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Abstract

Purpose: Bcl-2 has been effectively targeted in lymphoid malignancies. However, resistance is
inevitable, and novel approaches to target mitochondrial apoptosis are necessary. AZD5991, a
selective BH3-mimetic in clinical trials, inhibits Mcl-1 with high potency.

Experimental Design: We explored the pre-clinical activity of AZD5991 in diffuse large B-cell
lymphoma (DLBCL) and ibrutinib-resistant mantle cell lymphoma (MCL) cell lines, MCL patient
samples, and mice bearing DLBCL and MCL xenografts using flow cytometry, immunoblotting
and Seahorse respirometry assay. Cas9 gene editing and ex vivo functional drug screen assays
helped identify mechanisms of resistance to Mcl-1 inhibition.

Results: Mcl-1 was expressed in DLBCL and MCL cell lines and primary tumors. Treatment
with AZD5991 restricted growth of DLBCL cells independent of cell of origin and overcame
ibrutinib resistance in MCL cells. Mcl-1 inhibition led to mitochondrial dysfunction as manifested
by mitochondrial membrane depolarization, decreased mitochondrial mass and induction of
mitophagy. This was accompanied by impairment of oxidative phosphorylation. 7P53and BAX
were essential for sensitivity to Mcl-1, and oxidative phosphorylation was implicated in resistance
to Mcl-1 inhibition. Induction of pro-survival proteins (e.g., Bcl-xL) in stromal conditions

which mimic the tumor microenvironment rendered protection of primary MCL cells from

Mcl-1 inhibition, while BH3-mimetics targeting Bcl-2/xL sensitized lymphoid cells to AZD5991.
Treatment with AZD5991 reduced tumor growth in murine lymphoma models and prolonged
survival of MCL PDX mice.

Conclusion: Selective targeting Mcl-1 is a promising therapeutic approach in lymphoid
malignancies. 7P53 apoptotic network and metabolic reprogramming underlie susceptibility to
Mcl-1 inhibition.

Correspondence: Alexey V. Danilov,1500 E Duarte Road, Duarte, CA, 91010. adanilov@coh.org; Tel: +1 626-218-2405; Fax:
626-218-5446;.
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Introduction

Intrinsic apoptosis is an evolutionarily conserved process which determines cell fate, and
aberrations in apoptotic machinery are common in cancer. Bcl-2 family proteins govern
mitochondrial outer membrane permeabilization (MOMP) and thereby control cytochrome
C release which leads to irreversible stages of cell death. While Bcl-2 was the first identified
endogenous inhibitor of cell death, the family is now known to comprise members with pro-
and anti-apoptotic functions including: pro-apoptotic “activators” (Bim, Bid), “sensitizers”
(e.g., BH3-only proteins Noxa, Puma), anti-apoptotic “guardians” (e.g., Bcl-2, Mcl-1, Bcl-
xL, Al and Bcl-w), and pro-apoptotic “effectors” (Bax and Bak) which form pores in

the MOM, thus provoking molecular and ionic flux into the cytosol and mitochondrial
depolarization (1).

Dysregulated homeostasis within the Bcl-2 family is integral to lymphomagenesis. Pro-
survival proteins Bcl-2, Bcl-xL and Mcl-1 contribute to MY C-driven lymphomas in
transgenic animal models (2—4). Overexpression of Bcl-2 as a result of chromosomal
translocation t(14;18) is found in germinal-center neoplasms, including follicular lymphoma
and diffuse large B-cell lymphoma (DLBCL). In addition, multiple other components of

the Bcl-2 network are altered in human B-cell non-Hodgkin lymphomas (NHL) through
genetic amplifications, deletions and chromosomal translocations as well as transcriptional
and post-translational mechanisms. Upregulation of the anti-apoptotic Bcl-2 family members
has been shown to contribute to drug resistance in NHL, including to Bruton tyrosine kinase
(BTK) inhibitor ibrutinib (5,6).

Mcl-1 is an anti-apoptotic Bcl-2 family member that was discovered as an early response
gene in ML-1 human myeloblastic leukemia cells (7). MCL1 gene amplifications have

been identified as frequent chromosomal gains promoting survival in a study of more than
3000 samples representing 26 tumor types (8). MCL 1 aberrations are prominent among the
neoplasms of the hematopoietic system as well as solid tumors. MCL 1 transgenic mice have
been shown to develop B-cell lymphoma, predominantly of the aggressive subtypes (9). The
critical role of Mcl-1 in lymphomagenesis is further supported by the demonstration of the
dependence of MYC-driven lymphoma on its continued expression (10). Overexpression

of Mcl-1 leads to enhanced survival and chemoresistance of human lymphoid tumors,
including to Bcl-2 inhibitor venetoclax (11,12). Mcl-1 is expressed in aggressive B-cell
lymphoma, including DLBCL and mantle cell lymphoma (MCL) (6,13,14). The latter is
further characterized by loss of pro-apoptotic Bim (~20%) and downregulation of Noxa
protein, both of which interact with Mcl-1 (15,16).

In the past 3 years, several BH3-mimetics which potently target MCL1 have entered drug
development and demonstrated enhanced activity in hematologic compared with solid tumor
cell lines. AZD5991, AMG-176, and S63845 are currently being studied in early phase
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clinical trials (17-20). AZD5991 is a highly selective, direct Mcl-1 inhibitor (Kd = 170
pM) (18). Preclinical evidence demonstrating the activity of AZD5991 /n vitro (IC50<1
nM in Mcl-1-dependent cell lines) and in vivo led to an ongoing phase 1 clinical trial

of this compound in hematologic malignancies (NCT03218683). However, data regarding
pre-clinical efficacy of AZD5991 and its mechanistic effects in NHL are limited. Thus, we
investigated pharmacologic inhibition of Mcl-1 using AZD5991 in aggressive NHL models
(DLBCL and MCL).

