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Abstract

Strategy combining targeted therapies is effective in B-cell lymphomas such as mantle cell
lymphoma (MCL), but acquired resistances remain a recurrent issue. Herein, we performed
integrative longitudinal genomic and single-cell RNA-seq analyses of MCL patients treated
with targeted therapies against CD20, BCL2 and BTK (i.e., OAsls trial). We revealed the
emergence of subclones with a selective advantage against OAsls combination in vivo and
showed that resistant cells were characterized by BCR-independent overexpression of
NFkB1 target genes, especially due to CARD11 mutations. Functional studies demonstrated
that CARD11 gain of function not only resulted in BCR independence, but also directly
increase the transcription of the antiapoptotic BCL2A1, leading to venetoclax and OAsls
combination resistance. Based on the transcriptional profile of OAsls-resistant subclones, we
designed a 16-gene resistance signature that was also predictive for MCL patients treated
with conventional chemotherapy, underlying a common escape mechanism. Among
druggable strategies to inhibit CARD11-dependent NFkB1 transduction, we evaluated the
selective inhibition of its essential partner MALT1. We demonstrated that MALT1 protease
inhibition led to the reduction of genes involved in OAsls resistance, including BCL2AL.
Consequently, MALT1 inhibition induced synergistic cell death in combination with BCL2
inhibition, irrespective of CARD11 mutational status, both in vitro and in vivo. Taken together
our study identified mechanisms of resistance to targeted therapies and provided a novel

strategy to overcome resistance in aggressive B-cell ymphoma.

- BCR-independent NFKBL1 identified as a mechanism of MCL relapse in vivo

- CARD11/NFKB1/BCL2A1 axis is counteracted by MALT1/BCL2 dual targeting



Introduction

Over the past decade, efforts to characterize the molecular profiles of Mantle Cell Lymphoma
(MCL) cells, as well as the multiple interactions that occur in their malignant ecosystems,
have identified tumor vulnerabilities!>. Among them, elevated CD20 expression?®, imbalance
in the Bcl2 family?, and constitutive BCR signaling® have emerged as promising druggable
pathways. Indeed, anti-CD20 Abs (i.e. rituximab), Bcl2 inhibitors (i.e. venetoclax), and BTK
inhibitors (i.e. ibrutinib) have shown great promise as single agents®’ or in combination with
chemotherapy®®.

Nevertheless, heterogeneity coupled with tumor cell plasticity significantly limits the long-term
efficacy of targeted monotherapies!®!!. As a result, multiple mechanisms of resistance
arising from both mutations and microenvironmental cues have been described. For example,
the selection of MCL cells with Bcl2 amplicon loss has been observed during venetoclax
treatment'?, and the microenvironment-dependent expression of alternative anti-apoptotic
proteins has been described as a major means of escape!®!4. Similarly, despite a strong
dependence on BCR-dependent NFkB activation, resistance to BTK inhibition rapidly
emerges in MCL. Indeed, in addition to rare on-target mutations!®, mutational or
microenvironment-dependent activation of the alternative NFkB pathway, as well as
metabolic reprogramming, have been reported in ibrutinib-resistant cells!®’,

To limit tumor adaptability, mechanism-based combinations of targeted therapies are being
designed. We previously demonstrated that pre-treatment with obinutuzumab, an anti-CD20
antibody*3, and ibrutinib® was able to counteract microenvironment-dependent resistance to
venetoclax in MCL, mostly through the down-regulation of NFkB-dependent BCLXL
expression. This rationale was involved in the design of the OAsls trial, which consists of a
sequential combination of obinutuzumab and ibrutinib followed by venetoclax in MCL patients.
This triple "chemo-free" combination was well tolerated and led to a complete response rate
of 67% and 86.6% in relapsed and untreated patients, respectively'®. Nevertheless, despite
these high initial response rates, nearly one-third of the patients progressed or rapidly

relapsed. Here, by combining comprehensive genomics and single-cell transcriptomics, we



established a novel signature of in vivo resistance and deciphered the molecular
mechanisms underlying tumor escape. Based on the mechanisms we discovered, we
performed functional studies to identify therapeutic vulnerabilities that could be exploited in

order to overcome lymphoma resistance.



Methods

Patient samples cohort

Samples were collected from peripheral blood (PB), bone marrow (BM) or lymph nodes (LN)
after obtaining informed consent from MCL patients (REFRACT-LYMA cohort; ethical
approval GNEGS-2015-09-1317) and in accordance with the Declaration of Helsinki.
Characteristics of patients who participated in the OAsls trial (NCT02558816) were

summarized in Supp Table S1.

Deep DNA sequencing

All samples from patients enrolled in the OAsls trial available at our institution and containing
at least 5% of circulating MCL cells (CD19+ CD5+) were used for comprehensive genomics.
DNA was extracted from CD19+ MCL cells (17 samples from 14 patients) previously
enriched using anti-human CD19-conjugated magnetic beads (Miltenyi®). A panel including
49 genes and 170 exons from the 9p21 region was designed to identify recurrent mutations
and copy number variations (CNV), based on hits described in the literature for their role in
lymphomagenesis (Supp Table S2). Probes were produced by Integrated DNA Technologies

(IDT®).

