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Simple Summary: Diffuse large B-cell lymphoma (DLBCL) is an aggressive blood cancer and the
most common non-Hodgkin lymphoma. DLBCL has a 40% relapse rate with current therapies,
warranting investigations into potential vulnerabilities leading to new treatment avenues. Many
DLBCLs increase the levels of a protein called BCL2 that blocks lymphoma cell death and contributes
to treatment resistance and relapse. A drug was developed to target BCL2 (venetoclax/ABT-199)
to induce DLBCL cell death. However, it was ineffective as a single agent, revealing that DLBCL
relies on more than BCL2 for survival. Our study of intrinsic venetoclax resistance and developed
venetoclax resistance in DLBCL identifies new targetable vulnerabilities in DLBCL by exposing
dependencies on critical cellular processes. Our findings have the potential to lead to new treatments
for DLBCL and possibly other B-cell lymphomas.

Abstract: Clinical trials with single-agent venetoclax/ABT-199 (anti-apoptotic BCL2 inhibitor) re-
vealed that diffuse large B-cell lymphoma (DLBCL) is not solely dependent on BCL2 for survival.
Gaining insight into pathways/proteins that increase venetoclax sensitivity or unique vulnerabilities
in venetoclax-resistant DLBCL would provide new potential treatment avenues. Therefore, we
generated acquired venetoclax-resistant DLBCL cells and evaluated these together with intrinsically
venetoclax-resistant and -sensitive DLBCL lines. We identified resistance mechanisms, including
alterations in BCL2 family members that differed between intrinsic and acquired venetoclax resistance
and increased dependencies on specific pathways. Although combination treatments with BCL2 fam-
ily member inhibitors may overcome venetoclax resistance, RNA-sequencing and drug/compound
screens revealed that venetoclax-resistant DLBCL cells, including those with TP53 mutation, had
a preferential dependency on oxidative phosphorylation. Mitochondrial electron transport chain
complex I inhibition induced venetoclax-resistant, but not venetoclax-sensitive, DLBCL cell death.
Inhibition of IDH2 (mitochondrial redox regulator) synergistically overcame venetoclax resistance.
Additionally, both acquired and intrinsic venetoclax-resistant DLBCL cells were similarly sensitive
to inhibitors of transcription, B-cell receptor signaling, and class I histone deacetylases. These ap-
proaches were also effective in DLBCL, follicular, and marginal zone lymphoma patient samples. Our
results reveal there are multiple ways to circumvent or overcome the diverse venetoclax resistance
mechanisms in DLBCL and other B-cell lymphomas and identify critical targetable pathways for
future clinical investigations.

Keywords: venetoclax/ABT-199 resistance; B-cell lymphoma; BCL2; mitochondrial electron transport
chain (ETC); IDH2

1. Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma subtype in
adults. While approximately 60% of DLBCL patients are cured with frontline chemother-
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apy [1], treatment outcomes in patients with relapsed or refractory disease are very poor [1],
highlighting the need for new therapeutic options. DLBCL is a heterogeneous group of
B-cell lymphomas with diverse molecular alterations and clinical outcomes. For example,
DLBCLs with TP53 tumor suppressor mutations and/or MYC amplification/overexpression
are particularly aggressive, chemo-resistant, and associated with lower survival rates [1–3].
Two main DLBCL subtypes, germinal center B-cell-like (GCB) and activated B-cell (ABC), are
clinically recognized [4,5], but recent analyses have identified further molecular subtypes,
underscoring the complexity of DLBCL [6–9]. However, one common theme in DLBCL is the
ability to evade apoptosis through dysregulation of the mitochondrial apoptosis pathway.
This pathway is governed by the BCL2 protein family through tightly regulated interactions
between the five anti-apoptotic (BCL2, BCLX, BCLW, MCL1, and BFL1) and the many pro-
apoptotic family members [10]. Alterations that dysregulate this pathway lead to increased
survival, promote lymphomagenesis, and contribute to treatment resistance [10,11].

BCL2 is frequently overexpressed in DLBCL through translocation (GCB subtype), con-
stitutive NF-κB activation (ABC subtype), or less frequently by BCL2 amplification [12–15].
High BCL2 expression is an independent predictor of poorer outcomes in DLBCL [16,17].
Moreover, dysregulated BCL2 is a hallmark of more aggressive subsets of DLBCL, such as
those that have both BCL2 and MYC rearrangements (originally called double-hit DLBCL),
now classified as DLBCL high-grade B-cell lymphoma (HGBL), which are typically GCB
subtype [18]. There are also aggressive DLBCLs that have elevated expression of both BCL2
and MYC not due to rearrangement that are called double expressors and are typically ABC
DLBCL [1,19]. Thus, BCL2 was a logical therapeutic target in DLBCL. However, single-agent
therapy with the BCL2-specific inhibitor venetoclax (ABT-199, PubChem 254741640) had only
a 12% complete response (CR) rate in relapsed/refractory DLBCL and 14% CR in follicular
lymphoma in a phase I study [20]. While efficacious combinations with venetoclax have been
identified and FDA-approved for other hematologic malignancies, including AML [21,22]
and CLL with 1p deletion [23], early-phase studies have not yet identified optimal therapeutic
combinations in DLBCL [24,25]. To that end, uncovering DLBCL mechanisms of resistance to
venetoclax will provide critical insight into its therapeutic application in DLBCL.

To date, several mechanisms of venetoclax resistance have been elucidated in AML,
CLL, and mantle cell lymphoma, but studies in DLBCL are limited and do not explain
inherent resistance [26–28]. Here, we demonstrate that venetoclax resistance mechanisms in
DLBCL are diverse. Through analysis of DLBCL cells with acquired or intrinsic venetoclax
resistance, we identified several ways to overcome or circumvent venetoclax resistance
in DLBCL. Combination treatment with venetoclax and MCL1 inhibition could overcome
both acquired and intrinsic venetoclax resistance. Inhibition of CDK7/9, B-cell receptor
signaling, or class I HDACs effectively killed venetoclax-resistant DLBCL cells. Importantly,
we determined that venetoclax-resistant DLBCLs, including those with TP53 mutation,
were sensitive to mitochondrial electron transport chain (ETC) inhibition. Notably, we
identified a new approach to overcome venetoclax resistance by combining inhibition
of isocitrate dehydrogenase 2 (IDH2) with venetoclax, which was synergistic. Our data
highlight multiple potential and new therapeutic avenues for venetoclax-resistant DLBCL
treatment that may also be efficacious in other B-cell malignancies.

2. Materials and Methods
2.1. DLBCL Cell Lines

SUDHL2, SUDHL4, SUDHL5, SUDHL6, SUDHL8, SUDHL10, SUDHL16, and Toledo
cell lines were purchased from and cultured as described by ATCC. OCI-Ly3 and OCI-Ly10
cell lines were obtained from Dr. John Chan while at the University of Nebraska Medical
Center. OCI-Ly3 cells were cultured in RPMI (Gibco, Thermo Fisher Scientific Inc., Waltham,
MA, USA) with 20% FBS, 1% L-glutamine, and 1% penicillin/streptomycin. OCI-Ly10 cells
were cultured in IMDM (Gibco), 20% human AB serum (Valley Biomedical, Winchester,
VA, USA), 0.1 mg/mL ascorbic acid, 15 µg/mL D-ribose, and 1% penicillin/streptomycin.
Cell lines were authenticated by short tandem repeat profiling and were routinely tested
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for mycoplasma using MycoSensor PCR Assay Kit (Agilent, Santa Clara, CA, USA). The
specific DLBCL subtypes of the cell lines used are listed in Supplementary Table S1.