Materials & Methods

Cell lines and primary cells

The following cell lines were obtained from the American Type Culture Collection (ATCC):
MCL cells lines Mino and JeKo-1; DLBCL cell lines SU-DHL4, SU-DHL6, SU-DHL10 and
mouse fibroblast (L) cell line. DLBCL cell lines OCI-LY3, U-2932, OCI-LY18, OCI-LY19
and VAL and the mouse fibroblast cell line engineered to express CD40L (L4.5) were
obtained from DSMZ (Braunschweig, Germany). OCI-LY 10 cell line is a kind gift from

Dr. Jennifer Amengual (Columbia University, New York, USA). Ibrutinib resistance was
developed in Mino and JeKo-1 cell lines (Mino_R and JeKo-1_R) via long-term exposure
to increasing concentrations of ibrutinib (21). These lines were cultured in RPMI 1640
medium supplemented with fetal bovine serum (DLBCL - 10%, MCL - 20%), 100 U/mL
penicillin and 100 pg/mL streptomycin (1% Pen-Strep). Stromal cell lines L and L4.5 were
maintained in DMEM 1640 medium with 10% FBS and 1% Pen-Strep. B-cell activating
factor (BAFF)-expressing Chinese hamster ovary cells described previously were cultured
in MEM-a supplemented with 10% FBS and 1% Pen-Strep (22). Cell were used up to 10
passages and every 2 months underwent testing with MycoAlert Mycoplasma Detection Kit
(Lonza, Walkersville, MD; latest testing in May 2021).

Following approval by the Institutional Review Board and provision of written consent,
peripheral blood was obtained from patients with NHL treated at the City of Hope National
Medical Center. Isolation of peripheral blood mononuclear cells (PBMCs) was performed
using standard Ficoll-Hypaque technique (Amersham). Red blood cells were lysed using
ACK lysing buffer (Life Technologies). Primary cells were cultured in RPMI-1640 medium
supplemented with 20% FBS, 1% Pen-Strep, 1% L-glutamine, 1% HEPES and 1% non-
essential amino acid solution.

Primary cells were cultured on stromal cells under standardized conditions (22). Briefly,
stromal cells were seeded to achieve 60-70% confluence on the following day when primary
cells were plated at a 50:1 ratio and incubated at 37°C in 5% CO, for 24 hours before drug
treatment. Prior to harvest, primary cells were gently washed from the stromal layer and
transferred into a new well for 1 hour.

Cell viability testing and drugs

To measure cell proliferation, cells were plated in 96- or 384-well plates (3000 or 1250
cells/well, 3-6 wells/sample) with drugs and incubated for 48 hours at 37°C in 5% CO5.
After incubation, relative numbers of viable cells were measured using a tetrazolium-based
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colorimetric assay (CellTiter Aqueous One Solution Cell Proliferation Assay, Promega).
Inhibitor combination screening was carried out in pre-treated 384 well plates with
inhibitors prepared in a 7-point concentration series ranging from 10 uM to 0.014 uM for
each drug (23).

To measure cell apoptosis, cells (in duplicates) were resuspended in 100 uL of Annexin V
binding buffer containing 1 pL of Annexin V-PE, 1 uL of 7-aminoactinomycin D (7-AAD)
(Southern Biotech) and 1 uL of CD19-mAbs (BD Bioscience) followed by flow cytometry
on FACSAria (BD Biosciences). Data analysis was performed using FlowJo software (Tree
Star).

AZD5991 and navitoclax were purchased from Active Biochem; venetoclax and Q-VD-OPh
were from MedChemExpress; AZD4320, IACS-010759 were from Selleck Chemicals.
CCCP (carbonyl cyanide m-chlorophenyl hydrazine), NAC (N-Acetyl-L-cysteine) were
from Sigma.

Reactive oxygen species (ROS)

Intracellular ROS were measured using the DCFDA/H2DCFDA Cellular ROS Assay kit
(Abcam). Cells were incubated with DCFDA in PBS for 30 minutes, washed, resuspended at
1x10° cells/well in 96-well black-walled plates (Corning), and incubated with drugs for 24
hours. Florescence of the substrate was measured in SpectraMax M2 Microplates (Molecular
devices).

Seahorse metabolism assay

Cells were treated with drugs and then were seeded in poly-lysine-coated (Sigma Aldrich)
XFe96 Seahorse Cell Culture Microplates (Agilent) at 8x10* live cells /well. Plates were
centrifuged at 300g for 5 minutes with no brake and incubated for 30 minutes with

no CO, at 37°C. Procedures were carried out per the Seahorse XFe96 Oxidative Stress
Assay protocol. First, basal cellular respiration was recorded by simultaneously measuring
oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) simultaneously.
Next, 1.5 UM oligomycin (ATP synthase inhibitor) was injected to stop ATP-linked
respiration, leading to a direct measurement of proton-leak, as well as non-mitochondrial
oxygen consumption. Thereafter, 1.0 UM FCCP was injected to induce maximal respiration/
uncoupled oxidative phosphorylation (OxPhos). Lastly, 0.5 uM rotenone and 0.5 pM
antimycin A (Complex I and Complex Il inhibitors, respectively) were injected, thereby
inhibiting all OxPhos.