Single-cell RNA-sequencing

Seven BM samples from 6 patients included in the OAslIs trial were analyzed at the single
cell resolution. Briefly, live MCL cells were first enriched by Ficoll-Paque Plus and anti-
human CD19 magnetic beads. Depletion of human erythroid precursors and erythrocytes
was then performed using CD235a (Glycophorin-A) magnetic beads. 15,000 cells from the
resulting suspensions were loaded on a Chromium controller to generate single-cell
partitions following the manufacturer’s protocol (10X genomics).

scRNA-seq libraries were constructed using the Chromium Next GEM Single Cell 3’ GEM,
Library & Gel Bead Kit v3.1 and sequenced using the NovaSeq 6000 system (lllumina).

Overall, 88 034 cells were sequenced with a median of 14 805 per sample and an average of



50 686 reads per cell. Data processing and bioinformatics analysis are detailed in the

supplemental Methods section.

Chick embryo chorioallantoic membrane (CAM) model

Fertilized white Leghorn chicken eggs were purchased from Granja Santa Isabel, S. L.
(Cordoba, Spain) and incubated for 9 days at 37 °C with 55% humidity. At day 9 of their
embryonic development, a window of an approximate 2 cm-diameter was drilled on top of the
air chamber of the eggshell. Then, half million DFBL-44685v2 CARD11PZ%N pDX MCL cells
were suspended in 25 yL RPMI medium containing 10% FBS and 100 U/mL penicillin and
streptomycin and 25 pL Matrigel. The mix was incubated for 15 min at 37 °C and
subsequently implanted into the CAM of each egg. 250 nM of JNJ-67856633 (day 12 and
13), 2 nM of venetoclax (day 13) or both were administered topically on the tumor-bearing
CAMs. Seven days post-implantation (day 16), chick embryos were sacrificed by

decapitation. Tumors were excised and carefully weighed to determine their mass.

Additional methods are detailed in the supplemental Methods section and Supp Table S3 or

have been previously described?.

Data-sharing statement
RNA-sequencing datasets are publicly available in the Gene Expression Omnibus. All other
datasets analyzed during the current study are available from the corresponding author on

reasonable request.



Results

Selective advantage of CARD11%°F mutated cells under OAsls combination

Fresh tumor tissues from MCL patients enrolled in the OAsls trial were collected and
comprehensive genomic analysis (SNV/CNV, n=17) was performed on CD19+ MCL cells
(Fig.1A; Supp Table S1-2). The most frequently altered genes at inclusion included ATM
(6/12), TP53 (5/12), and KMT2D (5/12) (Fig.1B, Supp Table S2). Only CARD11 mutations
were enriched at relapse (n=3/5, Fisher t=0.01), suggesting a selective advantage of
CARD11 mutated cells under OAsls therapy (Fig.1C).

This was further confirmed by the longitudinal analysis of patient MCL34 samples at the time
of diagnosis (Diag), before inclusion in the OAsls trial (incl.), and at relapse (Rel). In contrast
to a poor response to first-line chemotherapy (R-CHOP, stable disease), he achieved a
complete molecular response before relapsing after 12 months of OAsls treatment®. While
most hits were similar across the samples, we observed at relapse the emergence of a gain-
of-function (GOF) CARD11 mutation (G123S, latch domain)?'2?? and the downfall of a loss-of-
function (LOF) TRAF2 variant (C49F, ring domain?, Fig.1D, Supp Table S2). Indeed, while
CARD11%'%S MCL cells remained discrete after first-line treatment, they made up the
majority of the tumor after OAsls (Fig.1E). Of note, a deeper analysis of the G123 position
revealed the presence of few ¢.367G>A reads before treatment (G123S frequency = 0.12 %
at Diag, 0.19 % at incl.), confirming the hypothesis of selection, under OAsls, of a rare
subclone already present at diagnosis (Supp Table S4). Regarding CARD11 mutations found
in other OAsls relapse biopsies, one was at the same position (G123D, MCL24) and another
was located in the Coiled-coil (CC) domain (R235Q, MCL40), both of which leading in
GOF?2124, Although we were unable to collect samples at OAsls inclusion for these patients,
paired analysis at diagnosis vs. OAsls relapse showed an increased frequency of CARD11
mutated cells at relapse. (R235Q frequency: 31 and 48 %, respectively) (Supp Fig.S1).
Finally, we detected CARD11 mutations in 4 additional MCL patients from our local cohort
(Refract-Lyma, n=48 sequenced), including 2 additional G123S mutants, suggesting that

mutations at position G123 are not infrequent in MCL (Fig.1F, Supp Table S4).



Both TRAF2 LOF and CARD11 GOF have been reported as being involved in ibrutinib
resistance, inducing BCR-independent NFkB2 and NFkB1 constitutive activity,
respectively?>?®, To understand the selective advantage of CARD11 GOF in MCL under
OAsls, we performed a transcriptional analysis at the single-cell resolution of the patient

MCL34 samples, before and at OAsls relapse.

