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CARDI11 gain of function upregulates BCL2A1
expression and promotes resistance to targeted
therapies combination in B-cell lymphoma
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A strategy combining targeted therapies is effective in B-cell lymphomas (BCL), such as
mantle cell lymphoma (MCL), but acquired resistances remain a recurrent issue. In this
study, we performed integrative longitudinal genomic and single-cell RNA-sequencing
analyses of patients with MCL who were treated with targeted therapies against CD20,
BCL2, and Bruton tyrosine kinase (OAsls trial). We revealed the emergence of subclones
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cells were characterized by B-cell receptor (BCR)-independent overexpression of NF-kB1
target genes, especially owing to CARD11 mutations. Functional studies demonstrated
that CARD11 gain of function not only resulted in BCR independence but also directly
/ increased the transcription of the antiapoptotic BCL2A1, leading to resistance against
venetoclax and OAsls combination. Based on the transcriptional profile of OAsls-resistant

subclones, we designed a 16-gene resistance signature that was also predictive for patients with MCL who were
treated with conventional chemotherapy, underlying a common escape mechanism. Among druggable strategies to
inhibit CARD11-dependent NF-kB1 transduction, we evaluated the selective inhibition of its essential partner MALT1.
We demonstrated that MALT1 protease inhibition led to a reduction in the expression of genes involved in OAsls
resistance, including BCL2A1. 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 BCL. The OAsils trial was registered at www.clinicaltrials.gov #NCT02558816.

Nevertheless, heterogeneity coupled with tumor-cell plasticity

Introduction significantly limits the long-term efficacy of targeted mono-

Over the past decade, efforts to characterize the molecular
profiles of mantle cell lymphoma (MCL) cells and 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 B-cell receptor (BCR) signaling® have emerged as
promising druggable pathways. Indeed, anti-CD20 antibodies
(ie, rituximab), Bcl2 inhibitors (ie, venetoclax), and Bruton
tyrosine kinase (BTK) inhibitors (ie, ibrutinib) have shown
great promise as single agents®’ or in combination with
chemotherapy.®’

therapies.'®"" 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 antiapoptotic proteins has been described as a
major means of escape.”*'* Similarly, despite a strong depen-
dence on BCR-dependent NF-kB 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 NF-kB pathway, as
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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 pretreatment with obinutuzumab, an anti-
CD20 antibody'® and ibrutinib'® was able to counteract
microenvironment-dependent resistance to venetoclax in
MCL, mostly through the downregulation of NF-kB-depen-
dent BCLXL expression. This rationale was involved in the
design of the OAsls trial, which consisted of a sequential
combination of obinutuzumab and ibrutinib followed by ven-
etoclax in patients with MCL. This triple “chemo-free” com-
bination was well-tolerated and led to a complete response
rate of 67% and 86.6% in patients who relapsed and those who
remained untreated, respectively.'” Nevertheless, despite
these high initial response rates, nearly one-third of the
patients progressed or rapidly relapsed. In this study, by
combining comprehensive genomics and single-cell tran-
scriptomics, we established a novel signature of in vivo resis-
tance and deciphered the molecular mechanisms underlying
tumor escape. Based on the mechanisms we discovered, we
performed functional studies to identify therapeutic vulnera-
bilities that could be exploited in order to overcome lym-
phoma resistance.

Methods

Patient samples cohort

Samples were collected from peripheral blood (PB), bone
marrow (BM), or lymph nodes after obtaining informed consent
from patients with MCL (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) are summarized in supplemental
Table 1 (available on the Blood website).

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, based
on hits described in the literature for their role in lymphoma-
genesis (supplemental Table 2). Probes were produced by
Integrated DNA Technologies.

Single-cell RNA-sequencing (scRNA-seq)

Seven BM samples from 6 patients included in the OAsls trial
were analyzed at the single-cell resolution. In brief, live MCL
cells were first enriched by Ficoll-Paque Plus and anti-human
CD19 magnetic beads. Depletion of human erythroid pre-
cursors and erythrocytes was then performed using CD235a
(glycophorin-A) magnetic beads. A total of 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).
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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 pro-
cessing 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. (Cérdoba, Spain), and incubated for 9
days at 37°C at 55% humidity. At day 9 of their embryonic
development, a window of an ~2 cm-diameter was drilled on
top of the air chamber of the eggshell. Then, half million DFBL-
44685v2 CARD11P23N patient-derived xenografts MCL cells
were suspended in 25 pL RPMI medium containing 10% fetal
bovine serum, 100 U/mL penicillin and streptomycin, and 25 pL
Matrigel. The mix was incubated for 15 minutes at 37°C and
subsequently implanted into the CAM of each egg. Two hun-
dred fifty nM JNJ-67856633 (day 12 and 13), 2 nM of ven-
etoclax (day 13), or both were administered topically on the
tumor-bearing CAMs. Seven days after implantation (day 16),
chick embryos were killed by decapitation. Tumors were
excised and carefully weighed to determine their mass.