Immunohistochemistry (IHC)

Immunohistochemistry was performed on lymphoid tissues from 34 DLBCL patients. Cell
of origin was determined by Hans IHC-based algorithm. Twenty-three germinal center B-
cell like [GCB] and 11 non-GCB DLBCLs were analyzed. All staining was performed after
antigen retrieval using intermittent heating for 4 cycles of 5 min each in a 625-W microwave
oven to maintain the temperature of the buffer [(0.01 M citrate buffer, pH 6.0) at 95°C]

and run in parallel with known positive and negative controls. After incubation with Mcl-1
or Bel-xL antibodies (Cell Signaling Technology, 1:100) and relevant secondary antibodies,
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slides were stained using the Biotin-Streptavidin amplified system. Protein expression was
considered positive when more than 30% of tumor cells demonstrated intense staining.

Ex vivo functional drug screen

Ex vivo functional drug screens were performed as previously described (23,24). Small-
molecule inhibitors (a total of 189), purchased from LC Laboratories and Selleck Chemicals,
were distributed into 384-well plates prepared with single agents in a seven-point
concentration series (10-0.014 pM) in a seven-point equimolar ratio concentration series
identical to those used for single agents. The final concentration of DMSO was <0.1% in

all wells, and all plates were stored at —20 °C and thawed immediately prior to use. 1 uM
AZD5991 or DMSO control were dispensed into wells at this stage. Cells were seeded

into 384-well assay plates at 1250 cells/well. After 3 days of culture at 37 °C in 5% CO,,
methanethiosulfonate reagent (CellTiter 96 AQeous One; Promega) was added to each well
and absorbance was measured at 490 nm. ICsq values of different inhibitors with or without
AZD5991 were calculated from cell viability values normalized to untreated cells and fitted
to a curve using a probit regression.(24,25)

To validate findings of the screen assay, we performed matrix MTS assays (a 7-by-7 doses of
each drug), and calculated synergy scores using Bliss algorithm with R_SynergyFinder.

Gene editing and overexpression

Ribonucleoprotein (RNP) electroporation genome editing experiments in DLBCL cells
(OCI-LY3 and VAL) were performed using the Lonza Amaxa Nucleofector Il System
(Lonza, Basel, Switzerland), 4 uM (1:3, Cas9:sgRNA) Alt-R® (Integrated DNA
Technologies, Inc) Cas9 RNP complex, and 4 uM Alt-R® Cas9 Electroporation Enhancer
(Integrated DNA Technologies, Inc) as described (26). Chemically synthesized guide RNAs
were purchased and prepared according to the manufacturer’s instructions (Synthego) and
RNPs were formed by the addition of purified Cas9 protein (IDT). RNP complexes (5

pL) and 1.5 x 10° DLBCL cells (20 uL) were mixed and electroporated according to the
manufacturer’s specifications using protocol V-001. Proteins were collected 6 days post
electroporation. The targeting sequences were BAX-1: AGUUUCAUCCAGGAUCGAGC;
BAX-2: AGUAGAAAAGGGCGACAACC; PMAIPI: CGAGUGUGCUACUCAACUC;
TP531: GAUCCACUCACAGUUUCCAU; TP53-2: CCCCGGACGAUAUUGAACAA,
NT: GAGATATCAATCCTCCCGC.

hBAX-C3-EGFP (Addgene #19741) was used for transient expression of Bax in OCI-LY3
cells. 1*106 cells were electroporated using the Lonza Nucleofector System, program T-020.
Live-cell confocal imaging was performed after 24 h (Zeiss LSM 880), and cell proliferation
was measured after 48 h in an MTS-based assay as described above (27).

In vivo models

All animal studies were carried out in accordance with institutional guidelines. Five-week
old nonobese diabetic/severe combined immunodeficiency/null NSG (NOD.Cg-Prkdcscid
112rgi™IWil/SzJ) mice were purchased from The Jackson Laboratory.
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PDX MCL was obtained from ProXe (#96069). Mice were treated with 25 mg/kg busulfan
via intraperitoneal injection. Next day, 3X108 MCL cells were inoculated intravenously.
MCL cells were analyzed in the blood weekly by flow cytometry (CD45*CD5*CD19*) and
once detected (approximately 2 weeks after inoculation) mice started treatment. Red blood
cells were lysed using ACK lysis buffer (Life Technologies), washed with PBS, incubated on
ice for 20 minutes in 100 uL PBS with 1 pL LIVE/DEAD Fixable Aqua (Invitrogen), 5 uL
anti-CD19-FITC, 5 pL anti-CD5-PE, and 5 pL anti-CD45-APC (all from Becton Dickinson)
and analyzed by flow cytometry. At the end of treatment, animals were euthanized and
spleen tissue was collected.

3x106 OCI-LY?3 cells were mixed with 50% Matrigel (BD Biosciences) and injected
subcutaneously into the right flank. When tumors reached ~100 mm3, 10 to 14 days after
implantation, mice started treatment. Tumor volume was assessed every other day. The data
are expressed as average tumor diameter (in millimeters) per mouse as a function of time,
normalized to pretreatment value. Animals were euthanized when tumor diameter exceeded
20 mm or after loss of >10% body weight. mice were euthanized and tissues were harvested
immediately.

Mice were treated as follows: 60 mg/kg AZD5991, vehicle control, 50 mg/kg venetoclax,
or a combination of AZD5991 and venetoclax. AZD5991 was administered every 10 days
via tail vein, or intraperitoneally in case of tail vein damage. Venetoclax was administered
Monday through Friday (5 days a week) through oral gavage except on days when
AZD5991 was given.

Statistical Analysis

Results

All experiments were conducted at least in triplicates. Statistical significance was calculated
using the Student’s t-test on GraphPad Prism software. p<0.05 was considered to be
statistically significant. *, p<0.05 and **, p<0.01 throughout the manuscript. Mean£SE refer
to biological repeats. Drug combination effect and synergistic score was calculated for the
Bliss independence dose-response surface model using R_SynergyFinder software.