Longitudinal single-cell analysis uncovered a minor OAslis-resistant subpopulation
We were able to sequence 4,860 BM MCL cells before OAsls (incl.), and 5,345 cells at
relapse (Rel) (Supp Fig.S2A). We observed an elevated NIK_NFkB2 transcriptional
signature?’ at inclusion (p<0.0001), consistent with the functional consequences of the
TRAF2 LOF mutation observed in this sample (Fig.2A). By contrast, cells from the sample
collected at relapse displayed higher NFkB1 and BCR signatures?’ (p<0.0001), consistent
with the acquired CARD11 GOF mutation (Fig.2A). We did not observe transcriptional
modulation of the OAsls targets (Supp Fig.S2B).

Unsupervised clustering of these longitudinal samples was performed to segregate the cells
according to their transcriptional profile. Seven distinct clusters were identified, 2 of them
being common at inclusion and relapse (clusters #4 and #5, Fig.2B). The cell-cycle signature
analysis highlighted a proliferative heterogeneity among the clusters, clusters #3 and #4
brought together cycling MCL cells (44% and 85%, respectively, Fig.2C). Inference of the
cell-cycle transcriptional program reassigned cycling cells to their quiescent counterpart
clusters (Supp Fig.S2C), and hierarchical clustering highlighted a close transcriptional
proximity between clusters #1 and #2 (incl.), as well as between clusters #6 and #7 (Rel.)
(Supp Fig.S2D). Finally, single-cell trajectory analysis identified a small number of cells from
the inclusion sample, which belonged to cluster #5, within the branches that contributed to
the relapse, suggesting that cells belonging to this minor cluster were at the initiation of the
relapse process (Fig.2D).

Functional annotation of each cluster’s transcriptional signature confirmed enrichment of the

cell-cycle program (#3 and #4), and highlighted increased transcriptional and translational



activity at relapse (#6 and #7). Enriched activity of the transcription factors NFkB1 and RELA
were predicted at relapse (#5 and #6 / #7, p<5x107®), suggesting the central role of this
transcriptional program in OAsls resistance (Fig.2E). Altogether, we identified a minor
subclone (cluster#5 187/4,860 cells at inclusion), before OAsls therapy, that was resistant in
vivo, survived upon treatment (393/5,345 cells at relapse), and was at the initiation of the
clusters exclusively detected at relapse (#6 and #7). All relapse clusters were characterized
by elevated NFKB1/RELA activity, which was consistent with the CARD11 GOF mutation

previously identified.

A 16-gene signature characteristic of OAsls-resistant cells and associated with poorer
outcome in MCL

We further focused our analysis on the NFkB1-related transcriptional signature characteristic
of the OAsls-resistant cluster #5 (n=742 genes, Fig. 2E, Supp Table S5), and assessed it at
single-cell resolution in additional samples from 5 patients enrolled on OAsls (Supp Fig.S3A).
Unsupervised clustering highlighted intra-tumoral heterogeneity in all the samples, with 4 to 5
clusters identified in each case (Supp Fig.S3B), all of them displayed expression of the
OAsls targets, with the exception of CD20 loss in all the cells from the refractory patient
MCL10 (Supp Fig.S3C). Proliferating clusters (Supp Fig.S3D) were inferred to limit the
impact of heterogeneous proliferation in further analysis (Supp Fig.S4A).

We then observed that the OAsls-resistant cluster#5 signature was significantly more
elevated in refractory patients when compared to responders (p<0.001, Fig.3A, upper panel).
This signature score was homogeneously elevated across the cellular clusters in non-
responders and low for long-term responders (Supp Fig.S4B). By contrast, the score was
significantly more elevated in one cluster from the patient who rapidly relapsed after initial PR
(MCL12, cluster#4), as previously seen for MCL34 (cluster#5) (Fig.3A, lower panel).

We further designed the MCL_R16 signature composed of 16 top genes upregulated in
OAsls-resistant cluster #5 (MCL34, Fig.3B, Supp Table S5). Like the full resistance signature,

the MCL_R16 signature was significantly more elevated in clusters #5 of MCL34 and #4 of



the MCL12 at inclusion, as well as after OAsls relapse (Fig.3C, Supp Fig.S4C). The
MCL_R16 signature partially overlapped and significantly correlated with previously
described BCR and NFkB1 signatures (Supp Fig.S4D-E). Akin to all these signatures?’,
MCL_R16 was significantly higher in MCL lymph nodes when compared to peripheral blood
(p<0.0001) (Supp Fig.S4F), in line with the previously described increased resistance in MCL
protective niches®%,

To investigate whether this resistance profile could be extended to other regimen, we
computed the MCL_R16 score in gene expression data from MCL patients previously treated
with chemotherapy (R-CHOP, n=122). Patients having a high MCL_R16 score (upper tercile)
had significantly lower OS, the median survival time being 17.3 months for patients with a
high MCL_16R score compared to 53.8 months for others (p<0001) (Fig.3D, upper panel).
This observation was confirmed with an intensive regimen (Lyma-trial, n=99), in which
patients with a higher MCL_R16 score had significantly shorter PFS (51 months vs. not
reached, p=0.028) (Fig.3D, lower panel) and OS (p=0.042) (Supp Fig.S4G). While the
proliferation score was also a strong predictor of clinical response, previously described BCR

and NFkB signatures were not associated with OS or PFS (Fig.3D, Supp Fig.S4G).