Additional methods are detailed in the supplemental Methods
and supplemental Table 3 or have been previously described.*

Results

Selective advantage of CARD11°F mutated cells
under OAsls combination

Fresh tumor tissues from patients with MCL enrolled in the
OAsls trial were collected and comprehensive genomic analysis
(single nucleotide variants/copy number variations, n = 17) was
performed on CD19" MCL cells (Figure 1A; supplemental
Tables 1 and 2). The most frequently altered genes at inclu-
sion included ATM (6/12), TP53 (5/12), and KMT2D (5/12)
(Figure 1B; supplemental Table 2). 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 (Figure 1C).

This was further confirmed by the longitudinal analysis of sam-
ples from patient MCL34 at the time of diagnosis, before
inclusion in the OAsls trial, and at relapse. In contrast to a poor
response to first-line chemotherapy (R-CHOP [rituximab plus
cyclophosphamide, doxorubicin, vincristine, and prednisone],
stable disease), the patient achieved a complete molecular
response before relapsing after 12 months of OAsls treat-
ment.'” Although most hits were similar across the samples, we
observed the emergence of a gain-of-function (GOF) CARD11
mutation (G123S, latch domain)?'?? at relapse and the downfall
of a loss-of-function (LOF) TRAF2 variant (C49F, ring domain,**
Figure 1D; supplemental Table 2). Indeed, although
CARD119"235 MCL cells remained discrete after first-line treat-
ment, they made up the majority of the tumor after OAsls
(Figure 1E). Notably, a deeper analysis of the G123 position
revealed the presence of few ¢.367G>A reads before treatment
(G123S frequency, 0.12% at diagnosis and 0.19% at inclusion),
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Figure 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. Patients with MCL were included in the OAsls clinical trial (obinutuzumab [anti-CD20], ibrutinib [BTK-i], and venetoclax [BCL2-i]). Blood or BM samples were
collected at inclusion (incl.) or relapse (Rel) 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 (gain/deletion) in the patients enrolled in OAsls and detected by deep DNA-seq at incl. (n = 12) (B), Rel (n = 5) (C), or in longitudinal samples
(D). Each column represents an individual sample/patient. Only genes with at least 2 anomalies detected in the cohort and with a variant frequency >5% are represented.
Statistical significance was determined by a 2-tailed Fisher exact test. (E) The fish plot shows the clonal evolution pattern of patient 34 based on the variant frequency (VaF)
measured at diagnosis (Diag), incl., and Rel (supplemental Table 2) and normalized to the TP53Y22°C VaF. (F) Schematic representation of CARD11 domains and the mutations
found in the Refract-Lyma cohort (n = 62 sequenced for CARD11), including patients enrolled in the OAsls trial. CR, complete response; PD, progression disease; PR, partial
response; SNV, single nucleotide variant; SD, stable disease.
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confirming the hypothesis of selection, under OAsls, of a rare
subclone already present at diagnosis (supplemental Table 4).
Regarding CARD11 mutations found in other OAsls relapse
biopsies, one was at the same position (G123D in MCL24) and
another was located in the coiled-coil (CC) domain (R235Q in
MCL40), both of which led to GOF.?"?4 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 CARDT1 mutated cells at relapse
(R235Q frequency, 31% and 48%, respectively) (supplemental
Figure 1). Finally, we detected CARD11 mutations in 4 addi-
tional patients with MCL 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 (Figure 1F; supplemental Table 4).

Both TRAF2 LOF and CARD11 GOF have been reported as
being involved in ibrutinib resistance, inducing BCR-
independent NF-kB2 and NF-kB1 constitutive activity, respec-
tively.?>?® To understand the selective advantage of CARD11
GOF in MCL under OAsls, we performed a transcriptional
analysis at the single-cell resolution of the samples of patient
MCL34, before and at OAsls relapse.

Longitudinal single-cell analysis uncovered a minor
OAsls-resistant subpopulation

We were able to sequence 4860 BM MCL cells before OAsls
(incl.), and 5345 cells at relapse (Rel) (supplemental Figure 2A).
We observed an elevated NIK_NF-kB2 transcriptional signa-
ture’’ at inclusion (P < .0001), consistent with the functional
consequences of the TRAF2 LOF mutation observed in this
sample (Figure 2A). In contrast, cells from the sample collected
at relapse displayed higher NF-kB1 and BCR signatures®’
(P < .0001), consistent with the acquired CARD11 GOF muta-
tion (Figure 2A). We did not observe transcriptional modulation
of the OAsls targets (supplemental Figure 2B).