2.2. Generation of Venetoclax-Resistant Cell Lines

Venetoclax-resistant DLBCL cell lines were generated by chronic exposure to gradually
increasing concentrations of venetoclax over 7–13 months, starting at sub-lethal venetoclax
concentrations (~IC10), which was the concentration of venetoclax at which 10% of the cells
were killed by 48 h. Cell lines were considered venetoclax-resistant when they maintained
viability and grew in culture with continuous exposure to venetoclax at a concentration of
at least 10× the original IC50, which was the concentration of venetoclax at which 50% of
the cells were killed by 48 h. Venetoclax-resistant lines were maintained in venetoclax to
keep venetoclax pressure. For experiments, parental and venetoclax-resistant DLBCL cells
were resuspended in fresh media.

2.3. Inhibitors and Drug/Compound Screen

Protein inhibitors were purchased from vendors, and AbbVie (North Chicago, IL,
USA) provided a portion of the BCL2 family inhibitors (Supplementary Table S1). For the
drug/compound screen, venetoclax-resistant and its matched venetoclax-sensitive parental
line were screened at The Wistar Institute Molecular Screening and Protein Expression Facil-
ity (https://www.wistar.org/resources/molecular-screening-protein-expression-facility/).
Lines were screened for their sensitivity to 1919–2240 drugs/compounds (see Supplemen-
tary Materials for details). Estimated IC50 values were determined using a nonlinear
regression fit of the data to a one-site dose–response equation using XLFit5 (IDBS, Woking,
UK). For analysis, the geometric means of the IC50 values were calculated for compounds
that were duplicated. Compounds with small structural modifications or different for-
mulations with similar IC50 values were grouped, and if IC50 values were different, they
were not grouped. Fold-changes in IC50 values of each compound/grouped compounds
were calculated by comparing resistant to parental lines. Those that showed approximately
1.5-fold or greater sensitivity were divided according to the pathways they target (see
Supplementary Materials).

2.4. Cell Survival and Synergy Analyses

Cells were placed in 96-well round bottom plates (10,000–50,000 cells/well depending
on the line’s rate of growth, triplicates/quadruplicates). Following 48 h incubation with
targeted inhibitors, cell survival/viability was measured using CellTiter-96 Aqueous One
Solution Cell Proliferation Assay (MTS assay, 492 nm; Promega, Madison, WI, USA) or
CellTiter-Fluor Cell Viability Assay (Promega). Single-agent IC50 concentrations were
determined by nonlinear regression of log (inhibitor) vs. normalized response analysis and
plotted using the curve-fitting guides for dose–response curves in GraphPad Prism (version
10.0.0). For determination of synergy, cells were treated with at least 3–4 concentrations
of each inhibitor, both as a single agent and in combination, with doses ranging between
the approximate IC10 and IC50. Synergy scores were calculated using SynergyFinderPlus
online tool [29]. Synergy was defined as a synergy score > 10, according to the ZIP method,
but additional methods (Bliss, HSA, Loewe) were also used for further verification (see
Supplementary Materials).

2.5. Western Blotting

Whole-cell protein lysates were generated using RIPA buffer (50 mM Tris pH 7.4,
150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS), and equal amounts
of protein from each sample were compared by Western blot and chemiluminescence was
detected by film. The antibodies used are in Supplementary Table S1.

https://www.wistar.org/resources/molecular-screening-protein-expression-facility/
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2.6. Caspase-3/7 Apoptosis Analysis

DLBCL cells were incubated with inhibitors in triplicate, and percentages of apoptotic
cells were determined by detection of activated Caspase-3/7 using either the CellEvent
Caspase-3/7 Green Flow Cytometry Assay Kit (Invitrogen, Waltham, MA, USA) for DLBCL
cell lines and one marginal zone lymphoma patient sample or the CellEvent Caspase-3/7
Green Detection Reagent for plate-based assays (Invitrogen) for the rest of the patient
samples, according to the manufacturer’s instructions. Flow cytometry was performed
on LSRII or Celesta cytometers and analyzed using FlowJo software (version 10.8.0, BD
Biosciences, Franklin Lakes, NJ, USA).

2.7. Live/Dead Assay

Cells were placed in 96-well round bottom plates (10,000–50,000 cells/well depending
on the line’s rate of growth, triplicates), and live/dead assay (Abcam, Cambridge, UK)
was performed according to the manufacturer’s instructions for flow cytometric analysis
at 72 or 96 h after adding compounds. Samples were run on a Fortessa cytometer (BD
Biosciences) and analyzed with FlowJo software.

2.8. RNA-Sequencing and Data Availability

Total RNA was isolated using TRIzol (Ambion, Thermo Fisher Scientific Inc.) following
the manufacturer’s protocol. RNA concentration and integrity/quality were determined
by Qubit (Thermo Fisher Scientific Inc.) and Agilent TapeStation, respectively. RNA-
sequencing was performed by Azenta Life Sciences (Burlington, MA, USA) and Thomas
Jefferson University Genomics core facility. RNA-sequencing profiles for SUDHL6 and
SUDHL16 parental and venetoclax-resistant cell lines were generated using Illumina HiSeq
4000 and NovaSeq 6000 platforms, respectively. Libraries were prepared using the NEBNext
Ultra II RNA Library Preparation Kit for SUDHL6 (New England Biolabs, Ipswich, MA,
USA) and the Illumina Stranded Total RNA Prep with RiboZero Plus ligation for SUDHL16
(Illumina, San Diego, CA, USA). Evaluation of RNA-sequencing data and follow-up func-
tional analyses were conducted using standard pipelines (see Supplementary Materials).
Data are available in GEO (GSE252306).

2.9. Sequencing BCL2, BAX, and TP53

Total RNA was isolated as described above. cDNA was generated using the Super-
Script III First-strand Synthesis System (Invitrogen) prior to PCR amplification and sequenc-
ing using the following primers: BCL2-Forward 5′-CGTCCAAGAATGCAAAGCAC and
BCL2-Reverse 5′-TCATGGTACATCACTGACAATGC; BAX-Forward 5′-AGCGGCGGTGAT
GGACG; and BAX-Reverse 5′-ACCCCTCCCAGAAAAATGCC. We previously published
the TP53 primers [30]. PCR amplicons were separated by gel electrophoresis, extracted,
and submitted for Sanger sequencing at Azenta Life Sciences.

2.10. Flow Cytometry Intracellular Protein Analysis

Single-cell suspensions were incubated with fluorophore-linked antibodies against
specific proteins (extracellular or intracellular) or isotype controls (Supplementary Table S1).
Fluorophore-positive cells were determined based on isotype controls. For cell lines, only
intracellular staining was performed. For patient lymphoma samples, viability staining
followed by surface staining was performed prior to intracellular staining. For viability, the
fixable viability stain 440UV (BD Biosciences) was used per the manufacturer’s protocol.
For surface staining, cells were re-suspended in FACS buffer (PBS + 0.5% BSA) containing
a cocktail of surface antibodies. For antibody cocktails containing 2 or more antibodies
conjugated to BV fluorescent dyes, Brilliant Stain Buffer (BD Biosciences) was used instead
of FACS buffer. For intracellular staining of anti-apoptotic BCL2 proteins, cells were first
fixed with 4% paraformaldehyde, then permeabilized with 0.1% Triton X-100 in PBS, and
finally re-suspended in FACS buffer containing a cocktail of antibodies specific for BCL2
family proteins. Samples were evaluated on a Fortessa cytometer (BD Biosciences) and
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analyzed using FlowJo software. Patient samples were gated on the B-cell markers CD20+,
CD19+, Kappa+, and/or Lambda+ for analysis.