Selective targeting of Mcl-1 restricts growth of the neoplastic B cells

Treatment with AZD5591 diminished proliferation of DLBCL cells in a dose-dependent
manner. Activated B-cell (ABC)-like cell lines OCI-LY10 and OCI-LY3 and germinal center
B-cell (GCB)-like cell lines VAL, SU-DHL4 and SU-DHL6 were most sensitive to the

drug (Fig. 1A). Meanwhile, other GCB (SU-DHL10, OCI-LY18) and ABC DLBCL cells
(U-2932) showed resistance. Both parental and ibrutinib-resistant MCL cells were highly
susceptible to Mcl-1 inhibition (IC5¢~0.3 pM; Fig. 1B). Correspondingly, we observed
apoptosis following exposure of DLBCL and MCL cell lines to AZD5991 (Fig. 1C-D).
Interestingly, ibrutinib-resistant JeKo-1 cells (JeKo-1_R) were more susceptible to Mcl-1
inhibition than parental cells, while the opposite was true for Mino_R cells (Fig. 1B, D).
Treatment with AZD5591 displaced Bim from Mcl-1 (Fig. 1E). Consistent with earlier
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reports, Mcl-1 inhibition led to increased Mcl-1 protein levels but had no effect on Bcl-2/xL
(Fig. 1F, Supplemental Fig. 1) (19).

Mcl-1 was expressed at variable levels in all DLBCL cell lines irrespective of cell of origin
(Fig. 1G). Anti-apoptotic proteins Bcl-xL and Bcl-2 were each overexpressed in four cell
lines. AZD5591-sensitive cells (OCI-LY3/10, VAL, SU-DHL4/6) expressed relatively low
Mcl-1 levels; of those, only VAL cells expressed abundant Bcl-2 (Fig. 1G). Similarly, Mino
and JeKo-1 cells expressed low levels of Mcl-1. Bcl-xL was expressed in both, while Bcl-2
was only found in Mino cells (Fig. 1F). Expression of these proteins was similar in parental
and ibrutinib-resistant cell lines. Thus, low Mcl-1 expression may in part underlie sensitivity
to AZD5991.

Additionally, we analyzed a panel of primary lymph nodes and found that Mcl-1 and Bcl-xL
were expressed (>30%) in 64% and 35% of GCB, and 27% and 11% of non-GCB DLBCL,
respectively, reaffirming that Mcl-1 is a relevant target in NHL (Fig. 1H).

In sum, Mcl-1 inhibition restricted growth of DLBCL and MCL cells irrespective of cell of
origin and ibrutinib resistance.

Mcl-1 inhibition induces mitochondrial stress

Treatment with AZD5991 has been shown to induce rapid dissociation of Bak/Mcl-1
complexes resulting in MOMP (18). Given the involvement of MOMP in regulation

of mitochondrial bioenergetics, we studied the effects of AZD5991 on mitochondrial
homeostasis. Treatment of NHL cells with AZD5591 resulted in mitochondrial
depolarization, as visualized by a decrease in PE fluorescence (loss of JC-1 aggregates;
Fig. 2A). We noted a decrease in mitochondrial mass following Mcl-1 inhibition, as
evidenced by a left shift of the Mitotracker dye fluorescence peak (Fig. 2B). Both events
were most prominent in OCI-LY10 and MCL cells and were not rescued by caspase
inhibition (Supplemental Fig. 2A). Opa-1 regulates mitochondrial fusion and protects cells
against apoptosis. Opa-1 was downmodulated in parental Mino and parental and ibrutinib-
resistant Jeko-1 cells treated with AZD5991 (Fig. 1F), consistent with a disruption of the
mitochondrial membrane potential and decreased mitochondrial mass.

Malignant cells often endure higher levels of oxidative stress than normal cells, partly due
to increased metabolic activity generating ROS. Low ROS levels are required for cancer
cell survival, but excessive oxidative stress can lead to cell death (28). MCL cell lines had
higher basal ROS accumulation compared with DLBCL cell lines, and this was further
increased in ibrutinib-resistant cells (Supplemental Fig. 3), suggesting that they may have
higher level of metabolic distress. Treatment with AZD5991 led to a further increase in
ROS production, likely indicative of damage-related reduction in mitochondrial antioxidant
capacity (Fig. 2C). ROS scavengers did not rescue cells from Mcl-1 inhibition indicating
that AZD5991-mediated cell death is not fully dependent on ROS (Supplemental Fig. 4).

Analysis of distribution between the cytosol and mitochondrial fractions demonstrated that
while Mcl-1 accumulated in the cytosol following an 8-hour treatment with 1 yM AZD5991,
mitochondrial Mcl-1 was diminished (Fig. 2D). By contrast, Bcl-2 and Bcl-xL were mostly
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confined to the mitochondrial fraction and their expression did not change significantly upon
treatment with AZD5991. Somewhat unexpectedly, JeKo-1_R cells demonstrated a decrease
in Bcl-2 in both fractions, compared with Jeko-1 parental cells. While localization of Bak
remained unchanged, cytosolic sequestration of Bax diminished upon Mcl-1 inhibition.
Opa-1 was also reduced in the mitochondrial fraction in JeKo-1 cells (Fig. 2D).