Unsupervised clustering of these longitudinal samples was per-
formed 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; Figure 2B).
The cell-cycle signature analysis highlighted a proliferative het-
erogeneity among the clusters, clusters #3 and #4 brought
together cycling MCL cells (44% and 85%, respectively,
Figure 2C). Inference of the cell-cycle transcriptional program
reassigned cycling cells to their quiescent counterpart clusters
(supplemental Figure 2C), and hierarchical clustering highlighted
a close transcriptional proximity between clusters #1 and #2
(incl.), as well as between clusters #6 and #7 (Rel.) (supplemental
Figure 2D). Finally, single-cell trajectory analysis identified a smalll
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 (Figure 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
NF-kB1 and RELA were predicted at relapse (#5 and #6/#7,
P < 5 x 107), suggesting the central role of this transcriptional
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program in OAsls resistance (Figure 2E). Altogether, we iden-
tified a minor subclone (cluster#t5 187/4860 cells at inclusion)
before OAsls therapy that was resistant in vivo, which survived
upon treatment (393/5345 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 NF-kB1/
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 NF-xB1-related tran-
scriptional signature characteristic of the OAsls-resistant cluster
#5 (h = 742 genes, Figure 2E, supplemental Table 5) and
assessed it at single-cell resolution in additional samples from 5
patients enrolled on OAsls (supplemental Figure 3A). Unsu-
pervised clustering highlighted intratumoral heterogeneity in all
the samples, with 4 to 5 clusters identified in each case
(supplemental Figure 3B), all of them displayed expression of
the OAsls targets, with the exception of CD20 loss in all the
cells from the patient MCL10 with refractory disease
(supplemental Figure 3C). Proliferating clusters (supplemental
Figure 3D) were inferred to limit the impact of heterogeneous
proliferation in further analysis (supplemental Figure 4A).

We then observed that the OAsls-resistant cluster #5 signature
was significantly more elevated in patients with refractory disease
when compared with that in responders (P < .001; Figure 3A,
upper panel). This signature score was homogeneously elevated
across the cellular clusters in nonresponders and low for long-
term responders (supplemental Figure 4B). In contrast, the
score was significantly more elevated in 1 cluster from the patient
who rapidly relapsed after initial PR (MCL12, cluster #4), as pre-
viously seen for MCL34 (cluster #5) (Figure 3A, lower panel).

We further designed the MCL_R16 signature composed of 16
top genes upregulated in OAsls-resistant cluster #5 (MCL34,
Figure 3B; supplemental Table 5). Similar to 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 (Figure 3C;
supplemental Figure 4C). The MCL_R16 signature partially
overlapped and significantly correlated with previously
described BCR and NF-kB1 signatures (supplemental Figure 4D
and 4E). Akin to all these signatures,”” MCL_R16 was signifi-
cantly higher in MCL lymph nodes when compared with PB (P <
.0001) (supplemental Figure 4F), 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 patients with MCL previously
treated with chemotherapy (R-CHOP; n = 122). Patients having
a high MCL_R16 score (upper tercile) had significantly lower
overall survival (OS), the median survival time being 17.3
months for patients with a high MCL_16R score compared with
53.8 months for others (P < .001) (Figure 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 progression-free survival (PFS; 51
months vs not reached; P = .028) (Figure 3D, lower panel) and
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Figure 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 OAsls
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 incl. and Rel.
Wilcoxon sign-rank test; ****P,y < .0001. (B) UMAP plot of the 7 clusters identified by Seurat at incl. and at Rel after OAsls treatment for the patient MCL34. The cell proportion
for each cluster at incl. (green) or Rel (pink) is indicated at the bottom. (C) UMAP plot displaying the cell-cycle signature scores at incl. and Rel for the patient MCL34. Cell
proportion of cycling (red) or resting (gray) in each cluster is indicated at the bottom. (D) Trajectory of single cells at incl. and at 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_y < .0001. UMAP, Uniform Manifold Approximation and Projection.

OS (P = .042) (supplemental Figure 4G). Although the prolif-
eration score was also a strong predictor of clinical response,
previously described BCR and NF-xB signatures were not
associated with OS or PFS (Figure 3D; supplemental Figure 4G).

BCL2A1 is frequently expressed in MCL and

triggers resistance by buffering BH3-only proteins
Among the top genes associated with OAsls resistance
(Figure 3B), BCL2A1, an antiapoptotic member of the Bcl2
family, has previously been described as a major venetoclax

OVERCOMING RESISTANCE TO TARGETED THERAPIES IN MCL

resistance factor.'>??*° In accordance with the MCL_R16
signature pattern, the BCL2AT RNA level was (1) significantly
higher at relapse than at inclusion (P < .0001) (Figure 4A); (2)
especially elevated in nonresponders (MCL10 and MCL24)
(supplemental Figure 5A); 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)
(supplemental Figure 5B). Frequent expression of BCL2A1T was
observed in PB MCL samples (n = 63), whereas 3 out of 7 MCL
cell lines displayed low levels (Figure 4B). This pattern of
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Figure 2 (continued)

expression was further confirmed at the protein level in cell lines
(supplemental Figure 5C) and primary cells, including OAsls-
resistant cells (BCL2A1"9" in MCL24) and OAsls-sensitive cells
(BCL2A1"" in MCL36, Figure 4C).