2.11. Patient Samples

Fresh (not FFPE), de-identified tissue was obtained, following written informed con-
sent, from surgical biopsies of patients with suspected aggressive lymphoma through the
CAP-certified Sidney Kimmel Cancer Center Biorepository at Thomas Jefferson University
under IRB#20D.826. All samples showed viability of >90%. Data are shown from samples
with a confirmed diagnosis of DLBCL, follicular lymphoma, or marginal zone lymphoma
following hematopathological review. Patient characteristics and other details (e.g., further
diagnosis classification, cytogenetic features, etc.) are listed in Supplementary Table S2.
Tissue samples were processed into single-cell suspensions by gentle mechanical disruption
through a 100 µm cell strainer. Intracellular protein analysis was performed as described
above. For survival assays, B-cells were isolated using the Human B-cell Isolation Kit II
(Miltenyi Biotec, Bergisch Gladbach, Germany). The number and viability of recovered
cells were determined using Trypan Blue Dye exclusion. For cell survival analyses using
ETC and IDH2 inhibitors, cell survival was determined following 24 h of treatment using
the CellTiter-Fluor Cell Viability Assay (Promega). All other cell viability assays were
completed using CellTiter-96 Aqueous One Solution Cell Proliferation Assay (Promega), as
described above. Caspase-3/7 activity was measured as described above.

2.12. Statistics

Experiments were performed with at least three technical triplicates for each sample
and at least two independent experiments were performed per condition for each cell
line. Data are presented as mean ± standard deviation (SD) or standard error of the mean
(SEM) and are indicated in the figure legends. Statistical significance was determined using
unpaired, two-tailed Student t-tests when comparing two groups or one-way ANOVA
with Bonferroni multiple comparisons test when comparing more than two groups at a
single time point using GraphPad Prism software (version 10.0.0). Significance for RNA-
seq data with read counts was determined using edgeR (version 3.38.4) as described in
the Supplementary Materials, and Hallmark pathway enrichment analysis was based on
an FDR < 0.05 cutoff. Statistical significance of differential gene expression was based
on a p-value cutoff of 0.05 after being adjusted by the Benjamini–Hochberg multiple test
correction method with at least a 1.5-fold change.

3. Results
3.1. Differences in BCL2 Family Member Expression in Intrinsically Venetoclax-Sensitive and
-Resistant DLBCL Cells

To gain insight into the contribution of BCL2 to DLBCL survival, we screened ten
DLBCL lines that included GCB and ABC subtypes for sensitivity to venetoclax. We
identified two groups, one with sensitivity to venetoclax (IC50 0.04–1.1 µM) and the other
with intrinsic resistance (IC50 4.4–9.5 µM) to venetoclax (Figure 1A). Moreover, BCL2
protein levels in these lines showed that venetoclax sensitivity tended to correlate with
higher BCL2 protein expression (Figure 1B), as previously reported [31,32]. However, OCI-
Ly3 cells demonstrated intrinsic venetoclax resistance despite high BCL2 levels, indicating
that factors beyond BCL2 expression contribute to venetoclax sensitivity. Due to amino acid
differences at antibody binding sites in two venetoclax-sensitive DLBCL lines, SUDHL4
and SUDHL6, two BCL2 antibodies were needed to detect BCL2 (Figure 1B, Supplementary
Table S1).
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Figure 1. Generation and characterization of DLBCL cell lines with acquired venetoclax resistance.
(A) Venetoclax dose–response curves (MTS, 48 h, relative to DMSO vehicle control, quadruplicates,
mean ± SEM) for DLBCL cell lines with intrinsic venetoclax sensitivity (blue shades) or resistance
(red shades). IC50 values in parentheses. (B) Western blots of the indicated proteins from the
10 DLBCL lines in A. Each β-actin blot is associated with the blots above it. Two different BCL2
antibodies were needed to detect BCL2 in SUDHL4 and SUDHL6. (C) Venetoclax dose–response
curves of parental (Par, blue) and acquired venetoclax-resistant (Res, red) DLBCL lines (MTS, 48 h,
relative to DMSO vehicle control, quadruplicates, mean ± SEM). IC50 values of each indicated.
(D) Caspase-3/7 activity after 12 h of venetoclax (Ven) treatment or DMSO vehicle control of the
lines from C (triplicates/quadruplicates, mean ± SD). Low and high doses of venetoclax are the IC50
and 10× the IC50 of the parental line, respectively. Representative histograms following high-dose
venetoclax treatment or DMSO shown. * p < 2.30 × 10−5, compared to vehicle (DMSO) control.
(E) Chromatograms of BCL2 sequencing of the SUDHL4 parental and acquired venetoclax-resistant
lines. (F) Western blots of BCL2 family members of the three parental (P) and acquired venetoclax-
resistant (R) DLBCL lines (BCL2 Ab1 used for SU4 and SU16; BCL2 Ab2 used for SU6); note that
some exposures in (F) were longer than in (B) to detect lower-expressed proteins. Each β-actin blot is
associated with at least one of the blots above it.
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Comparing BCL2 family member expression showed that DLBCL lines with intrinsic
venetoclax resistance had higher levels of BCLW, whereas venetoclax-sensitive lines had
higher levels of BCL2 (Figure 1B), suggesting that a reciprocal relationship may exist
between the two. Venetoclax-sensitive lines also typically had increased pro-apoptotic BAK
levels (Figure 1B), which is a key effector of mitochondrial pore formation for apoptosis [33].
BCLX was overexpressed to varying degrees in half of all lines, irrespective of venetoclax
sensitivity/resistance. MCL1 overexpression was evident in all but two DLBCL lines, but
BFL1 was overexpressed in only three lines (ABC subtype) and did not correlate with
venetoclax sensitivity/resistance (Figure 1B). Evaluation of the levels of pro-apoptotic
BCL2 family members, other than BAK, did not show any clear correlation with venetoclax
sensitivity or resistance (Figure 1B). Together, these data suggest that high expression
of BCLW alone or together with BCLX or MCL1 and lower levels of BAK may confer
venetoclax resistance. Furthermore, BCL2 and BAK overexpression distinguish venetoclax-
sensitive DLBCL lines. Therefore, protein levels of specific BCL2 family members were
indicative of intrinsic sensitivity or resistance to venetoclax and indicated that BCL2/BAK
and BCLW levels are potential biomarkers for sensitivity/resistance.

3.2. BCL2 Family Member Alterations in Acquired Venetoclax Resistance in DLBCL Cells

To study mechanisms of acquired venetoclax resistance in DLBCL, we generated
three venetoclax-resistant DLBCL lines from SUDHL4, SUDHL6, and SUDHL16 lines
with increasing venetoclax concentration exposure over many months. Two of the lines
(SUDHL4 and SUDHL6) harbored both BCL2 and MYC translocations [34]. DLBCL lines
with acquired venetoclax resistance (≥10× their original IC50; Figure 1C) maintained
viability following exposure to a log-fold higher dose of venetoclax, compared to their
parental counterparts, which showed venetoclax-dose-dependent apoptosis (Figure 1D).

To investigate the causes of acquired venetoclax resistance in the DLBCL lines, we took
multiple approaches. We first sequenced BCL2, as acquired BCL2 mutations in and around
the BH3-binding domain can diminish venetoclax binding, leading to resistance [35–37].
There were acquired heterozygous mutations (F104L/V) in the BH3-binding domain of
BCL2 only in SUDHL4 cells (Figure 1E; Supplementary Table S3), suggesting at least a
partial dependence on BCL2 for survival. Only SUDHL6 had reduced BCL2 protein levels
(Figure 1F). We also sequenced the pro-apoptotic BCL2 family member BAX that mediates
the apoptotic signal, as BAX mutations are reported in CLL and AML patients treated
with venetoclax [38,39]. BAX was not mutated in any of the acquired venetoclax-resistant
DLBCL lines (Supplementary Table S3), but its protein levels were reduced in SUDHL4 cells.
In addition, although parental DLBCL lines with TP53 mutations (e.g., SUDHL4, SUDHL6,
and SUDHL16) were not more resistant to venetoclax than those with wild-type TP53 (e.g.,
SUDHL5 and OCI-Ly10), TP53 mutation is associated with reduced venetoclax sensitivity
in AML and CLL [40,41]. Of the three venetoclax-sensitive parental DLBCL lines, none
gained a new TP53 mutation following acquired venetoclax resistance (Supplementary
Table S3). Therefore, neither BAX nor TP53 mutations contributed to acquired DLBCL
venetoclax resistance in the DLBCL lines, but a BH3-binding domain mutation in BCL2
in SUDHL4 cells did. Also, reduced levels of BCL2 in SUDHL6 cells may have impacted
venetoclax sensitivity.