To probe for the effects of Mcl-1 inhibition on mitochondrial bioenergetics, we employed
Seahorse respirometry assay. We measured the oxygen consumption rate (OCR) at baseline
and over time in response to modulators of the mitochondrial electron transport chain
(ETC) and OxPhos. Baseline rates of metabolic activity varied between cell lines, with VAL
cells exhibiting higher OCR (130 pmol/min) compared with OCI-LY10 and U-2932 cells
(~50 pmol/min; Fig. 3A). Ibrutinib-resistant JeKo-1_R cells exhibited increased metabolic
activity versus parental cells (Fig. 3B). Treatment with AZD5991 inhibited both basal and
uncoupled respiration in sensitive DLBCL and MCL cell lines, but not in resistant U-2932
cells (Fig. 3A-B). Reduction of maximal oxygen consumption capacity was particularly
prominent in JeKo-1 and Mino cells, consistent with their enhanced susceptibility to Mcl-1
inhibition (Fig. 3B). Extracellular acidification rate (ECAR) was also impacted, indicating
that cells failed to switch to glycolysis pathway despite a disruption in OxPhos (Fig.

3A-B). In these experiments, the impact of AZD5991 on OxPhos was independent of
caspase activation-related apoptotic cell death, as it was not fully prevented with the caspase
inhibitor QVD-OPh (Supplemental Fig. 2B).

Finally, we investigated the effect of Mcl-1 inhibition on mitophagy, a conserved process
which eliminates dysfunctional mitochondria. Treatment of VAL cells with AZD5991 led
to an increased nhumber of damaged mitochondria and enhanced formation of lysosomes,
accompanied by increased mitophagy as measured by dye colocalization (Fig. 3C).
However, mitophagy was not observed in AZD5991-resistant cells.

Thus, Mcl-1 inhibition induced mitochondrial stress and disrupted cellular bioenergetics in
NHL.

TP53 and BAX mediate resistance to Mcl-1 inhibition in DLBCL cells

Combination treatment approaches are poised to overcome intrinsic resistance to targeted
agents. Our group has previously shown that inactivation of 7P53, BAX, and PMAIPI
(Noxa) results in resistance to Bcl-2 inhibitor venetoclax in acute myeloid leukemia (29).
Furthermore, Bax and Noxa are established Mcl-1 interactors and Bax was required for
Mcl-1 inhibition-induced apoptosis in lymphoid cells (30,31). Hence, we investigated their
role in resistance to AZD5991. Genetic knockout of 7P53 or BAXresulted in loss of their
expression in OCI-LY3 and VAL cells (Fig. 4A). Loss of either 7P53or BAX conferred
resistance to AZD5591, indicating that the impact of AZD5991 is dependent on MOMP
(Fig. 4B). Meanwhile, PMAIPI was not essential to drug sensitivity in OCI-LY3 cells, and
was not expressed in VAL cells. Loss of 7P53in OCI-LY3 cells resulted in downmodulation
of Bax and Puma (Supplemental Fig. 5A). In these cells, we also observed stabilization of
Bcl-xL and Bcl-2, while Bak levels remained unchanged. Overexpression of Bax in 7P53-
deficient cells led to re-sensitization to AZD5991 (Supplemental Fig. 5B), thus indicating
that loss of 7P53 mediates resistance to Mcl-1 inhibition at least in part via Bax (and Puma).
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We next evaluated mitochondrial respiration in genetically manipulated VAL cells. Loss

of BAX led to minimal reduction in maximal respiration, while 7253 had no effect (Fig.
4C). However, a decrease in maximal respiration following treatment with AZD5991 was
fully reversed in cells lacking BAX or 7P53. Loss of BAX (but not 7P53) abrogated
mitochondrial depolarization in AZD5991-treated VAL cells, consistent with its critical role
in MOMP (Fig. 4D). Finally, BAXand 7P53were instrumental in loss of mitochondrial
mass following Mcl-1 inhibition (Fig. 4E).

To further determine the role of the apoptotic network, we employed a functional drug
screening assay using a panel of 189 small molecule inhibitors that target a variety of
distinct signaling pathways activated in cancer. A number of agents demonstrated synergy
with AZD5991 (Fig. 5A). Significant synergy was observed when AZD5991 was combined
with Bcl-2/xL inhibitors(top two lanes; Fig. 5A), as well as ibrutinib. Our findings were
validated using clinically available direct Bcl-2 inhibitor venetoclax and Bcl-2/xL inhibitors
navitoclax and AZD4320 (Fig. 5B-D). Concurrent targeting Mcl-1 and Bcl-2/xL in OCI-
LY3 cells was highly synergistic with a Bliss score of 35 (Fig. 5D). While ibrutinib-resistant
MCL cells were less sensitive to Bcl-2 inhibitors than parental cell lines, their combination
with AZD5991 also demonstrated significant synergy (Fig. 5E). Loss of either BAX of 7P53
abrogated the combined effect of Mcl-1 and Bcl-2 inhibition in DLBCL cells (Fig. 5F).

Together, our data suggest that 7253 and Bcl-2 apoptotic network mediates resistance to
Mcl-1 inhibition.

MCL1 inhibition induces apoptosis in primary MCL cells

We then evaluated the effect of Mcl-1 inhibition in primary MCL cells. Since primary

cells rapidly undergo spontaneous apoptosis in vitro, stromal co-culture conditions were
used. To partially mimic the lymph node microenvironment ex vivo, we employed

CDA40L- and BAFF (B-cell activation factor)-expressing models which abrogate spontaneous
and ibrutinib-induced apoptosis (22,32,33). Consistent with our previous data, CD40L-
stimulated primary MCL cells robustly upregulated Bcl-xL, while BAFF-stimulated cells
induced Mcl-1 (Fig. 6A). Treatment of primary MCL cells with AZD5991 induced apoptosis
(Fig. 6A-B). While BAFF-expressing stroma conferred partial resistance to venetoclax, cells
remained sensitive to AZD5991. By contrast, CD40L stroma conferred resistance to both
drugs, presumably due to protection afforded by Bcl-xL. Combined treatment demonstrated
enhanced cytotoxicity in stromal conditions (Fig. 6B).