To address the impact of BCL2A1 expression in the OAsls
response, we carried out further functional assays. BCL2A1
downregulation sensitized BCL2A1"M9" SP53 and OCILY3
resistant cells to venetoclax (supplemental Figure 5D-E).
Consistently, ectopic BCL2A1 expression resulted in a dramatic
loss of sensitivity to selective BCL2 inhibition (LDsg venetoclax
in Mino_ct = 25 nM vs Mino_A1 > 100 nM) and to the OAsls
combination (LDsg Mino_ct = 6.25 nM vs Mino_A1 > 100 nM)
(Figure 4D; supplemental Figure 5F). As observed in Mino cells,
the BCL2A1M9" MCL cells from the patient MCL10 with refrac-
tory disease were more resistant to the combination ex vivo
than the MCL cells from responding patients with MCL7 and
MCL12 (supplemental Figure 5G).

We then performed dynamic BH3-profiling using the BCL2A1-
specific peptide FS2.>" 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
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BCL2A1 (Figure 4E). In contrast, pretreatment 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 <
.001; 48% and 87% of cytochrome-c release, respectively;
Figure 4E). These results suggest that BCL2AT was able to
capture back proapoptotic BH3-only, released upon the tar-
geting of other antiapoptotic members of the Bcl2-family,
resulting in diminished apoptosis induction (supplemental
Figure 5H-I). Finally, we observed that BCL2A1 protein
expression increased upon treatment with venetoclax in vitro
(supplemental Figure 5J), 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 BCL2AT RNA level
and the BCR signature in MCL cells (r = 0.5; P < .0001;
Figure 5A; supplemental Figure 6A). In line with a BCR-dependent
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Figure 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 Figure 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 OS or PFS for the MCL_R16, cell-cycle, BCR, and NF«kB 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. Blue curve: low score, red curve: high score. Log-rank test.
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Figure 4. Identification of BCL2A1 as a resistance factor to OAsls combination. (A) scRNA-seq analysis of BCL2AT 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 BCL2AT gene expression in PB 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 (supplemental Figure 5) treated with single-agent venetoclax
BCL2-i at indicated doses or with OAsls combination (ibrutinib, 500 nM; obinutuzumab 500 ng/mL) for 48 hours. Cell viability was measured by the lack of annexin-V staining.
ANOVA test; ****P < 0001. The mean and standard deviation of 3 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
(BCL2-i) at indicated doses. SP53 cells were pretreated or not with venetoclax (BCL2-i, 500 nM), $63845 (MCL1-i, 500 nM) and A1155463 (BCLxL-i, 500 nM) for é hours before
cytochrome-C release measurement. ANOVA test; ***P < .001. The mean and standard deviation of 3 independent experiments are represented. ANOVA, analysis of variance.

expression, BCL2AT was induced 3 hours after IgM engagement
(median increase of 5.25-fold, n = 5; P < .05; Figure 5B). This was
further confirmed at the protein level (Figure 5C).

Accordingly, BCL2A1 was inhibited by ibrutinib in all BCL2A1* cell
lines (median reduction, 34%, n = 4; P < .05), in a manner similar
to the sensitive BCR activation marker CD83* but unlike other
antiapoptotic Bcl2 family proteins (Figure 5D). Consequently,
ibrutinio  reduced the BCL2A1 protein level (supplemental
Figure 6B), leading to synergistic apoptosis when associated
with venetoclax in BCL2A1* but not in BCL2A1™ cells (mean
synergy score, 17 vs 1) (Figure 5E; supplemental Figure 6C).
Overall, we identified that (i) the antiapoptotic protein BCL2AT is a
BCR-dependent resistance factor to Bcl2 inhibition; (i) BCL2A1 is
selectively downregulated through BTK inhibition, leading to
ibrutinib and venetoclax synergistic apoptosis.