We next assessed if acquired venetoclax resistance was associated with altered levels
of BCL2 family members, as we detected in the intrinsically venetoclax-resistant lines and
as previously suggested in venetoclax-treated CLL patients and in pre-clinical models of
AML and other hematologic malignancies [35,37,42,43]. There were increased BCLX levels
in both SUDHL6 and SUDHL16, the two lines that did not have a BCL2 BH3-domain
mutation, and SUDHL6 or SUDHL16 also had increased MCL1 or BFL1, respectively
(Figure 1F). Additionally, similar to the intrinsically venetoclax-resistant DLBCL lines,
there was a decrease in BAK protein in all three acquired venetoclax-resistant DLBCL
lines (Figure 1F), which has an essential role in executing apoptosis and is typically not
evaluated [10]. Therefore, reduced BAK and increased BCLX were reoccurring changes in
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acquired venetoclax resistance, although there was heterogeneity in the expression of other
BCL2 family members that may also contribute to venetoclax resistance development in
DLBCL. Unexpectedly, the BH3-domain mutant SUDHL4 cells also had increased BFL1
and reduced pro-apoptotic BAX, NOXA, and PUMA, which also likely contributed to their
venetoclax resistance.

3.3. Overcoming Venetoclax Resistance in DLBCL Cells with Combination BCL2 Family Member
Inhibition

Given that one or more BCL2 family member levels changed with venetoclax resis-
tance, we evaluated sensitivity to navitoclax (targets BCL2, BCLX, and BCLW) and a BCLX-
specific inhibitor (A-1331852) [44], as well as an MCL1-specific inhibitor (MIK665) [45]. All
the acquired venetoclax-resistant lines had an expected increased resistance to navitoclax
(Figure 2A, Supplementary Figure S1A), which has greater affinity for BCL2 than BCLX
and BCLW [46]. Surprisingly, the significantly increased BCLX levels in the venetoclax-
resistant SUDHL6 and SUDHL16 lines (Figure 1F) did not correlate with increased sen-
sitivity to BCLX inhibition (Figure 2A, Supplementary Figure S1A); however, it did for
BCLX-overexpressing intrinsically venetoclax-resistant SUDHL8 cells (Figures 1B and 2A,
Supplementary Figure S1B). The BH3-domain mutant SUDHL4 cells were more sensitive
to BCLXi but were significantly more resistant to MCL1i than their parental line (Figure 2A,
Supplementary Figure S1A), providing further evidence that additional apoptosis-inhibiting
changes than just the BH3-domain mutation in BCL2 have occurred. SUDHL16 venetoclax-
resistant cells were also more resistant to MCL1i than their parental line. In contrast, the
SUDHL6-resistant line was significantly more sensitive to MCL1i (Figure 2A, Supplemen-
tary Figure S1A), and this was consistent with its increased MCL1 levels (Figure 1F). The
intrinsically venetoclax-resistant SUDHL5 and SUDHL10 cells that have the highest levels
of MCL1 (Figure 1B) were very sensitive to MCL1 inhibition; however, SUDHL2 cells that
had low levels of MCL1 were also sensitive to MCL1 inhibition (Figure 2A, Supplementary
Figure S1B). Without a specific inhibitor for BCLW or BFL1, it is unclear how reliant on these
proteins the venetoclax-resistant lines are. Overall, these data indicate that upregulation of
alternate anti-apoptotic BCL2 proteins in intrinsic or acquired venetoclax-resistant cells can,
but does not consistently, correlate to increased dependence on those proteins and likely is
due to changes in pro-apoptotic BCL2 family members, such as BAK, and proteins in other
pathways. Additionally, the observation of heterogeneous alterations in BCL2 family proteins
and a lack of consistency between expression and sensitivity to inhibition between resistant
lines suggests that multiple mechanisms of venetoclax resistance develop in DLBCL.

Given that we previously reported that DLBCL patient samples [47], as well as cell
lines in this current study (Figure 1B,F), typically overexpress more than one anti-apoptotic
BCL2 family member, and in light of the low clinical efficacy of single-agent venetoclax
in DLBCL [20], we assessed whether the addition of BCLX or MCL1 inhibitors to veneto-
clax was able to sensitize DLBCL cells to venetoclax. Viability was measured after com-
bination treatment with BCLXi or MCL1i plus venetoclax (BCL2i) at a range of doses
(Supplementary Figure S1C–E). Synergy analyses showed a synergistic effect of both drug
combinations in all parental lines and the other intrinsically venetoclax-sensitive lines
(Figure 2B, Supplementary Figure S1C,D, Supplementary Table S4). However, MCL1i +
BCL2i was only synergistic in SUDHL4 (BH3-domain mutant) and SUDHL16 acquired
venetoclax-resistant lines (Figure 2B, Supplementary Figure S1C, Supplementary Table S4).
Across the five DLBCL lines with intrinsic venetoclax resistance, MCL1i + BCL2i showed
a synergistic effect in three lines (Figure 2B, Supplementary Figure S1E, Supplementary
Table S4). BCLXi + BCL2i was additive or barely synergistic for the acquired and inher-
ently venetoclax-resistant lines, except OCI-Ly3, for which it was synergistic (Figure 2B,
Supplementary Figure S1C,E, Supplementary Table S4). Also, any synergy observed in
the acquired venetoclax-resistant cells was less robust (lower synergy scores) compared to
parental counterparts (Figure 2B, Supplementary Table S4). Collectively, MCL1 inhibition
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together with venetoclax was sufficient most of the time to overcome both acquired and
intrinsic venetoclax resistance, but BCLX inhibition rarely did.
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Figure 2. Combination treatment with BCL2 family member inhibitors is effective for DLBCL, follicular,
and marginal zone lymphomas. (A) IC50s (µM) of acquired venetoclax-resistant (Res) and parental
(Par) DLBCL lines and intrinsically venetoclax-resistant DLBCL lines following 48 h of treatment with
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navitoclax (Nav, B2XWi), A-1331852 (A852, BCLXi), or MIK665 (MIK, MCL1i). (B) ZIP synergy
scores of venetoclax-sensitive and acquired venetoclax-resistant DLBCL lines (top) or intrinsically
venetoclax-resistant (bottom) treated with venetoclax (Ven, BCL2i) + A852 (BCLXi) or MIK (MCL1i).
See Supplementary Table S4 for synergy scores from other synergy methods. (C–F) Intracellular flow
cytometry of four anti-apoptotic BCL2 family members and treatment results with venetoclax (Ven,
V), navitoclax (Nav, N), A-1331852 (A852, A), MIK665 (MIK, M), or untreated (UT) in fresh patient
samples of DLBCL (C), normal B-cells (D), follicular lymphoma (E), and marginal zone lymphoma (F).
Representative histograms shown with median fluorescence intensity (MFI) after subtracting the
isotype control MFI value. Following B-cell enrichment, cell survival (MTS, relative to DMSO vehicle
control, triplicates, mean ± SD) was measured 6–12 h after treatment with the compounds indicated.
For (C) * p < 0.01, (E) * p < 0.05 (top) and * p < 0.01 (bottom), and (F) * p < 0.05, comparing each
concentration used in the combination treatment to the same concentration of each single agent.