Primary MCL cells sustained OxPhos when cultured in stromal conditions. Both BAFF

and CD40L stimulation dramatically enhanced basal OxPhos and glycolysis pathways as
compared with control stroma, and this was partially reversed by Mcl-1 inhibition (Fig. 6C).
However, when basal OxPhos was inhibited, CD40L-stimulated MCL cells demonstrated the
capability to rapidly switch to glycolytic pathway (compensatory glycolysis), and this was
not fully overcome by treatment with AZD5991 (Fig. 6D).

Encouraged by our data, we conducted a preliminary investigation of AZD5991 in a PDX
MCL mouse model. While Mcl-1 inhibition (see Methods) did not block tumor expansion
in the peripheral blood, AZD5991-treated mice demonstrated a reduced spleen weight
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compared with vehicle-control treated mice (Fig. 6E). Treatment with AZD5991 prolonged
survival of MCL PDX mice (Fig. 6F). This model was very sensitive to venetoclax. While
AZD5991 is not expected to target murine Mcl-1, no significant treatment toxicities were
observed (Supplemental Fig. 6). Mice xenografted with OCI-LY3 cells demonstrated a
significant delay in tumor growth when treated with AZD5991 alone (Fig. 6G), as well as a
trend toward prolonged survival (Fig. 6H). Treatment with venetoclax had a similar effect,
whereas a combination of the two drugs was particularly effective (treatment vs, control,
p=0.007, Fig. 6H).

Discussion

DLBCL is the most prevalent NHL subtype worldwide, with >25,000 cases diagnosed in in
the United States annually (34). While 50-60% of patients are cured with standard chemo-
immunotherapy, those who exhibit chemo-refractoriness succumb to their disease. Novel
targeted agents including BTK inhibitors (e.g., ibrutinib) and Bcl-2 inhibitor venetoclax
have limited efficacy in DLBCL. The search for novel therapeutic approaches is complicated
by the genomic heterogeneity of DLBCL, as illustrated by recent molecular analyses and
novel classification systems (35,36). Here we demonstrate that direct targeting Mcl-1 using
a selective BH3-mimetic AZD5991 restricts cell proliferation and induces apoptosis in
DLBCL cells independent of cell of origin, a finding not entirely surprising considering

that Mcl-1 is expressed in both ABC- and GCB DLBCL subsets, as evidenced by this and
other studies (14). Interestingly, we found that B-cell receptor (BCR)-dependent cell lines
SU-DHL4, SU-DHL6 and OCI-LY10 (“cluster 3” per the Chapuy et al.) are susceptible to
Mcl-1 inhibition (35,37,38). These cell lines expressed low levels of Mcl-1 and Bcl-2, and
have been previously shown to be susceptible to phosphoinositide-3 kinase (PI3K) inhibition
in part via loss of Mcl-1 (38). Our data align with a recent report demonstrating pre-clinical
efficacy of direct Mcl-1 inhibitors S63845 and A1210477 in DLBCL (31). We also observed
that low Mcl-1 expression may be associated with enhanced sensitivity to Mcl-1 inhibition,
as previously seen in other models (19). Complete Mcl-1 abrogation in low-expressing cells
may be one possible explanation, yet this phenomenon will require further study. Future
efforts to elucidate the genetic subsets of DLBCL most vulnerable to Mcl-1 inhibition will
advance personalized approaches to DLBCL therapy in the clinic.

By contrast, inhibitors of BTK and Bcl-2 are efficacious in MCL, an aggressive lymphoma
subtype characterized by recurrent translocation of CCNDI. However, patients who progress
on these agents have poor outcomes. In particular, resistance to BTK inhibition in MCL is
associated with survival of ~3 months and thus represents an unmet medical need, justifying
a search for novel therapeutic modalities (39). Our work builds on earlier findings where
MCL 1 gene knockout with an inducible CRISPR/Cas9 system or treatment with S63845
triggered spontaneous apoptosis of MCL cell lines, including those which show primary
resistance to ibrutinib (6). Here we demonstrate that MCL cell lines with acquired resistance
to ibrutinib remain sensitive to AZD5991. Furthermore, primary MCL cells were sensitive
to AZD5991 in BAFF-expressing stromal co-cultures which confer partial resistance to
ibrutinib and venetoclax (22). Taken together, the above data ascertain Mcl-1 as a tractable
target in MCL resistant to novel agents.
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Metabolic reprogramming is a hallmark of cancer. Elevated glycolysis in cancer cells, even
in the presence of sufficient oxygen, termed Warburg effect, had been postulated to result
from defective mitochondrial respiration. However, mitochondrial integrity and consumption
of oxidizable substrates have been increasingly appreciated as critical contributors to

cancer growth (40,41). In some models, high mitochondrial output contributes to tumor
progression, metastasis and chemoresistance (42). Inhibition of OxPhos can slow tumor
growth and act as a chemo-sensitizer (43,44). DLBCL tumors significantly enriched in
genes involved in mitochondrial respiration comprise the OxPhos-DLBCL subgroup and
are characterized by enhanced mitochondrial energy transduction and relative independence
of BCR signaling (45). Relevant to our work, metabolic reprogramming towards OxPhos
contributed to resistance to ibrutinib in MCL and venetoclax resistance in chronic
lymphocytic leukemia (12,46). Therefore, OxPhos represents an important drug target in
NHL. In addition to their well-established roles in regulating intrinsic apoptosis programs,
the pro-survival Bcl-2 family proteins have been recognized as critical regulators of
mitochondrial respiration (29). We found that Mcl-1 inhibition led to mitochondrial stress, as
manifested by mitochondrial depolarization, reduction of mitochondrial mass and induction
of mitophagy in drug-sensitive DLBCL and MCL cells. Mitochondrial bioenergetics is
governed by a complex network of metabolic pathways ultimately leading to generation of
the electrochemical proton gradient and ATP synthesis. Mitochondrial dysfunction induced
by AZD5991 was accompanied by a compromise in mitochondrial respiration, a finding
which was particularly prominent in MCL cells.