CARD11 GOF mutations result in BCR-
independent BCL2A 1 overexpression

The CARD11-BCL10-MALT1 (CBM) complex is involved in the
transduction of BCR-specific NF-kB signaling by triggering
MALT1 scaffold and protease activities (Figure 6A).3% We first
observed constitutive CBM activity, through the cleavage of the
MALT1 substrate HOIL1, in BCL2A1"9" MCL cells but not in
BCL2A1"°" MCL cells (supplemental Figure 7A). This suggested
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that GOF mutations of CARD11, which are enriched in patients
who have relapsed after treatment with OAsls, could have a
direct impact on BCL2A1 expression. To test this hypothesis, we
overexpressed CARD11WT, CARD11°"2%, and CARD11°'%P 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
(supplemental Figure 7B). Using reporter assay experiments, we
showed that CARD11 GOF mutations led directly to increased
activity of NF-kB (fold change in CARDT1MYT = 4.2; P < .001) as
well as BCL2A1 promoter activity (fold change in CARD11MVT =
2.7, P < .001; Figure 6B). These results suggest that GOF
mutations in the latch domain of CARD11 lead directly to BCR-
independent induction of NF-kB/BCL2AT. Similar findings were
obtained with GOF mutations in the CC domain (fold change in
CARD11MYT = 1.7:. P < .05; supplemental Figure 7C). Accord-
ingly, ibrutinib greatly reduced BCL2A1 level in CARD 11T (fold
change = 0.21, n = 4) but not in CARDTT™YT (fold change =
1.12, n = 4) lymphoma cells (Figure 6C).

MALT1 targeting results in BCL2A1 inhibition and
consequent synergistic cell death with BCL2
targeting, irrespective of CARD11 mutational status
MALTT, in contrast to CARD11 and BCL10, is significantly
upregulated in MCL cells when compared with normal B cells
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(supplemental Figure 7D), 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 (CARDTT™T and inde-
pendent (CARD11MYT) BCL2A1 expression, we tested 2 highly
selective MALT1 allosteric inhibitors, MLT-748%* and JNJ-
67856633.%° Using reporter assay experiments, we first
observed that MALT1 inhibition resulted in the inhibition of
CARD11MYT_dependent NF-kB activity (fold change = 0.59 for
G123S, 0.56 for D230N; P < .05; supplemental Figure 7C).
Likewise, we observed that both inhibitors partially counter-
acted CARD119'%.dependent BCL2A1 promoter activity
(fold inhibition MALT1-i vs untreated = 0.59 for G123S;
supplemental Figure 7E). Based on these encouraging results,
we further performed RNA-seq of CARD11"" and CARD11"T
lymphoma cells treated with the BTK inhibitor ibrutinib or the
MALT1 inhibitor MLT-748. BTK targeting resulted in the inhi-
bition of genes belonging to the MCL_R16 signature, including
BCL2A1, in CARD11"T but not in CARDT1MYT cells (P < .0001;
Figure 7A left panel). In contrast, MALT1 inhibition similarly
lowered gene expression in both groups including BCL2AT,

OVERCOMING RESISTANCE TO TARGETED THERAPIES IN MCL

which was downregulated irrespective of CARDT1 status
(Figure 7A, right panel). This was further confirmed by quanti-
tative polymerase chain reaction in CARD11"T (fold change =
0.54, n = 3) and CARDT1MYT cells (fold change = 0.51, n = 3)
and similar results were obtained using MLT-748 and JNJ-
67856633 (supplemental Figures 8A-B).

MALT1 targeting resulted partial BCL2A1 protein down-
regulation in all samples, including CARD11°123% MCL cells, in
contrast to BTK targeting whose efficacy was restricted to
CARD11"* cells (Figure 7B-C). Supporting the role of BCL2A1 in
venetoclax resistance, we observed synergistic apoptosis after a
MALT1/BCL2 targeted combination in vitro in both BCL2AT"
CARD11WT and BCL2A1" CARD11MYT (synergy score>10)
(Figure 7D). As expected, synergy was not observed in BCL2A1™
7138 cells (synergy score, —4.7) (supplemental Figure 8C).

To address MALT1/BCL2 dual targeting in CARD11MYT MCL
cells in vivo, we used the chick embryo CAM. This vascularized
and immunodeficient alternative in vivo model allows the
growth of numerous cell types.® In this study, we established a
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Figure 6. BCR-independent expression of BCL2A1 in CARD11 mutated cells. (A) BCR signaling triggers the NF-xB1 pathway through the activation of several proteins such
as BTK, which can be inhibited by ibrutinib, and complexes such as CBM. Several previously described CBM substrates are mentioned including HOIL1, which is used in the
following experiments as a marker of CBM activity. (B) NF-kB luciferase assay (left panel) and BCL2A1 promoter LightSwitch luciferase assay (right panel) in HEK293 cells
transfected with a pUNO1 (empty), pUNO1-hCARD11-WT, pUNO1-hCARD11-G123S or pUNO1-hCARD11-G123D vector (48 hours). Two-way ANOVA; ****P < 0001, ***P <
.001, **P < .01, *P < .05. The mean and standard deviation of 3 independent experiments are represented. (C) BCL2AT gene expression was measured by RT-gPCR in
CARD11WT MCL (SP53, NTS3, and REC-1) and DLBCL (U2932) cell lines and CARD11™UT MCL cells (001-024, DFBL) and DLBCL (OCILY3, SUDHL16) cell lines treated with
ibrutinib (500 nM) for 6 hours. Detailed CARD11 mutational status is described in supplemental Table 4. Mann-Whitney test; *P < .05.