BCL2A1 is frequently expressed in MCL and triggered resistance by buffering BH3-
only proteins.

Among the top genes associated with OAsls resistance (Fig.3B), BCL2A1, an anti-apoptotic
member of the Bcl-2 family, has previously been described as a major venetoclax resistance
factor!22%30_|n accordance with the MCL_R16 signature pattern, the BCL2A1 RNA level was:
1) significantly higher at relapse compared to inclusion (p<0.0001) (Fig.4A); 2) especially
elevated in non-responders (MCL10 and MCL24) (Supp Fig.S5A); and 3) enriched in a
specific cluster of cells in the 2 patients who experienced rapid relapse after initial response
(cluster #5 of MCL34 and #4 of MCL12) (Supp Fig.S5B). Frequent expression of BCL2A1
was observed in PB MCL samples (n=63), whereas 3 out of 7 MCL cell lines displayed low

levels (Fig.4B). This pattern of expression was further confirmed at the protein level in cell
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lines (Supp Fig. S5C) and primary cells, including OAsls-resistant cells (BCL2A1"" MCL24)
and OAsls-sensitive cells (BCL2A1'", MCL36, Fig.4C).

To address the impact of BCL2A1 expression in the OAsls response, we carried out further
functional assays. BCL2A1 downregulation sensitized BCL2A1"9" SP53 and OCILY3
resistant cells to venetoclax (Supp Fig.S5D-E). Consistently, ectopic BCL2A1 expression
resulted in a dramatic loss of sensitivity to selective BCL2 inhibition (LDse venetoclax in
Mino_ct = 25 nM vs. Mino_A1 > 100 nM) and to the OAsls combination (LDs, Mino_ct = 6.25
vs. Mino_A1l > 100 nM) (Fig.4D, Supp Fig.S5F). As observed in Mino cells, the BCL2A1"9"
MCL cells from the refractory MCL10 patient were more resistant to the combination ex vivo
than the MCL cells from responding MCL7 and MCL12 patients (Supp Fig.S5G).

We then performed dynamic BH3-profiling using the BCL2A1-specific peptide FS23. We first
observed that cytochrome-c release was not significantly increased in the presence of FS2 at
baseline, suggesting that MCL cells were not primed on BCL2A1 (Fig.4E). By contrast, pre-
treatment with venetoclax in venetoclax-sensitive Mino cells (LDsp =25 nM), or with a
combination of BH3-mimetics in venetoclax-resistant SP53 cells (LDso >2500 nM), resulted in
elevated priming to BCL2A1 (p<0.001, 48% and 87% of cytochrome-c release, respectively,
Fig.4E). These results suggest that BCL2A1 was able to capture back pro-apoptotic BH3-
only released upon the targeting of other anti-apoptotic members of the Bcl2-family, resulting
in diminished apoptosis induction (Supp Fig.S5H-I). Finally, we observed that BCL2A1
protein expression increased upon venetoclax treatment in vitro (Supp Fig.S5J), consistent
with its stabilization once it is in complex with BH3-only proteins®. Overall, our results
highlighted that elevated expression of BCL2A1 could be involved in resistance to selective

BCL2-targeted monotherapy but also in combination, such as OAsls.

BCR-dependent expression of BCL2A1 is disrupted by BTK inhibition, resulting in cell
death synergy in combination with BCL2 inhibition.
We observed a strong correlation between BCL2A1 RNA level and the BCR signature in

MCL cells (r= 0.5, p<0.0001; Fig.5A, Supp Fig.S6A). In line with a BCR-dependent
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expression, BCL2A1 was induced 3h after IgM engagement (median increase of 5.25-fold,
n=5, p<0.05, Fig.5B). This was further confirmed at the protein level (Fig.5C).

Accordingly, BCL2A1 was inhibited by ibrutinib in all BCL2A1+ cell lines (median reduction:
34%, n=4, p<0.05), in a manner similar to the sensitive BCR activation marker CD83%, but
unlike other anti-apoptotic Bcl2 family proteins (Fig.5D). Consequently, ibrutinib reduced the
BCL2AL1 protein level (Supp Fig.S6B), leading to synergistic apoptosis when associated with
venetoclax in BCL2A1+, but not in BCL2A1- cells (mean synergy score: 17 vs. 1) (Fig.5E,
Supp Fig.S6C). Overall, we identified that 1) the anti-apoptotic protein BCL2A1 is a BCR-
dependent resistance factor to Bcl2 inhibition; 2) BCL2A1 is selectively down-regulated

through BTK inhibition, leading to ibrutinib/venetoclax synergistic apoptosis.