How exactly Mcl-1 regulates metabolism remains understudied. Mammalian mitochondria
are dynamic organelles that can grow, fuse and undergo lysis depending on the energetic
needs of the cell. While there are many factors that can impact mitochondrial mass, a
decrease in mitochondrial mass can indicate a compromise in mitochondrial quality. Mcl-1
has been shown to facilitate mitochondrial fusion and ATP production when immersed in
the mitochondrial matrix (47), which serves as a likely explanation of metabolic effects

of Mcl-1 inhibition seen in our studies. Furthermore, we observed loss of Opa-1, a
mitochondrial fusion protein, which, together with a decrease in mitochondrial mass and
mitophagy, could further perturbate the mitochondrial dynamics.

Substrates that promote OxPhos through TCA cycle include glucose/pyruvates, glutamine,
and fatty acids and relative importance of each may vary between cancer types. For example,
triple-negative breast cancer cells exhibited dependence on fatty acid oxidation (48). We
show that unlike parental MCL cells which have unbiased nutrient dependence, ibrutinib-
resistant cells become addicted to glutamine oxidation that may be suppressed by Mcl-1
inhibition. Here we pave way for future studies which could elucidate metabolic addiction
pattern in cancer cells and thus inform therapy.

Earlier studies suggested that sensitivity of DLBCL cells to Mcl-1 inhibitors correlated
positively with Mcl-1:Bim expression ratio, and negatively — with expression of Bcl-xL, but
not Mcl-1 (17,31). Other studies have found that sensitivity of primary chronic lymphocytic
leukemia cells to direct Mcl-1 inhibitor AMG-176 significantly correlated with expression
of Mcl-1, but not Bcl-2/xL (19,20). Mechanistically, BH3-mimetics lead to reduced binding
of pro-apoptotic Bcl-2 proteins to their targets (31). Mcl-1 may complex with several
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BH3-only proteins (Bim, Noxa) and pro-apoptotic effectors (Bak, Bax). Since the balance
between these proteins likely depends on multiple cell-intrinsic and extrinsic factors and
shifts over time, targeting multiple pro-survival Bcl-2 family members may be necessary to
skew towards apoptosis. Here we demonstrate that loss of BAX or 7P53 confers resistance
to Mcl-1 inhibition, and this is accompanied by restoration of OxPhos. This aligns with

our earlier work which implicated these genes in resistance to venetoclax in acute myeloid
leukemia (29). TP53likely mediates response to Mcl-1 inhibition via multiple pathways,
however our data suggest that it in part relies no functional Bax and possibly Puma.. Thus, a
mechanism involving 7P53 apoptotic network underlies resistance to distinct BH3-mimetics
across a spectrum of hematologic malignancies (Fig. 61).

We also show that concurrent targeting Mcl-1 and Bcl-2/xL is synergistic in both DLBCL
and MCL cells. This result is similar to those obtained previously by us and others

using either direct or indirect Mcl-1 inhibitors (6,14,49). However, whether such an
approach may be safely translated to the bedside remains to be seen. In preclinical

studies, direct Mcl-1 inhibition led to a decrease in monocytes, B cells, and neutrophils,
suggesting that immunosuppression may become the dose-limiting factor (20). Furthermore,
Mcl-1 inhibition has been shown to suppress hematopoiesis (50). Thus, it is likely that
combinations of BH3-mimetics will need to be carefully titrated in the clinic

In sum, direct targeting Mcl-1 interferes with cell survival and metabolic function and
is therefore a promising therapeutic approach in DLBCL and MCL. Sensitivity to Mcl-1
inhibition in NHL is mediated via 7P53and BAX apoptotic network.
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Translational Relevance

BH3-mimetics targeting the anti-apoptotic protein Bcl-2 have entered clinical practice in
lymphoid malignancies. Venetoclax has been approved in therapy of chronic lymphocytic
leukemia and demonstrated efficacy in other lymphoid tumors. However, primary and
acquired resistance to venetoclax is inevitable and thus novel approaches to target
mitochondrial apoptosis are necessary. Mcl-1 is a pro-survival Bcl-2 family member
implicated in resistance to venetoclax and other therapeutics. Here we investigated the
pre-clinical efficacy of AZD5991, a selective Mcl-1 inhibitor, in lymphoid tumor models
in vitro and in vivo. We demonstrate that Mcl-1 inhibition leads to cell metabolic
reprogramming and apoptosis. Meanwhile, a dysfunctional TP53 apoptotic network
ultimately account for drug resistance, necessitating combination approaches. Our results
provide an impetus further to develop Mcl-1 as a target in lymphoid malignancies and
highlights potential combination strategies to overcome drug resistance.
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Figure 1. Selective targeting Mcl-1 thwarts survival of the lymphoma cell lines.
(A-B) DLBCL and MCL cell lines were treated with the indicated doses of AZD5991 for

48 hours. Cell proliferation was measured by colorimetric MTS assay. % viable cells, after
normalization to untreated controls, was fit using non-linear regression analyses. *, p<0.05
Mino_R vs. Mino cells. (C-D) Cells were treated with indicated doses of AZD5991 for