3.4. Combination Treatment of DLBCL, Follicular, and Marginal Zone Lymphoma Patient Samples
with BCL2 Family Inhibitors

To gain further understanding of whether BCL2 family member levels correlated with
sensitivity to BCL2 family inhibitors alone and in combination, we next evaluated patient
samples. Because of the limited sample size, we utilized intracellular protein analysis of
anti-apoptotic BCL2 family members by flow cytometry. To determine the accuracy of this
method and the antibodies chosen, we tested the levels of intracellular BCL2, BCLX, BCLW,
and MCL1 protein in DLBCL cell lines that had high or low levels of the specific protein
by Western blot (Figure 1B). Intracellular analysis of BFL1 could not be performed due to
the lack of a sufficiently BFL1-specific antibody. The intracellular levels of each protein
matched the Western blot data (Supplementary Figure S2A), and the antibody that does not
detect BCL2 in SUDHL6 also showed no off-target binding in this assay (Supplementary
Figure S2A). These results indicate that our method of intracellular protein analysis is a
sufficiently accurate measure of BCL2, BCLX, BCLW, and MCL1 protein levels.

We then analyzed fresh DLBCL patient samples obtained from lymph node biopsies.
There were varying levels of BCL2, BCLX, BCLW, and MCL1 in GCB and non-GCB DLBCL
subtypes (Figure 2C, Supplementary Figure S2B). The levels of these proteins were typically
elevated compared to their levels in normal B-cells (Figure 2D), which is consistent with the
elevated RNA levels of these genes in DLBCL patient samples we previously reported [47].
For those samples with sufficient DLBCL cells, we evaluated single agents and, when
possible, combination treatments with BCL2 family inhibitors. DLBCL samples showed
some sensitivity to venetoclax alone (Figure 2C, Supplementary Figure S2C), and this
was similar to that in normal B-cells (Figure 2D). While there were modest effects of the
BCLX and the MCL1 inhibitors alone, these did not necessarily correlate to their expression
level; however, combinations of these inhibitors with venetoclax showed cooperativity
(Figure 2C). Notably, lower concentrations of each inhibitor used in combination with
venetoclax typically resulted in better cell killing than the highest concentrations of each
inhibitor alone, indicating cooperative lethal effects of the combinations. These data
demonstrate possible benefits to combination treatment with venetoclax and BCLXi or
MCL1i for DLCBL, but investigations for additional options are certainly warranted due to
potential toxicities with these combinations.

In addition to DLBCL, we also evaluated BCL2, BCLX, BCLW, and MCL1 expression
and the effects of single and combination inhibitors in patient samples of indolent lym-
phomas that can progress to large B-cell lymphoma [48,49], specifically follicular lymphomas
that were either low- or high-grade and marginal zone lymphoma. Low-grade follicular
lymphoma samples showed increased BCL2 levels and high-grade lower levels, as would
be expected (Figure 2E, Supplementary Figure S2D [47]). Moreover, low-grade was more
sensitive to venetoclax, navitoclax, and MCL1 inhibition compared to high-grade, and combi-
nations of venetoclax with the other inhibitors showed more efficacy in low-grade (Figure 2E,
Supplementary Figure S2E). For marginal zone lymphoma cells, levels of BCL2 family mem-



Cancers 2024, 16, 2130 11 of 23

bers were similar to DLBCL, but they were quite sensitive to venetoclax, navitoclax, and
MCL1 inhibition, and combination treatments with venetoclax showed cooperation (Figure 2F,
Supplementary Figure S2F). Together, patient samples of DLBCL, follicular lymphoma, and
marginal zone lymphoma were sensitive to combination treatments of venetoclax plus BCLXi
or MCL1i, showing cooperative effects with two BCL2 family inhibitors.

3.5. Transcriptomic and Drug Screen Analyses Identify Oxidative Phosphorylation as a Target-Able
Vulnerability in Acquired Venetoclax-Resistant DLBCL

To gain insight into pathways that may confer venetoclax resistance in DLBCL cells
and identify new targets to overcome or circumvent it, we performed RNA-sequencing and
drug/compound screens on both the parental and acquired venetoclax-resistant SUDHL6
and SUDHL16 DLBCL lines (Figure 3A). Given that the mechanism of venetoclax resistance
in SUDHL4 cells was an acquired point mutation in the BH3 domain, they were not included
in these analyses. Evaluation of the RNA-sequencing data revealed six Hallmark genesets
significantly increased (FDR < 0.05) in both acquired venetoclax-resistant lines compared
to their respective venetoclax-sensitive parental lines, with oxidative phosphorylation a top
pathway identified (Figure 3A and Supplementary Table S5). Additionally, screening of
approximately 2000 compounds showed that compared to their venetoclax-sensitive parental
cells, venetoclax-resistant DLBCL cells had increased sensitivity to mubritinib, initially thought
to be a HER2 inhibitor [50], but subsequently shown to inhibit the mitochondrial electron
transport chain (ETC; [51]) (Figure 3A, Supplementary Table S6). Oxidative phosphorylation
is the engine of the ETC in mitochondria, so the overlap between both approaches revealed
that the same pathway is impacted by DLBCL cells acquiring venetoclax resistance.

Since both the RNA-sequencing and drug/compound screening results suggested
that the venetoclax-resistant DLBCL lines should be more sensitive to inhibitors of mito-
chondrial oxidative phosphorylation, we treated them with mitochondrial ETC complex
I inhibitors, mubritinib, BAY-87-2243, and IACS-010759 [51–53], and for comparison, a
mitochondrial protein translation inhibitor tigecycline [54]. Under our culture conditions,
the acquired venetoclax-resistant lines SUDHL6 and SUDHL16 were both significantly
more sensitive to ETC inhibition compared to their venetoclax-sensitive parental lines,
showing an increase in non-viable cells (Figure 3B). In contrast, tigecycline only had an
effect at a high concentration in SUDHL16 parental and resistant cells. The SUDHL4 ac-
quired venetoclax-resistant cells were not sensitive to ETCi (Figure 3B), suggesting that
the BCL2 BH3-domain mutation did not increase reliance on the ETC. Evaluation of the
intrinsically venetoclax-resistant DLBCL lines showed three of the five lines had increased
cell death with ETC inhibition (Figure 3C). Further evaluation of SUDHL10, which is
both venetoclax-resistant and ETC inhibition-resistant, showed no detectable BCL2 protein
expression (Supplementary Figure S2G). These results indicate that venetoclax-resistant
DLBCL cells have an increased dependence on ETC complex I and that acquired venetoclax
resistance due to BCL2 mutation or intrinsic resistance from BCL2 expression loss does not
confer this reliance.

We next tested the efficacy of the ETC inhibitors alone and in combination with
venetoclax in DLBCL patient samples. There was some sensitivity within 24 h to venetoclax
and the ETC inhibitors alone, but only at high concentrations (Figure 3D). However,
combination treatments with even low concentrations of venetoclax with any of the three
ETC inhibitors showed significantly reduced survival over that of the compounds alone
(Figure 3D). There was also significantly increased cleaved Caspase-3/7 activity with
combination treatment (Figure 3E). Similarly, a marginal zone lymphoma patient sample
also showed increased sensitivity to venetoclax when combined with ETC inhibition
(Figure 3F). Together, these data verify the RNA-sequencing and drug/compound screening
results and reveal that the ETC pathway is a targetable vulnerability in venetoclax-resistant
DLBCL cells and patient samples.