CARD11 GOF mutations result in BCR-independent BCL2A1 overexpression

The CARD11-BCL10-MALT1 (CBM) complex is involved in the transduction of BCR-specific
NFkB signaling by triggering MALT1 scaffold and protease activities (Fig.6A)%. We first
observed constitutive CBM activity, through the cleavage of the MALT1 substrate HOIL1, in
BCL2A1M" MCL cells but not in BCL2A1"" MCL cells (Supp Fig.S7A). This suggested that
GOF mutations of CARD11, which are enriched in relapsed OAsls patients, could have a
direct impact on BCL2A1 expression. To test this hypothesis, we overexpressed CARD11%WT,
CARD11%'%S and CARD11%2%0 in HEK293 cells, which lack CARD11 but express both
BCL10 and MALT1. Both mutations resulted in increased activity of the CBM, measured by
the cleavage of HOIL1 and CYLD (Supp Fig.7B). Using reporter assay experiments, we
showed that CARD11 GOF mutations led directly to increased activity of NFkB (fold change
in CARD11MY= 4.2, p<0.001) as well as BCL2A1 promoter activity (fold change in
CARD11MYT= 2.7, p<0.001, Fig.6B). These results suggest that GOF mutations in the latch
domain of CARD11 lead directly to BCR-independent induction of NFKB/BCL2AL1. Similar
findings were obtained with GOF mutations in the CC domain (fold change in CARD11MYT=

1.7, p<0.05; Supp Fig.S7C). Accordingly, ibrutinio greatly reduced BCL2Al level in
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CARD11%T (fold change = 0.21, n=4) but not in CARD11MYT (fold change = 1.12, n=4)

lymphoma cells (Fig.6C).

MALTL1 targeting results in BCL2AL1 inhibition and consequent synergistic cell death
with BCL2 targeting, irrespective of CARD11 mutational status.

MALTL, in contrast to CARD11 and BCL10, is significantly up-regulated in MCL cells when
compared to normal B-cells (NBC) (Supp Fig.S7D), and selective inhibitors against its
protease activity are currently being tested in early-phase trials. To address the potential
efficacy of MALT1 inhibition for counteracting both BCR-dependent (CARD11%T) and
independent (CARD11MYT) BCL2A1 expression, we tested two highly selective MALT1
allosteric inhibitors, MLT-7483%* and JNJ-67856633%. Using reporter assay experiments, we
first observed that MALT1 inhibition resulted in the inhibition of CARD11MY"-dependent NFkB
activity (Fold change = 0.59 for G123S, 0.56 for D230N, p<0.05, Supp Fig.S7C). Likewise,
we observed that both inhibitors partially counteracted CARD11¢235-dependent BCL2A1
promoter activity (Fold inhibition MALT1-i vs. untreated= 0.59 for G123S, Supp Fig. S7E).
Based on these encouraging results, we further performed RNA-seq of CARD11WT and
CARD11MUT lymphoma cells treated with the BTK inhibitor ibrutinib or the MALT1 inhibitor
MLT-748. BTK targeting resulted in the inhibition of genes belonging to the MCL_R16
signature, including BCL2A1, in CARD11"T but not in CARD11M"T cells (p<0.0001, Fig.7A left
panel). By contrast, MALT1 inhibition similarly lowered gene expression in both groups
including BCL2A1, which was down-regulated irrespective of CARD11 status (Fig.7A right
panel). This was further confirmed by g-PCR in CARD11%"T (fold change = 0.54, n=3) and
CARD11MVT cells (fold change =0.51, n=3) and similar results were obtained using MLT-748
and JNJ-67856633 (Supp Fig.S8A-B).

MALT1 targeting resulted partial BCL2A1 protein down-regulation in all samples, including
CARD11%12S MCL cells, in contrast to BTK targeting whose efficacy was restricted to
CARD11" cells (Fig.7B-C). Supporting the role of BCL2A1 in venetoclax resistance, we

observed synergistic apoptosis after a MALT1/BCL2 targeted combination in vitro in both
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BCL2A1+ CARD11"T and BCL2A1+ CARD11MYT (synergy score>10) (Fig.7D). As expected,
synergy was not observed in BCL2A1- Z138 cells (synergy score: -4.7) (Supp Fig.S8C).

To address MALT1/BCL2 dual targeting in CARD11MYT MCL cells in vivo, we used the chick
embryo chorioallantoic membrane (CAM). This vascularized and immunodeficient alternative
in vivo model allows the growth of numerous cell types¢. Here, we established a CAM model
using BTK-resistant®” CARD11PZNBCL2A1* PDX cells, which were treated with the clinically
available MALT1 inhibitor JNJ-67856633 alone or in combination with the BCL2 inhibitor
venetoclax (Fig.7E, Supp Fig.S9A-C). While low doses of venetoclax showed no significant
inhibition of tumor growth, JNJ-67856633 reduced tumor growth to 40 % of control. The
combination highlighted a strong synergy leading to 70 % of tumor growth inhibition after 4
days of treatment (Fig.7E). These results were confirmed in NSG mice, the CARD11PZ%N
BCL2A1" tumor burden (PB and spleen) being reduced using a combination of JNJ-
67856633 and venetoclax, both in sub-optimal concentrations as a single agent (Supp

