 for
treatment vs. DMSO, **, P < 0.01 for DKD??2% ys. scrambled control).
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Figure 5.

BCL-xL inhibition induced mitochondrial damage and dysfunction in diffuse mesothelioma cell lines. A, Representative super-resolution imaging of mitochondria
labeled with TOM20 in shCTL, shMCL-1, and shBCL-xL cell lines. Scale bar, 20 um. B, Representative super-resolution imaging of mitochondria labeled with TOM20 in
H28 and H2452 cells with FD AZD5991, FD AT155463, and LD combination of AZD5991 and A1155463 treatments for 24 hours. Scale bar, 20 um. C, Oxygen
consumption rate was measured with sequential injections of oligomycin, FCCP, and rotenone/antimycin at the time points indicated in shCTL, shMCL-1, and shBCL-xL
in H28 and H2452 cell lines. Basal respiratory capacity, maximal respiration, and ATP production were calculated as described in the Supplementary Materials
and Methods section. D, After treatment with FD AZD5991, FD A1155463, or the combination of LD AZD5991 and A1155463 for 24 hours, the OCR was measured
with sequential injections of oligomycin, FCCP, and rotenone/antimycin at the time points indicated in H28 and H2452 cell lines. E, Analysis of mitochondrial
membrane potentials (A¥m) using flow cytometry with JC-1 dye in shCTL, shMCL-1, and shBCL-xL in H28 and H2452 cell lines. Loss of A¥Ym was demonstrated
by the change in JC-1 fluorescence from red (JC-1 aggregates) to green (JC-1 monomers) represented as the ratio of JC-1red to green fluorescence in different
conditional cells (**, P < 0.01 compared with indicated control groups). F, After treatment with FD AZD5991, FD AT155463, or the combination of LD AZD5991
and AN55463 for 24 hours, mitochondrial membrane potentials (A¥m) were measured using flow cytometry with JC-1 dye in H28 and H2452 cell lines
(**, P < 0.01 compared with indicated control groups). G, Mitochondrial reactive oxygen species concentrations were measured using MitoSOX Red reagent by flow
cytometry with the median of fluorescence +SD analyzed using FlowJo software in shCTL, shMCL-1, and shBCL-xL in H28 and H2452 cell lines. (**, P < 0.01 compared
with indicated control groups). H, After treatment with FD AZD5991, FD A1155463, or the combination of LD AZD5991 and A1155463 for 24 hours, mitochondrial
reactive oxygen species concentrations were measured using MitoSOX Red reagent by flow cytometry with the median of fluorescence +SD analyzed using FlowJo
software in conditional H28 and H2452 cells (**, P < 0.01 compared with indicated control groups). OCR, oxygen consumption rate; ROS, reactive oxygen species.
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H2452 cells (Fig. 5C). Similarly, we observed lower decreased
oxygen consumption rates in cells with the BCL-xL inhibitor
A1155463 (Fig. 5D). Oxidative phosphorylation deficiency re-
duces mitochondrial membrane potential (Aym) with concom-
itant increases in reactive oxygen species (36, 37). We observed
that inhibition of BCL-xL decreased mitochondrial membrane
potential by JC-1 (Fig. 5E). Similar changes were observed with
pharmacologic inhibition of BCL-xL (Fig. 5F). Meanwhile, we
found that genetic or pharmacologic inhibition of BCL-xL in-
duced mitochondrial superoxide production compared with
MCL-1 inhibition (Fig. 5G and H). These observations suggest
that BCL-xL inhibition impaired mitochondrial respiration, in-
creased mitochondrial reactive oxygen species production, and
enhanced mitochondrial membrane damage leading to mito-
chondrial dysfunction, whereas MCL-1 inhibition did not show
similar toxic effects on the mitochondria.

A Hos H2452

Lethality of MCL-1 and BCL-xL in Mesothelioma

BCL-xL inhibition induced MCL-1 accumulation in
mitochondria

Given that shBCL-xL significantly increases MCL-1 levels (Fig. 4A)
and co-targeting BCL-xL and MCL-1 synergistically increases
cell death (Fig. 2B; ref. 30), we hypothesized that cell death with
BCL-xL inhibition was protected by the increase in MCL-1
protein expression on the mitochondrial membrane and, thus,
these cells were particularly vulnerable to MCL-1 inhibition. We
investigated the localization of MCL-1 in shBCL-xl cells by im-
munofluorescence and observed MCL-1 accumulation localized
to the mitochondria in shBCL-xL cells (Fig. 6A). We confirmed
this by mitochondrial and cytosolic protein extraction (Fig. 6B).
Similarly, mitochondrial accumulation of MCL-1 was observed
in H28 and H2452 cells when treated with the BCL-xL inhibitor
A1155463; MCL-1 was overexpressed after AZD5991 treatments,
and the majority MCL-1 protein increases in cytosolic fraction
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Figure 6.