Cancers 2024, 16, 2130 12 of 23

Cancers 2024, 16, 2130 12 of 24 
 

 

 
Figure 3. Targetable oxidative phosphorylation vulnerability identified in venetoclax-resistant 
DLBCL lines and lymphoma patient samples. (A) Schematic of the workflow of RNA-seq analysis 
and drug/compound screens (images modified from BioRender.com) with the cell line comparisons 
indicated and the number of genesets identified (Venn diagram). The six overlapping Hallmark gen-
esets are listed. (B,C) Cell death caused by ETC inhibitor or tigecycline-treated acquired venetoclax-
resistant and parental DLBCL lines (B) or intrinsically venetoclax-resistant DLBCL lines (C) was 
measured with live/dead flow cytometry assay (72–96 h, triplicates, relative to DMSO vehicle con-
trol, mean ± SD). For (B) * p < 0.01 (SUDHL6) and * p < 0.05 (SUDHL16), comparing each resistant 
cell line to its parental counterpart at each concentration. For (C) * p < 0.0001, comparing treated 
cells at each concentration to untreated cells. (D–F) Treatment of DLBCL (D,E) and marginal zone 
(F) lymphoma patient samples with venetoclax (Ven, V), mubritinib (Mub, M), BAY-87-2243 (BAY, 

Figure 3. Targetable oxidative phosphorylation vulnerability identified in venetoclax-resistant DL-
BCL lines and lymphoma patient samples. (A) Schematic of the workflow of RNA-seq analysis and
drug/compound screens (images modified from BioRender.com) with the cell line comparisons indi-
cated and the number of genesets identified (Venn diagram). The six overlapping Hallmark genesets
are listed. (B,C) Cell death caused by ETC inhibitor or tigecycline-treated acquired venetoclax-
resistant and parental DLBCL lines (B) or intrinsically venetoclax-resistant DLBCL lines (C) was
measured with live/dead flow cytometry assay (72–96 h, triplicates, relative to DMSO vehicle control,
mean ± SD). For (B) * p < 0.01 (SUDHL6) and * p < 0.05 (SUDHL16), comparing each resistant cell
line to its parental counterpart at each concentration. For (C) * p < 0.0001, comparing treated cells
at each concentration to untreated cells. (D–F) Treatment of DLBCL (D,E) and marginal zone (F)
lymphoma patient samples with venetoclax (Ven, V), mubritinib (Mub, M), BAY-87-2243 (BAY, B),
and/or IACS-010759 (IACS, IA). Cell viability assays ((D,F), 24 h, triplicates, relative to DMSO vehicle
control, mean ± SD) and Caspase-3/7 activity assay ((E), 24 h, triplicates, fold-change relative to
DMSO vehicle control, mean ± SD). (D–F), * p < 0.0001, comparing each combination treatment to
both single agent treatments at the same concentrations.
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3.6. Synergistic Effects Co-Targeting BCL2 and IDH2 in Venetoclax-Resistant DLBCL

Further analysis of our DLBCL RNA-seq data showed that of the Hallmark oxida-
tive phosphorylation pathway genes, IDH2 was the only gene that showed significantly
(FDR < 0.05 with 1.5-fold cutoff) increased expression in both the SUDHL6 and SUDHL16
acquired venetoclax-resistant lines compared to their parental lines (Figure 4A). IDH2 is
a mitochondrial enzyme that produces NADPH to regulate redox [55]. Also, different
subunits (A,B,G) of the heterotetramer IDH3 gene that regulates the TCA cycle had altered
expression but did not overlap between the two cell lines. Given that IDH2 was upregulated
with acquired venetoclax resistance, we treated the SUDHL6 and SUDHL16 venetoclax-
resistant lines with AGI-6780, an IDH2 inhibitor with affinity for wild-type IDH2 [56–58].
IDH2i alone reduced DLBCL survival of both lines only at high concentrations. However,
when IDH2i was combined with venetoclax, it showed synergy with reduced DLBCL
survival (Figure 4B), reduced viable cells (Figure 4C), and increased apoptosis (Figure 4D).
Similarly, treatment of DLBCL patient cells had some sensitivity to single-agent treatment
with venetoclax or the IDH2 inhibitor (Figure 4E). However, combination treatment with
even low concentrations of venetoclax with the IDH2 inhibitor showed significantly re-
duced DLBCL patient cell survival and increased cleaved Caspase-3/7 activity over that
of the compounds alone (Figure 4E,F). Additionally, a patient sample of marginal zone
lymphoma also showed increased sensitivity to venetoclax when combined with IDH2
inhibition (Figure 4G). These results indicate that targeting IDH2 was able to overcome
venetoclax resistance and was synergistic when combined with venetoclax, revealing a
potential new treatment approach to overcome venetoclax resistance.

3.7. Drug/Compound Screens Identify Targetable Pathways to Circumvent DLBCL Venetoclax
Resistance

Ideally, drugs capable of killing both venetoclax-resistant and -sensitive DLBCL cells
could be used to eliminate both cellular populations in patients. Therefore, we evaluated
our drug/compound screening data further and identified five drugs/compounds that
exhibited a large (>1 log) difference between the derived venetoclax-resistant lines and their
venetoclax-sensitive parental lines. Three proteins targeted by these drugs/compounds were
in the PI3K/AKT/mTOR pathway (Supplementary Table S6). Those drugs/compounds
that showed approximately 1.5-fold or greater sensitivity in venetoclax-resistant DLBCL
cells compared to their parental lines were grouped into pathway categories based on
their targets (Supplementary Table S6). In addition to metabolism already described
above, pathways targeting transcription/epigenetics, kinases/cell growth, DNA dam-
age/chemo/microtubule, cell death, and protein folding showed a small increase in sensi-
tivity in the venetoclax-resistant lines (Spearman’s rank correlation score 0.095 with p = 0.84;
Figure 5A, Supplementary Table S6). From these data, we focused on two groups of com-
pounds: those that target transcription/epigenetics, including CDK7/9 inhibitors that
regulate RNA pol II for transcription [59–61] and histone deacetylases [62], and those that
target kinases/growth, focusing on the B-cell receptor signaling pathway proteins (PI3K,
BTK, SYK) [63] for follow-up experiments.
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Figure 4. IDH2 is upregulated in acquired venetoclax-resistant DLBCL cells, and its inhibition
synergizes with venetoclax to overcome resistance. (A) Number of overlapping and non-overlapping
genes identified from Hallmark oxidative phosphorylation geneset evaluation after the comparisons
shown in Figure 3A were performed. Venn diagram (left) and significantly (FDR < 0.05 with ≥1.5-fold
change) altered genes are in the heatmaps (right). (B–D) Combination treatment with venetoclax
(Ven, V) + IDH2 inhibitor (AGI-6780, AGI, A) in acquired venetoclax-resistant DLBCL lines. Survival
assays ((B), left, 48 h, quadruplicates, relative to DMSO vehicle control, mean ± SEM) and 3D ZIP
synergy plots ((B), right), live/dead flow cytometry analysis ((C), left, 48 h, triplicates, relative to
DMSO vehicle control, mean ± SEM) and 3D ZIP synergy plots ((C), right), and Caspase-3/7 activity
measured ((D), 48 h, triplicates, mean ± SD). Untreated (UT). (E–G) Treatment of DLBCL (E,F) and
marginal zone lymphoma (G) patient samples with venetoclax (Ven, V) and AGI-6780 (AGI, A). Cell
viability assays for IDH2i ((E,G), 24 h, triplicates, relative to DMSO vehicle control, mean ± SD) and
Caspase-3/7 activity ((F), 24 h, triplicates, fold-change relative to DMSO vehicle control, mean ± SD).
For (D–G) * p < 0.0001, comparing each combination treatment to both single-agent treatments at the
same concentrations.