CAM model using BTK-resistant’’ CARD11P%%N BCL2A1*
patient-derived xenografts cells, which were treated with the
clinically available MALT1 inhibitor JNJ-67856633 alone or in
combination with the BCL2 inhibitor venetoclax (Figure 7E;
supplemental Figure 9A-C). Although low doses of venetoclax
showed no significant inhibition of tumor growth, JNJ-
67856633 reduced tumor growth to 40% of control. The com-
bination highlighted a strong synergy leading to 70% of tumor
growth inhibition after 4 days of treatment (Figure 7E). These
results were confirmed in NSG mice, the CARD7T1P230N
BCL2AT* tumor burden (PB and spleen) being reduced using a
combination of JNJ-67856633 and venetoclax, both in subopti-
mal concentrations as a single agent (supplemental Figure 9D-F).

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 NF-xB1, highlighting the fact
that a BTK-independent NF-kB program was involved in the
resistance to the OAsls regimen in vivo. The resistance signa-
ture was the basis for a 16-gene score, which also retrospec-
tively 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 patients with multiresistant MCL,
whose disease progressed on chemotherapy, BTK/BCL2-based
targeted therapy and chimeric antigen receptor T-cell therapy
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 patients with MCL
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who are at very high-risk display a similar NF-xB1-related
resistance profile and whether alternative strategies, such as
bispecific antibodies,?”*° can counteract this resistance.

BTK-independent NF-kB activation can be initiated in malig-
nant B cells using multiple pathways which have been impli-
cated in BTK-inhibition resistance.'®*" This signaling is
triggered by genetic events,'>?° epigenetic regulation,*? and
microenvironmental cues.'*?° In this study, we have observed
that CARD11 GOF mutations were enriched at OAsls relapse
and resulted in increased NF-kB activity. CARD11 GOF muta-
tions are observed in ~10% of non-Hodgkin lymphomas at
diagnosis,*® and allow cell survival upon BTK inhibition by
restoring NF-kB signaling downstream. Accordingly, CARD11
GOF mutations have been associated with in vivo ibrutinib
resistance in diffuse large B-cell lymphoma (DLBCL)*® and
follicular lymphoma (FL).** In this study, we have demonstrated
that a similar pattern is found in MCL. Intriguingly, we have
observed enrichment of CARD11 mutations within the latch
domain (supplemental Table 4). This pattern was confirmed in a
recent analysis of recurrently mutated genes in several B-cell
non-Hodgkin lymphoma subtypes at diagnosis, in which
CARD11 mutants were enriched in the G123 (3/11) and D230
(3/11) positions in MCL, but not in FL, DLBCL, or Burkitt lym-
phoma.*? In this study, we have demonstrated that both vari-
ants induced elevated NF-xB activity in vitro, and a recent
multiplex functional assessment of genetic variants ranked the
G123S as one of the most efficient in escaping ibrutinib treat-
ment.*® In addition, elevated NF-xB activation associated with
CARD11 germ line mutation at the G123 position has been
described in the context of B-cell expansion with NF-kB and T-
cell anergy (BENTA) disease,”’ reinforcing the potent GOF
associated with this hotspot.
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Figure 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"T cell lines (SP53, NTS3, REC-1) and BCL2AT" CARD11MYT cells (001-024, OCILY3, SUDHL16) treated 24 hours with the BTK inhibitor ibrutinib (500 nM) (left panel) or
the MALT1 inhibitor MLT-748 (1 pM) (right panel). Mann-Whitney test; ****P < .0001. 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 MALT1 inhibitor MLT-748 (1 pM) for 24 hours. The arrow highlights cleaved form of HOIL1. (D)
Synergy score (HSA method) computed for 4 cell lines treated with venetoclax and MLT-748 for 48 hours. Unpaired t-test; *P < .05. Detailed results are represented in
supplemental Figure 8C. The mean and SD of 3 independent experiments are represented. (E) Tumor weights at day 16 for CARD11°23°N 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. Representative pictures of engrafted

tumors in CAM at day 16 are shown in the right panel. n.s., not significant.