Fig.S9D-F).
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Discussion

Based on single-cell resolution analysis of longitudinal samples from a patient enrolled on the
OAsls trial, we identified, at baseline, a minor cellular population that persisted upon
treatment in vivo and ultimately gave rise to relapse. The transcriptomic signature of this
minor population was enriched in genes that are controlled by NFKB1, highlighting the fact
that a BTK-independent NFkB program was involved in the resistance to the OAsls regimen
in vivo. The resistance signature was the basis for a 16-gene score, which also
retrospectively predicted lower OS/PFS in patients treated with chemotherapy. Overall, our
results suggested overlapping resistance mechanisms for both chemotherapy and targeted
therapies in MCL. A subset of multi-resistant MCL patients, whose disease progressed on
chemotherapy, BTK/BCL2-based targeted therapy, and CAR-T cells, is emerging, however
little is known about the (poly)resistance mechanisms involved®. It would now be interesting
to examine whether tumoral cells from these very high-risk MCL patients display a similar
NFkB1-related resistance profile and whether alternative strategies, such as bi-specific

antibodies®®*°, can counteract this resistance.

BTK-independent NFkB activation can be initiated in malignant B-cells by using multiple
pathways which have been implicated in BTK inhibition resistance'®4!. This signaling is
triggered by genetic events!®?®, epigenetic regulation*? and microenvironmental cues!®?°. In
the present study, we have observed that CARD11 GOF mutations were enriched at OAsls
relapse and resulted in increased NFkB activity. CARD11 GOF mutations are observed in
nearly 10% of NHL at diagnosis*3, and allow cell survival upon BTK inhibition by restoring
NFkB signaling downstream. Accordingly, CARD11 GOF mutations have been associated
with in vivo ibrutinib resistance in DLBCL? and FL**. We have demonstrated here that a
similar pattern is found in MCL. Intriguingly, we have observed enrichment of CARD11
mutations within the latch domain (Supp Table S4). This pattern was confirmed in a recent
analysis of recurrently mutated genes in several B-cell NHL subtypes at diagnosis, in which

CARD11 mutants were enriched in the G123 (3/11) and D230 (3/11) positions in MCL, but
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not in FL, DLBCL, or BL*. In the present study, we have demonstrated that both variants
induced elevated NFkB activity in vitro, and a recent multiplex functional assessment of
genetic variants ranked the G123S as one of the most efficient in escaping ibrutinib
treatment*. In addition, elevated NFkB activation associated with CARD11 germline
mutation at the G123 position has been described in the context of BENTA disease?,

reinforcing the potent GOF associated with this hotspot.

By integrating multi-omics and functional analysis, we have demonstrated here that GOF
mutations result in NFkB-dependent induction of BCL2Al. Recent publications have
highlighted its critical role in venetoclax resistance in hematological malignancies?2°4¢, Our
BH3-profiling results suggest the dynamic sequestration of the BH3-only proteins by BCL2A1
at the mitochondrial level after targeting BCL2, MCL1, and BCLXL, as recently described in
CLL3°, Accordingly, overexpression of BCL2A1 led to increased resistance to the OAsls
combination, highlighting the need to target this anti-apoptotic protein to counteract
resistance. No selective small molecule has yet been developed to specifically target
BCL2A1 but we have demonstrated here that BCL2A1 is tightly controlled by the BTK/BCR
pathway in CARD11"* MCL. Altogether, our results position BCL2A1 as a selective bridge
between the BCR pathway and mitochondrial apoptosis. Accordingly, BCL2A1 expression is
greatly inhibited by ibrutinib in CARD11" cells, but not in CARD11MVT cells, which results in

ibrutinib/venetoclax synergy in CARD11" BCL2A1* lymphoma cells exclusively.

CARD11 forms the CBM complex with MALT1, which has emerged as an attractive
therapeutic target, several molecules that target its protease function being tested in vitro
and in vivo**°, Moreover, recent studies have demonstrated that MCL cells are addicted to
MALT1, at least partially inherited from their Bla B-cell origin®>%!, We have demonstrated
that inhibition of the MALTL1 protease function resulted in the inhibition of the MCL_R16
signature, including BCL2A1, and synergized with BCL2 inhibition to induce apoptosis,

irrespective of the CARD11 mutational status. Overall, our results have highlighted that
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MALT1 targeting could be an interesting alternative to BTK inhibitors, especially in the
context of CARD11MYT cells, although MALT1 inhibitors lead to a less profound inhibition of
BCL2A1 compared to BTK inhibition in CARD11"T cells. Several strategies for inhibiting both
MALT1 scaffold and protease functions, such as the PROTAC technology that leads to
selective protein degradation®?, are under pre-clinical evaluation and may lead to increased

efficacy of MALT1 targeting in the near future.

To summarize, our data have uncovered the control of mitochondrial apoptosis by CARD11
through BCL2A1 expression. This network is crucially involved in the resistance to
BTK/BCL2-based targeted inhibition, as CARD11 GOF mutations lead not only to BCR
independence and consequently ibrutinib resistance, but also to BCL2Al-mediated
venetoclax resistance. Nevertheless, our data has shown that targeting the CBM through
MALT1 inhibition reverts this resistance and that MALT1 targeting appears to be a promising
therapeutic option for counteracting resistance, especially in the context of CARD11 mutation.
Mutations in CARD11 are frequently found in DLBCL, for which there is a growing interest in
BTK/BCL2-based targeted therapy®®. Our results, which describe the role of the CARD11-
NFkB-BCL2A1 axis in MCL resistance in vivo, could be applied to a broad spectrum of

hematological malignancies.
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Fig. Legends

Fig. 1. Comprehensive genomic analysis of MCL patients enrolled in the OAsls trial

(A) Schematic representation of the experimental design to identify therapeutic resistance in
MCL. MCL patients were included in the OAsls clinical trial (obinutuzumab (Anti-CD20),
ibrutinib (BTK-i) and venetoclax (BCL2-i)). Blood or bone marrow samples were collected at
inclusion or relapse and targeted DNA-seq of 49 selected genes plus the 9p21 region was
performed.