Cancers 2024, 16, 2130 15 of 23
Cancers 2024, 16, 2130 16 of 24 
 

 

 
Figure 5. Targetable critical pathways in venetoclax-sensitive and -resistant DLBCL revealed from 
drug/compound screening. (A) Median fold-change of all compounds in the categories indicated 
with ≥1.5-fold increased sensitivity in acquired venetoclax-resistant DLBCL lines compared to ve-
netoclax-sensitive lines identified by drug screens. (B,C) IC50s (µM) of acquired venetoclax-resistant 
(Res) and parental (Par) DLBCL lines and intrinsically venetoclax-resistant DLBCL lines following 

Figure 5. Targetable critical pathways in venetoclax-sensitive and -resistant DLBCL revealed from
drug/compound screening. (A) Median fold-change of all compounds in the categories indicated with
≥1.5-fold increased sensitivity in acquired venetoclax-resistant DLBCL lines compared to venetoclax-
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sensitive lines identified by drug screens. (B,C) IC50s (µM) of acquired venetoclax-resistant (Res)
and parental (Par) DLBCL lines and intrinsically venetoclax-resistant DLBCL lines following 48 h
of treatment with CDK7/9 (B) or BCR (C) inhibitors. Transcription inhibitors: CDK9-IN-2 (CDK9i),
SNS-032 (CDK2/7/9i), THZ1 (CDK7i). B-cell receptor signaling inhibitors: copanlisib (Copa, PI3Ki),
ibrutinib (Ibru, BTKi), and R406 (SYKi). (D,E) MTS assays of enriched B-cells from fresh DLBCL (D,E),
follicular (D,E), and marginal zone (D) lymphoma patient samples treated 24 h with venetoclax (Ven,
V), THZ1 (T), CDK9 (CD), ibrutinib (Ib), R406 (R), and/or copanlisib (Copa, Co) (triplicates, relative
to DMSO vehicle control, mean ± SD). For (D) * p < 0.05 (top), * p < 0.01 (middle), and * p < 0.0001
(bottom), and for (E) * p < 0.0001, comparing each combination treatment to both single-agent
treatments at the same concentrations.

Treatment of DLBCL cells with CDK7/9 inhibitors (CDK9-IN-2, SNS-032, and THZ1)
showed that both SUDHL6 and SUDHL16 venetoclax-sensitive and -resistant DLBCL
cells were killed by CDK7/9 inhibition at similar IC50 concentrations, whereas SUDHL4
parental cells were more sensitive than the BH3-mutant SUDHL4 resistant cells (Figure 5B,
Supplementary Figure S3A). Intrinsically venetoclax-resistant lines had similar IC50 con-
centrations to the CDK7/9 inhibitors, with a few exceptions showing increased sensitivity
(Figure 5B, Supplementary Figure S3B). We also tested class I histone deacetylase (HDAC)
inhibitors (vorinostat, panobinostat, and romidepsin), which impact transcription and
chromatin remodeling [62]. All three acquired venetoclax-resistant and their parental
venetoclax-sensitive DLBCL lines were equally sensitive (had analogous IC50s) to HDAC
inhibition, with the greatest sensitivity to romidepsin followed by panobinostat and then
vorinostat (Supplementary Figure S3C). The intrinsically venetoclax-resistant lines were
similarly sensitive to the HDAC inhibitors (Supplementary Figure S3D).

Inhibition of the BCR signaling pathway had mixed results. Targeting PI3K with
the pan-class I PI3K inhibitor, copanlisib, which has a greater affinity for α and δ forms,
showed that the venetoclax-resistant SUDHL6 line was more sensitive than its parental
line, while the parental SUDHL16 and SUDHL4 lines were more sensitive than their
venetoclax-resistant counterparts (Figure 5C, Supplementary Figure S4A). Inhibition of
the BCR signaling pathway kinases, BTK with ibrutinib and SYK with R406, again indi-
cated that the venetoclax-resistant SUDHL6 cells had increased sensitivity, whereas the
other two venetoclax-resistant lines were less sensitive than their parental lines (Figure 5C,
Supplementary Figure S4A). All lines were least sensitive to R406 (SYKi). Four of five
intrinsically venetoclax-resistant DLBCL cells showed more sensitivity to copanlisib than
either ibrutinib or R406 (Figure 5C, Supplementary Figure S4B). Taken together, although
drug/compound screens showed increased sensitivity of venetoclax-resistant lines com-
pared to their venetoclax-sensitive parental lines to several pathways, our data show that
there were typically analogous sensitivities with a few exceptions. However, targeting
transcription initiation, transcription modulators, and the BCR signaling pathway was able
to circumvent venetoclax resistance most of the time.

3.8. DLBCL Patient Samples Were Sensitive to CDK7/9 and BCR Pathway Inhibitors

Next, we evaluated the efficacy of compounds that emerged from the drug screens
in lymphoma patient samples in combination with venetoclax. Treatment with CDK7/9
inhibitors together with venetoclax resulted in increased DLBCL, follicular lymphoma, and
marginal zone lymphoma patient sample cell death (Figure 5D). DLBCL and high-grade
follicular lymphoma patient samples were also sensitive to inhibition of BCR signaling with
PI3Ki, BTKi, or SYKi in combination with venetoclax (Figure 5E). High-grade follicular
lymphoma also showed increased cell death with HDACi and venetoclax (Supplementary
Figure S5). Therefore, the DLBCL patient sample data are consistent with the DLBCL
cell line data, demonstrating that DLBCL cells are sensitive to inhibition of the multiple
pathways we identified in this study and can cooperate with venetoclax. Our data also show
that two additional types of B-cell lymphoma are also sensitive to these inhibitors, revealing
multiple potential avenues for treating these B-cell lymphomas as well as DLBCL. Together,
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our data reveal critical new insights into the vulnerabilities of venetoclax resistance in B-cell
lymphomas and new approaches to target these.

4. Discussion

Venetoclax is FDA approved in AML and CLL with 1p deletion and in advanced clini-
cal development in molecular subtypes of multiple myeloma and mantle cell lymphoma.
However, clinical trial data in B-cell lymphoma are limited, and the low efficacy of veneto-
clax as a single agent in DLBCL and other B-cell lymphomas suggests that lymphoma cells
are mostly resistant to BCL2 inhibition alone [20]. To date, multiple mechanisms of veneto-
clax resistance have been elucidated in clinical trials in AML, CLL, multiple myeloma [64],
and mantle cell lymphoma [65], but no data are available for DLBCL. With multiple ap-
proaches, we have elucidated the diversity of mechanisms of venetoclax resistance already
present or that developed in DLBCL, reflecting the genetic heterogeneity and clinical com-
plexity of DLBCL. The frequent overexpression of two or more anti-apoptotic BCL2 family
members in DLBCL lines and patient samples [47] prevents targeting specific BCL2 family
members across all DLBCL patients. However, elevated BCL2 and BAK levels and re-
duced BCLW levels were a shared feature among intrinsically venetoclax-sensitive DLBCL
lines, which was the opposite in the intrinsically venetoclax-resistant lines, suggesting a
reciprocal relationship of these proteins and a potential for using them as biomarkers of
venetoclax sensitivity/resistance. Additionally, we identified several vulnerabilities specific
to venetoclax-resistant DLBCL cells, including sensitivity to inhibitors of the mitochondrial
ETC complex I. Moreover, we demonstrate a novel and potentially synergistic treatment
strategy for DLBCL by targeting the redox enzyme IDH2, together with venetoclax, to
overcome venetoclax resistance. Furthermore, venetoclax resistance in DLBCL could be
circumvented by inhibiting transcription with CDK7/9i, BCR signaling with BTKi, SYKi,
or PI3Ki, and deacetylation with class I HDACi. Together, the data reveal multiple vulnera-
bilities and clinically viable avenues for combination treatments for venetoclax-resistant
DLBCL and potentially for follicular and marginal zone lymphomas.