24 hours. Apoptosis was determined by Annexin-V-FITC staining. Data are mean£SE. *,
p<0.05 vs. untreated control. (E) SU-DHL6 cells were treated with 0.5 uM AZD5991 for 24
h. Protein lysates were subjected to immunoprecipitation experiments with Bim antibodies
(in triplicates). (F) MCL cells were treated with 1 uM AZD5991 as shown. Cell lysates were
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subjected to immunoblotting (in triplicates here and subsequently). (G) Whole cell lysates of
exponentially grown DLBCL cell lines were subjected to immunoblotting. (H) Expression of
Mcl-1 and Bcl-xL was evaluated in 34 primary DLBCL lymph node tissues.
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Figure 2. Mcl-1 inhibition leads to mitochondrial dysfunction.
(A) Cells (in technical and biological triplicates) were treated

UM AZD5991 or vehicle control for 24 hours and analyzed fo
with JC-1 dye using flow cytometry. A representative dot plot

with 10 uyM CCCP, 0.1, 1 0or 3
r mitochondrial depolarization
image is shown (depolarized

mitochondria is boxed). (B) Cell lines were treated with drugs for 24 hours as indicated
and mitochondrial mass was assessed with Mitobright Green using flow cytometry. A
representative histogram is shown. Data are mean+SE. *, p<0.05, **, p<0.01 vs. untreated
control. (C) Cells were stained with DCFDA, treated with drugs for 24 h, followed by ROS
MFI quantification at the indicated timepoints. MFI was normalized to untreated control.
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(D) Cells were treated with indicated doses of AZD5991 for 8 h followed by cellular
fractionation and immunoblotting.
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Figure 3. Mcl-1 inhibition deregulates OxPhos and induces mitophagy.
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AZD5991
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(A, B) Cells were treated with 1 pM AZD5991 or control for 24 h and subjected to Seahorse
analysis. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) as

a function of time, with exposure to inhibitors of the electron transport chain (ETC) and
oxidative phosphorylation (OxPhos) to derive bioenergetics parameters of mitochondrial
respiration are shown. (C) VAL (sensitive) and U-2932 (resistant) cells were treated with 1
UM AZD5991 or vehicle control for 24 h and stained with Mitophagy dye and Lysodye. Live
cells were imaged with confocal microscopy. Arrows point to the mitophagy puncta. MFI
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was quantified, and co-localization was measured and calculated using Zen software. Data
are meantSE. A representative image (VAL cells) is shown. *, p<0.05 vs. untreated control.
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Figure 4. Loss of TP53 and BAX mediates resistance to Mcl-1 inhibition.
(A) OCI-LY3 and VAL cells were electroporated with RNP single sgRNA/Cas9 constructs

targeting 7P53, BAX, PMAIP1 or nontargeting SgRNA (NT). Whole protein lysates were
subjected to immunoblotting. (B) Genetically manipulated cells were treated with the
indicated concentrations of AZD5991 and proliferation was measured in the MTS assay.

% viable cells, after normalization to untreated control, were fit using nonlinear regression
analyses. Data are MeanzSE. * - p<0.05 vs. sg 7P53/BAX vs. NT control (C-E) Genetically
manipulated VAL cells were treated with 1 uyM AZD5991 or vehicle control for 24 h and
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subjected to Seahorse analysis (C), analysis of mitochondrial depolarization (JC-1; D) and
mitochondrial mass (Mitobright Green; E).
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Figure 5. Synergistic co-targeting Mcl-1 and Bcl-2/xL.
(A) VAL and OCI-LY 3 cells were subjected to functional screening assay as described

in the methods. 1Cgq values were calculated (represented in the color gradient). Drugs of
interests that exhibit synergism or antagonism with AZD5991 are shown. (B, C) DLBCL
cells were treated with drugs as indicated for 48 h. Cell proliferation was measured in

an MTS assay; % viable cells were normalized to DMSO-treated control. (D) OCI-LY3
cells were treated with AZD5991 and AZD4320 for 48 h. Bliss analysis was conducted
to determine the synergistic score. (E) MCL cells were treated with drugs as indicated for
48 h. Cell proliferation was measured in an MTS assay; % viable cells were normalized
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to DMSO-treated control. (F) Genetically manipulated DLBCL cells were treated with
venetoclax and AZD5991 for 48 hours. Cell proliferation was measured in an MTS assay. %
viable cells were normalized to DMSO-treated control. ** - p<0.05 vs. untreated control. * -
p<0.05 vs. NT (non-targeting SgRNA).
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Figure 6. Mcl-1 inhibition overcomes stromal rescue of the primary MCL cells and demonstrates

efficacy in vivo.
(A-B) Primary MCL cells (4_individual pati

ent samples, in duplicates) were co-cultured

with BAFF-, CD40L-expressing or control stroma for 24 h and then treated with the
indicated drugs for additional 24 h. Cells were assayed for apoptosis and protein lysates
were analyzed by immunoblotting. (C, D) Primary MCL cells were cultured on stroma as
indicated, treated with 1 yM AZD5991 for 24 hours and subjected to Seahorse respiration
assay. (E-F) MCL PDX mice received treatment with AZD5991 (N=8), venetoclax (N=4)
or vehicle control (N=8) as described in the methods. Treatment was begun upon detection
of the circulating MCL cells in the peripheral blood. Spleen weight was measured at the
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time of sacrifice. % MCL involvement and survival are shown since start of treatment.
(G-H) Mice xenografted with OCI-LY3 cells were treated with AZD5991, venetoclax, the
combination or vehicle control as discussed in the methods (N=4 each). Tumor volume
and survival are shown. X axis represents days since tumor inoculation. * - p<0.05 each
treated versus untreated tumor. (1) Pharmacologic targeting Mcl-1 induces mitochondrial
dysfunction and apoptosis in B-cell lymphoma cells in 7P53 and BAX-dependent manner.
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