(B-D) Landscape of recurrent mutations (SNV/indel) and copy number variations
(amplification/deletion) in the patients enrolled in OAsls and detected by deep DNA-seq at
inclusion (incl., n=12) (B), relapse (Rel., n=5) (C) or in longitudinal samples (D). Each column
represents an individual sample/patient. Only genes with at least two anomalies detected in
the cohort and with a variant frequency greater than 5% are represented. Statistical
significance was determined by a two-tailed Fisher’s exact test. CR: complete response, PR:
partial response, PD: progression disease.

(E) The fish plot shows the clonal evolution pattern of patient 34 based on the variant
frequency (VaF) measured at diagnosis (Diag), inclusion (incl.), and relapse (Rel.) (Supp
Table S2) and normalized to the TP53Y%2°C vVaF. SD: Stable Disease.

(F) Schematic representation of CARD11 domains and the mutations found in our Refract-

Lyma cohort (n=62 sequenced for CARD11), including patients enrolled in OAsIs trial.

19



Fig. 2. Longitudinal single-cell RNA-seq analysis of MCL during OAsls

(A) UMAP plots of the cells from patient MCL34 at inclusion (incl.) and at relapse (Rel) after
OAsils treatment. Each dot represents a single cell. UMAP plots display the NIK/ NFkB2 (left
panel), NFkB1 (middle panel) and BCR (right panel) signature scores at inclusion and
relapse. Wilcoxon sign-rank test. **** p adj < 0.0001

(B) UMAP plot of the 7 clusters identified by Seurat at inclusion (incl.) and at relapse (Rel)
after OAsls treatment for the patient MCL34. The cell proportion for each cluster at inclusion
(green) or relapse (pink) is indicated at the bottom.

(C) UMAP plot displaying the cell-cycle signature scores at inclusion and relapse for the
patient MCL34. Cell proportion of cycling (red) or resting (grey) in each cluster is indicated at
the bottom.

(D) Trajectory of single cells at inclusion (incl.) and at relapse (Rel) using Monocle2. Clusters
defined in panel B are identified in the lower panel.

(E) Heatmap showing the top 20 genes for each cluster. The color gradient indicates the
intensity of the median gene expression as indicated. Functional enrichment pathway was

calculated using Reactome and Enrichr. **** p adj < 0.0001.
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Fig. 3. OAsls resistance score predicts a less favorable outcome in MCL.

(A) The sign_clust5 score was computed based on the 742 genes characteristic of cluster #5
of patient MCL34, as represented in Fig. 2E. The violin plot shows the sign_clust5 score for
patients who achieved complete response (MCL36, MCL39), rapid relapse after the initial
response (MCL34, MCL12), or progression (MCL10, MCL24). The analysis was performed at
the whole sample level (upper panel) or at Seurat computed cluster level (lower panel).
Mann-Whitney test. **p<.001, ****p<.0001.

(B) Sixteen genes comprising a novel OAsls resistance score (MCL_R16) based on the top
genes of the sign_clust5 signature.

(C) The MCL_R16 score was computed at Seurat-computed cluster level in MCL34 and
MCL12 at the time of inclusion. Mann-Whitney test. ****p<.0001.

(D) Kaplan—Meier analyses of overall survival or progression-free survival (PFS) for the
MCL_R186, cell-cycle, BCR, and NFkB signatures. Probabilities were calculated on 122 MCL
patients treated with R-CHOP (GSE93291) or on 99 MCL patients included in the LYMA
cohort (LYMA_RNA-seq) respectively. Black curve: low score, red curve: high score. Log-

Rank test.
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Fig. 4. Identification of BCL2A1 as a resistance factor to OAsls combination

(A) scRNA-seq analysis of BCL2A1 gene expression at inclusion (incl.) or relapse (Rel) in all
OAsls samples available (left panel) or longitudinal samples from patient MCL34. Each dot
represents a cell. Wilcoxon-sign-rank test. ****p<.0001.

(B) Bulk RNA-seq analysis of BCL2A1 gene expression in peripheral blood MCL cells (PB,
n=63) or MCL cell lines (n=7).

(C) BCL2A1 protein expression in primary PB MCL cells (n=8), Maver, and NTS3 cell lines,
and in OAsls samples (MCL 24 and MCL36) was evaluated by immunoblot.

(D) Survival of Mino_ct and Mino_A1 (Supp Fig. S5) treated with single-agent Venetoclax at
indicated doses or with OAsls combination (lbrutinib, 500 nM; Obinutuzumab 500 ng/ml) for
48h. Cell viability was measured by the lack of Annexin-V staining. ANOVA test. ****p<.0001.
The mean and SD of three independent experiments are represented.