FD AZD5991 FD A1155463 LD combination

BCL-xL inhibition induced MCL-1 translocation to mitochondria in diffuse mesothelioma cells. A, Colocalization between mitochondria and MCL-1 was
assessed in shCTL, shMCL-1, and shBCL-xL H28 and H2452 cell lines by immunofluorescence staining of TOM20 (red), MCL-1 (green), and the nucleus by
DAPI (blue). Scale bar, 10 um. B, Immunoblots for MCL-1 were performed on the mitochondrial and cytosolic fractions in shCTL, shMCL-1, and shBCL-xL
H28 and H2452 cell lines. Separation of mitochondria and cytosol was controlled using COX-IV and f-actin, respectively. C, H28 and H2452 cells were
used to assess the mitochondrial integrity and colocalization with MCL-1 after FD AZD5991, FD A1155463, or LD combination of AZD5991 and
AT1155463 for 24 hours by immunofluorescence staining of TOM20 (red), MCL-1 (green), and the nucleus by DAPI (blue). Scale bar, 10 um. D, H28 and
H2452 cells were treated with FD AZD5991, FD A1155463, or LD combination of AZD5991 and A1155463 for 24 hours. Immunoblots for MCL-1 were
performed on the mitochondrial and cytosolic fractions in different conditions-treated H28 and H2452 cells. Separation of mitochondria and cytosol was
controlled using COX-1V and B-actin, respectively.
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with AZD5991 treatments (Fig. 6C and D) blocked MCL-1
ubiquitination via enhanced deubiquitination to increase MCL-1
protein stability (38). Additionally, in H28 and H2452 cells
treated with LD AZD5991 and A1155463, highly fragmented and
dispersed mitochondria with lower levels of MCL-1 were noted,
which confirms that the mitochondria are highly damaged by the
combination treatment. This mitochondrial impairment likely
contributes to the synergistic effects on cell death.

Discussion

BH3 profiling is a functional predictive biomarker for BH3 mimetic
treatment (6, 23, 28, 39). However, BH3 profiling to rapidly and
directly assess the drug responsiveness in patients’ fresh primary
tumors is limited. In this project, we evaluated whether BH3 profiles
are consistent from the same patient samples in fresh tumor after
4 hours, in PDC after 3 months in culture, and in PDX developed
over 1.5 years. Importantly, we observed similar BH3 profiles in all
models. For example, we noted similarities in response to BAD and
MS-1 peptides in fresh tumor, as well as PDX. The adaptation
during long-term ex vivo culture alters drug sensitivity compared
with fresh tumor; our results suggest that BH3 profiles, which
measure real-time mitochondrial protein interactions, remain stable
over time. These findings enable mechanistic studies on long-term
PDC and PDX models to further investigate results derived from
fresh tumor. Ultimately, the goal is to perform DBP as a predictive
assay of drug response within days of biopsy to guide precision-
based treatment decisions in each patient. To date, DBP has not
been performed to change clinical decisions. Our results will help
validate that findings in long-term models may be applicable to
results obtained within hours of biopsy.