By integrating multiomics and functional analysis, we have
demonstrated that GOF mutations result in NF-kB—dependent
induction of BCL2A1. Recent publications have highlighted its
critical role in venetoclax resistance in hematological malig-
nancies.'#??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 chronic lymphoid leukemia.*® Accord-
ingly, overexpression of BCL2A1 led to increased resistance to
the OAsls combination, highlighting the need to target this
antiapoptotic protein to counteract resistance. No selective
small molecule has yet been developed to specifically target
BCL2AT1, but in this study we have demonstrated that BCL2A1
is tightly controlled by the BTK/BCR pathway in CARD11™
MCL. Altogether, our results position BCL2AT as a selective
bridge between the BCR pathway and mitochondrial apoptosis.
Accordingly, BCL2A1 expression is greatly inhibited by ibru-
tinib in CARD11WT cells, but not in CARDT1MYT cells, which
results in ibrutinib/venetoclax synergy exclusively in CARDT1WT
BCL2A1" lymphoma cells.

CARD11 forms the CBM complex with MALT1, which has
emerged as an attractive therapeutic target, and several
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molecules that target its protease function are being tested
in vitro and in vivo. 7*®4? 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 MALT1 protease function
resulted in the inhibition of the MCL_R16 signature, including
BCL2A1 and synergized with BCL2 inhibition to induce
apoptosis, irrespective of the CARDT7T mutational status.
Overall, our results have highlighted that 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 BCL2AT compared with
BTK inhibition in CARD11WT cells. Several strategies for inhib-
iting both MALT1 scaffold and protease functions, such as the
PROTAC technology that leads to selective protein degrada-
tion,? are under preclinical evaluation and may lead to
increased efficacy of MALT1 targeting in the near future.

To summarize, our data have uncovered the control of mito-
chondrial apoptosis by CARD11 through BCL2A1 expression.
This network is crucially involved in the resistance to BTK/
BCL2-based targeted inhibition, because CARD11 GOF
mutations lead not only to BCR independence and
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consequently ibrutinib resistance, but also to BCL2A1-
mediated venetoclax resistance. Nevertheless, our data have
shown that targeting the CBM through MALT1 inhibition
reverts this resistance, and 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-NF-xB-BCL2A1
axis in MCL resistance in vivo, could be applied to a broad
spectrum of hematological malignancies.
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decreased in vivo repopulating capacity
compared with HSCs cultured with
young stromal cells. Treatment of mice
bearing Fancd2- or Atm-deficient stro-
mal cells, as well as aged mice, with
anti-AREG antibody partially corrected
the HSC repopulating capacity defect in
these animals.

The current study highlights the impor-
tant role of DNA repair proteins, partic-
ularly BRCA2 (also known as Fanconi
anemia D1 [FANCD1]), FANCD2, and
ATM in maintaining the genomic and
functional integrity of BM stromal cells in
the HSC niche. Although up to 5% of
Fanconi anemia cases are caused by
mutations in the Brca2 gene, the current
study provides new insight into the
niche-specific function of these DNA
repair proteins and their essential role in
maintaining the overall integrity of the
hematopoietic system.

This study raises an important mechanistic
question as to how deficiencies in Brca2,
Fancd2, or Atm, or the onset of aging,
promote the increased transcription of
Areg in BM stromal cells. BRCA2 is a
tumor suppressor protein that maintains
cellular genome integrity via function in
homologous recombination, G2 check-
point control, and protection of replica-
tion forks.” BRCAT is also a tumor
suppressor protein that functions in DNA
damage repair and transcriptional regu-
lation.® Interestingly, BRCA1 was shown
to repress Areg gene expression via
binding to the Areg promoter, and Brcal
deletion caused an increase in Areg
transcription.” It will be important to
determine whether a common transcrip-
tional regulation links the deficiencies of
DNA repair genes and aging to Areg
transcription or whether Areg expression
can be induced by multiple different
processes.

The results from Wu et al build importantly
upon prior studies that have suggested a
role for EGFR signaling in regulating HSC
regeneration.® Interestingly, treatment with
AREG, an EGFR ligand, caused a decline in
HSC repopulating capacity, whereas EGF
has been shown to promote HSC regen-
eration in irradiated mice.® These opposing
results may reflect fundamental differences
in the binding and signaling capacity of
AREG and EGF through EGFR,” an EGFR
“dosage” effect similar to that described
for Wnt signaling in HSCs,'® or the

probability that HSCs respond uniquely to
cytokines in the context of homeostasis
versus injury.
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Toward rational therapy for
mantle cell lymphoma

Mark A. Murakami | Dana-Farber Cancer Institute

Clinical and biological heterogeneity challenges the development of curative
treatment for mantle cell lymphoma (MCL). In their timely article in this issue of
Blood, Decombis et al describe a targetable mechanism of acquired resistance
to combined inhibition of Bruton tyrosine kinase (BTK), BCL2, and CD20—a
clinical strategy currently under intensive clinical investigation—and animate the
development of biologically informed therapy to overcome this resistance.’