(E) BCL2A1 specific BH3-profiling was performed using the selective peptide FS2 (20 uM) in
venetoclax-sensitive Mino cells (left panel) and venetoclax-resistant SP53 cells (right panel).
Mino cells were pretreated or not with Venetoclax at indicated doses. SP53 cells were
pretreated or not with Venetoclax (VNT, 500 nM), S63845 (S63, 500 nM) and A1155463
(Al11, 500 nM) for 6h before cytochrome-C release measurement. ANOVA test. ***p<.001.

The mean and SD of three independent experiments are represented.
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Fig. 5. BCR-dependent expression of BCL2A1 in MCL

(A) Correlation between BCR signature and BCL2A1 gene expression in peripheral blood
(PB) MCL cells (n=63) and MCL cell lines (n=7). Spearman r and p-value are indicated on
the graph.

(B) BCL2A1 expression in PB MCL cells (n=3), and MCL cell lines (MAVER-1, UPN1)
treated or not for 3h with anti-IgM (algM, 10 pug/ml) was measured by RT-gPCR.. paired t-
test. *p<.05.

(C) BCL2AL1 protein expression in MCL primary cells (n=6) and NTS3 cell line treated or not
for 3h with anti-IgM (algM, 10 pg/ml) was assessed by immunoblot.

(D) CD83, BCL2A1, BCL2, MCL1 and BCLXL gene expression in BCL2A1 positive MCL cell
lines (SP53, NTS3, REC-1, Mino) treated for 24h with Ibrutinib (500 nM) was evaluated by
bulk RNA-sequencing. ANOVA test. **p<.01, *p<.05

(E) Synergy score (HSA method) computed for 6 MCL cell lines treated with venetoclax and
ibrutinib for 48h. Unpaired t-test. *p<.05. Detailed results are represented in Supp Fig.S6C.

The mean and SD of three independent experiments are represented.
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Fig. 6. BCR-independent expression of BCL2A1 in CARD11 mutated cells.

(A) B-cell receptor (BCR) signaling triggers the NFkB1 pathway through the activation of
several proteins such as BTK, which can be inhibited by ibrutinib, and complexes such as
CARD11/BCL10/MALT1 (CBM). Several previously described CBM substrates are
mentioned including HOIL1, which is used in the following experiments as a marker of CBM
activity.

(B) NFkB luciferase assay (left panel) and BCL2A1 promoter LightSwitch™ |uciferase assay
(right panel) in HEK293 cells transfected with a pUNO1 (empty), pUNO1-hCARD11-WT,
pUNO1-hCARD11-G123S or pUNO1-hCARD11-G123D vector (48h). 2way ANOVA.
****n<.0001, ***p<.001, **p<.01, *p<.05. The mean and SD of three independent experiments
are represented.

(C) BCL2A1 gene expression was measured by RT-gPCR in CARD11%"" MCL (SP53, NTS3,
and REC-1) and DLBCL (U2932) cell lines and CARD11MT MCL cells (001-024, DFBL) and
DLBCL (OCILY3, SUDHL16) cell lines treated with ibrutinib (500 nM) for 6h. Detailed

CARD11 mutational status is described in Supp Table S4. Mann-Whitney test. *p < 0.05.
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Fig. 7 Identification of MALT1 as a target to overcome OAsls resistance

(A) RNA-seq expression of the 16 genes of the MCL_R16 resistance signature in BCL2A1*
CARD11%" cell lines (SP53, NTS3, REC-1) and BCL2A1* CARD11vT cells (001-024,
OCILY3, SUDHL16) treated 24h with the BTK inhibitor Ibrutinib (500 nM) (left panel) or the
MALT1 inhibitor MLT-748 (1 pM) (right panel). Mann-Whitney test. ****p<.0001. n.s.: not
significant. BCL2A1 is shown in red. Genes from bottom to top: CCL4, FABP5, CCL3,
BCL2A1, CCL22, NPW, NME1, PTP4A3, PLEK, CD83, SRM, CALR, PA2G4, NCL, SDF2L1,
DDX21.

(B-C) CARD11, HOIL1, and BCL2A1 protein expression were assessed by immunoblot in
indicated cells treated or not with the BTK inhibitor ibrutinib (500 nM) or the MALTL1 inhibitor
MLT-748 (1 uM) for 24h. The arrow highlights cleaved form of HOILL.

(D) Synergy score (HSA method) computed for 4 cell lines treated with venetoclax and MLT-
748 for 48h. Unpaired t-test. *p<.05. Detailed results are represented in Supp Fig. S8C. The
mean and SD of three independent experiments are represented.

(E) Tumor weights at day 16 for CARD11P23N MCL PDX (DFBL44685-v2) treated with the
BCL2-i venetoclax (2 nM), the MALT1-i JNJ-67856633 (250-500 nM) or both. n = 5 per
group. Mann-Whitney test. **p<.01. n.s.: not significant. Representative pictures of engrafted

tumors in CAM at day 16 are shown in the right panel.
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