Overexpression of BCLX, BCLW, MCL1, and/or BFL1 causes resistance to venetoclax
and navitoclax in hematologic malignancies [10,35,43,66]. In AML, CLL, and mantle cell
lymphoma, upregulation and reliance on BCLX and MCL1 were reported to account for
venetoclax resistance [35,42,43,67]. In DLBCL cell lines, increased AKT activation was
associated with downstream upregulation of anti-apoptotic BCL2 proteins, leading to
venetoclax resistance [43]. Our data show that DLBCL with acquired venetoclax resistance
had increased BCLX levels, but they were not more sensitive to BCLX inhibition. Although
we determined that the combination of venetoclax and an MCL1 inhibitor was synergistic
and overcame venetoclax resistance in DLBCL, the clinical development of MCL1 inhibitors
is impeded by cardiac toxicity, likely through an apoptosis-independent mechanism in
cardiomyocytes [10,68].

Increased levels of any anti-apoptotic BCL2 family member could serve to sequester
pro-apoptotic BH3-only BCL2 family members, such as BIM, BAX, PUMA, and/or NOXA
upon BCL2 inhibition to prevent apoptosis activation [10,25]. We observed increased levels
of more than one anti-apoptotic BCL2 family member in DLBCL lines, and this changed
with acquired venetoclax resistance. Notably, BCLW and BFL1 are understudied BCL2
family members and only recently have been shown to contribute to DLBCL [47,66,69].
Specifically, our evaluation of 1490 DLBCL patient samples revealed significantly increased
levels of BCLW mRNA in DLBCL, and for patients with lower levels of BCL2, increased
BCLW levels correlated with reduced survival and was an independent negative prognostic
indicator of survival [47,66]. Here, our data showed lower BCLW levels in venetoclax-
sensitive DLBCL cells and higher levels in venetoclax-resistant DLBCL lines. For BFL1,
we previously reported that there was no significant overall increase in BFL1 mRNA in
DLBCL patient samples compared to normal B-cells, but a fraction of DLBCL samples did
overexpress BFL1 [47]. Here, we show that two of the three derived venetoclax-resistant
lines overexpressed the BFL1 protein. Consistent with our observation, it has been reported
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that compared to other hematologic malignancies, BFL1 levels are increased in DLBCL,
and DLBCL lines that had increased BFL1 levels were more resistant to venetoclax [70].
Combined, our data provide additional critical evidence that changes in BCL2 family
members contribute to venetoclax resistance, but it is likely also reliant on other acquired
alterations during DLBCL development.

Acquired mutation of the venetoclax-binding BH3 domain in BCL2, which reduces its
ability to bind venetoclax, has been characterized in CLL patients and DLBCL cell lines as a
mechanism of venetoclax resistance [35,37]. One of our three acquired venetoclax-resistant
DLBCL lines mutated BCL2 in the BH3-binding domain. Additionally, BCL2 amplicon loss
was detected in the HBL-2 mantle cell lymphoma line and the VAL double-hit/HGBL lym-
phoma line [71], although this is unlikely to be a major venetoclax resistance mechanism in
DLBCL since BCL2 amplification in DLBCL occurs infrequently [72]. Venetoclax resistance
mechanisms are not limited to alterations only in BCL2, as acquired mutations in pro-
apoptotic BAX have been identified in mantle cell lymphoma [36], CLL [39], and AML [38],
but none of our acquired venetoclax-resistant DLBCL lines generated a BAX mutation.
More-over, loss or mutation of TP53 was identified as a mechanism of venetoclax resistance
in AML [40,41]. However, for the DLBCL lines we tested, both venetoclax-sensitive and
-resistant lines had TP53 mutations, suggesting that TP53 mutations may not be a significant
venetoclax resistance mechanism in DLBCL, but this would need further testing.

A reported mechanism of AML venetoclax resistance, independent of BCL2 family
members, involves changes to the mitochondrial cristae structure, impacting oxidative
phosphorylation [73]. Recently, two MYC/BCL2 double-hit/HGBL DLBCL cell lines were
shown to be sensitive to combination treatment of tigecycline, a mitochondrial transla-
tion inhibitor, plus doxycycline and venetoclax [74], but neither cell line was sensitive
to tigecycline alone, which is consistent with our findings. However, the DLBCL lines
that we derived to be venetoclax-resistant and retained wild-type BCL2 showed signifi-
cantly increased sensitivity to mitochondrial ETC complex I inhibitors and an upregulation
of genes in oxidative phosphorylation. Conversely, venetoclax resistance due to BCL2
BH3-domain mutation (SUDHL4) and loss of BCL2 expression (SUDHL10) was insuffi-
cient to confer increased reliance on the ETC. Moreover, three of the four intrinsically
venetoclax-resistant DLBCL lines that expressed BCL2 also showed sensitivity to ETC
inhibition, suggesting this is a common mechanism of venetoclax resistance in DLBCL.
Of note, venetoclax-resistant DLBCL lines with a MYC translocation/amplification, only
a BCL2 translocation/amplification, or lacking these showed ETC sensitivity, indicating
that ETCi sensitivity did not require these genetic events. Consistent with this conclusion,
it was reported that CLL and two DLBCL cell lines that were venetoclax-resistant were
sensitive to ETC complex III and V inhibition [75]. Notably, we determined that IDH2 inhi-
bition combined with venetoclax synergistically overcame DLBCL venetoclax resistance.
Because IDH2 is an essential mitochondrial enzyme that produces NADPH to regulate
redox, these data further reveal that mitochondrial redox is vital for venetoclax resistance.
Therefore, our data in both acquired and intrinsically venetoclax-resistant DLBCL lines
significantly extend and strengthen the conclusion that changes in mitochondrial oxidative
phosphorylation regulate venetoclax sensitivity and highlight the critical role of the IDH2
pathway in DLBCL venetoclax resistance.

We also determined that DLBCL cells, regardless of venetoclax resistance, were sen-
sitive to inhibitors of CDK7/9 that modulate transcription [59–61]. This is likely due to
reliance on critical short-lived proteins, such as MYC, MCL1, and/or BFL1, and other
proteins that drive growth and promote cell survival. Previously, the CDK9 inhibitor
AZD4573 was shown to lead to reduced MCL1 and BFL1 levels and death of OCI-Ly10 cells
and DLBCL patient-derived xenografts in vivo [70]. Venetoclax-resistant derived HBL-2
mantle cell lymphoma cells were sensitive to CDK7 inhibition with THZ1, which also
prevented the emergence of venetoclax-resistant HBL-2 clones [71]. Moreover, CPI203,
which inhibits BRD proteins necessary for transcription, conferred venetoclax sensitivity to
double-hit/HGBL DLBCL [76]. Our data also show that inhibition of class I HDACs, which
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can deacetylate/upregulate genes involved in cell death, is effective at killing DLBCL cells
irrespective of venetoclax resistance. Therefore, the inhibition of transcription pathways
we identified can be targeted to elicit venetoclax-resistant DLBCL cell death.

5. Conclusions

Our findings demonstrate that multiple, complex mechanisms of venetoclax resis-
tance can emerge in DLBCL. However, our elucidation of the increased vulnerability of
venetoclax-resistant DLBCL to ETC complex I and IDH2 inhibition revealed potential new
treatment approaches to overcome venetoclax resistance. Although there is still interest
in adding venetoclax to decrease the threshold of apoptosis in the therapeutic armamen-
tarium for DLBCL as a combination therapy, targeting other BCL2 family members, such
as BCLW and BFL1, for which there are currently no specific targeted agents, could also
be an option. It will also be important in future studies to further investigate the impact
of DLBCL molecular subtype on venetoclax resistance/sensitivity, particularly due to the
heterogeneity of sensitivity to different inhibitors and combinations of them that may be
associated with pre-existing genetic alterations.
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