BCL-xL and MCL-1 are important in diffuse mesothelioma as
noted in our cell line and tissue microarray data (40, 41). We pre-
viously demonstrated that inhibiting either BCL-xL or MCL-1 alone
had limited impact on cell death (7); we verified that targeting MCL-
1 or BCL-xL as single agents in PDX models had minimal efficacy
consistent with others’ work (41, 42). Given that MCL-1 and BCL-
xL exhibit functional redundancy, we evaluated whether dual inhi-
bition is a more effective strategy. Recently, many groups showed
that co-targeting BCL-xL and MCL-1 is highly effective in a variety
of tumors (9, 43). Ryan and colleagues (26) performed a drug screen
in 10 tissue types with a combination of selective BCL-2, BCL-xL,
and MCL-1 inhibitors and discovered that most cell lines displayed
synergistic dependence on BCL-xL and MCL-1. Similarly, co-
targeting MCL-1 and BCL-xL resulted in reduced cell viability of
cells from head and neck squamous cell carcinoma (44). BCL-xL
antagonism was reported to sensitize diffuse mesothelioma cell lines
to MCL-1 inhibition (23, 40). Others report that RNAi against
MCL-1 and BCL-xL induces diffuse mesothelioma cell death
(45). Our data also showed that combinational treatment with
A1155463 and AZD5991 induced rapid and almost 100% cell
death in diffuse mesothelioma cell lines and PDC. However,
toxicity may limit clinical implementation. We found that the
combination of MCL-1 and BCL-xL inhibitors was rapidly lethal
in mice within 5 hours. Other groups have observed the same
effects (23). We decreased the dose by a factor of 10 and noted
that all mice tolerated the treatment but had almost no antitumor
efficacy. Other groups have shown that the dosing schedule of
navitoclax and $63845 can overcome toxicity and maintain an-
titumor efficacy (6, 9). Another group tried to avoid the off-
target effects of BCL-xL inhibition in the human hematopoietic
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system and of MCL-1 inhibition in cardiac toxicity by using very
low doses of S63845 and A1331852 (10). Regardless, titrating to a
safe therapeutic window will be challenging and may limit
clinical development.

MCL-1 and BCL-xL have functions beyond apoptosis. MCL-1
regulates the mitochondrial inner membrane-mediated fission by
enhancing its ability to antagonize cell death (46, 47). BCL-xL
prevents loss of outer membrane integrity to maintain mitochon-
drial metabolite exchanges by preventing membrane hyperpolar-
ization and mitochondrial swelling in response to a diverse set of
stimuli (31, 48). We found that BCL-xL inhibition induced mito-
chondrial morphology changes and perinuclear clustering. These
phenotypes were not observed when targeting MCL-1 which indi-
cates that mitochondrial homeostasis is less dependent on MCL-1
and that BCL-xL has potential functions other than the canonical
apoptosis. These findings are supported by inconsistent changes of
mitochondrial fission (Drpl and FIS1) and fusion (MFN1 and
MFN2) proteins with MCL-1 inhibition. MCL-1 maintains mito-
chondrial homeostasis by interactions with DRP-1 and OPAl,
which are essential regulators of mitochondrial morphology and
dynamics (46, 49). Therefore, blocking MCL-1 may result in the
inability to alter mitochondrial dynamics. Alternatively, MCL-1 is
localized to distinct mitochondrial sub-compartments that alter
mitochondrial activity and integrity (30, 50). Regardless, MCL-1
exerts its antiapoptotic activity on the outer mitochondrial mem-
brane in which it antagonizes BAX and BAK activation which is
critical to chemosensitization (51).

Our data show that high levels of MCL-1 are present on the
mitochondria after BCL-xL inhibition which is likely required to
maintain mitochondrial integrity. This integrity is lost with inhi-
bition of both MCL-1 and BCL-xL, which may explain the lethality
of this approach. Moreover, we found that BCL-xL inhibition im-
paired mitochondrial respiration and decreased mitochondrial
membrane potential. Blocking BCL-xL likely enables opening of
permeability transition pores on the mitochondrial membrane by
increasing Ca®* accumulation in the mitochondrial matrix (48).
Based on other reports and our data showing that knockdown of
BCL-xL significantly increases MCL-1 levels in mitochondria, we
speculate that BCL-xL inhibition through its canonical apoptotic
and emerging non-apoptotic roles impairs mitochondrial dysfunc-
tion by directly inducing depolarization and energy loss, resulting in
increased MCL-1 dependency. Our results reveal that mitochondrial
fragmentation with BCL-xL inhibition supports this mechanism.

Collectively, we found that BH3 profiling served as a live cell, pre-
dictive bioassay to identify patient responses to treatments, which has
high potential for near-term translation to the clinic. Furthermore, we
found that dual inhibition of MCL-1 and BCL-xL is synthetically lethal
and not a safe treatment strategy. However, the FDA placed the clinical
hold on Mcl-1 inhibitor AZD5991 (NCT03218683) and AMG 397
(NCT03465540) following cardiac toxicity (52). In addition to the on-
target thrombocytopenia from BCL-xL, our study shows that BCL-xL
inhibition induces mitochondrial dysfunction through non-apoptotic
on-target effects. However, MCL-1 inhibition seems safe and efficacious
when combined with standard chemotherapy but may not be tolerated
with another Bcl-2 inhibitor. These findings may lead to the re-
emergence of MCL-1-targeting agents in clinical use.
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