There exists no unified frontline therapy for
MCL. Although multiple chemoimmuno-
therapy regimens can benefit younger, fit
patients, none is curative. In addition, the
older age of most patients, the adverse
predictive implications of TP53 mutations
with chemotherapy, and the dependence
of MCL on B-cell receptor (BCR) and NF-xB
signaling have motivated the development
of less intensive induction regimens incor-
porating BTK and other targeted inhibi-
tors.” Approximately 20% of patients
achieve complete remission (CR) on Ibruti-
nib or venetoclax monotherapy in the
relapsed and refractory (R/R) set'ting,3'4 but
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progression invariably occurs. Preclinical
synergy motivated ibrutinib/venetoclax
combination therapy in the ABT-199 and
Ibrutinib in MCL (AIM) trial,” in which CRs by
positron emission tomography (PET)
occurred in 62% of patients with R/R MCL.
Poor responses remained, however, with
inactivating alterations in genes of the
switch/sucrose nonfermentable (SWI-SNF)
complex skewing survival signals through
upregulation of BCL2L1 (Bcl-xL).® In addi-
tion, Chiron et al identified microenviron-
mental cues upregulating NF-kB and BCL2
family peptides, including Bcl-xL, reducing
ex vivo apoptotic priming and venetoclax
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BH3 protein sequestration

Pro-survival signals
Therapy resistance

Elucidation of oncogenic signaling in mantle cell lymphoma highlights opportunities for rational therapeutic combinations. B-cell receptor (BCR) signaling via Bruton tyrosine
kinase (BTK) activates the CARD11-BCL10-MALT1 (CBM) complex, which induces NF-kB nuclear translocation and transcriptional activation of target genes, including anti-
apoptotic BCL2A1. Cell-extrinsic input from lymphoid-like cells in the microenvironment also signals through NF-kB to upregulate antiapoptotic genes, like BCL2L1 (Bcl-xL).
These and other biological programs converge to promote targeted therapy resistance in mantle cell lymphoma but are subject to targeted inhibition by ibrutinib (BTK),
venetoclax (BCL2 family peptides), and obinutuzumab (CD20, indirectly downregulating Bcl-xL). Here, Decombis et al have identified gain-of-function mutations in CARD11
that confer autonomous activation of the CBM complex, thereby circumventing pharmacologic inhibition of BTK with ibrutinib and potentially mediating resistance to
combined BTK-BCL2-CD20 triplet therapy, as in the OAsls trial. This illuminated the potential for therapeutic targeting of MALT1 to suppress the CBM-NF-kB-BCL2A1
resistance axis in mantle cell lymphoma as part of future rational combination regimens. BAFF, B-cell activating factor; IGF, insulin-like growth factor; IL, interleukin; PKC,
protein kinase C; PLC, phospholipase C; SYK, spleen associated tyrosine kinase. Professional illustration by Somersault18:24.

sensitivity.” This resistance was reverted
ex vivo by targeting CD20 with obinutuzu-
mab. These findings motivated multiple
groups, including these authors, to initiate
studies combining BTK, BCL2, and
CD20 inhibition in the R/R and frontline
settings, including the OAsls (obinutuzu-
mab, ABT-199, ibrutinib; NCT02558816),
BOVen (zanubrutinib, obinutuzumab, ven-
etoclax; NCT03824483),” and AVO trials
(acalabrutinib, venetoclax, obinutuzumab;
NCT04855695). Although such targeted
combination regimens induce high rates of
PET CR (>80%) among treatment-naive
patients, the frequency of primary refrac-
tory disease and early progression man-
dates the search for biological mechanisms
of resistance to inform the development of
next-generation therapies.

This is precisely what Decombis et al
sought to do. They identified 3 of 5
patients who progressed on OAsls and

underwent targeted panel sequencing
who harbored treatment-emergent or
treatment-expanded CARD11  gain-of-
function (GOF) mutations, supporting the
selective advantage of CARD11 activation.
To elucidate downstream effects, single-
cell RNA sequencing was applied to
serial specimens from a hallmark patient in
whom a preexisting CARD11°'2% syb-
clone expanded on OAsls treatment to
form the dominant clone at progression.
Transcriptomic analysis revealed enrich-
ment of transcriptional and translational
activity as well as RelA and NF-«B1
expression at progression, with evidence
of clonal expansion of an NF«B1 tran-
scriptional  cluster, corroborating  the
advantage of CARD11 GOF mutations
signaling through NF-kB1. When assessed
within 5 additional OAsls participants,
expression of the NF-«B1 cluster was
increased in MCL cells from refractory
patients vs responders and in a subset of

cells from a patient who rapidly relapsed
after an initial response. The top 16 genes
in this cluster were then treated as a
focused resistance signature called the
MCL_R16.

MCL_R16 clinical associations mirrored
those of the full cluster. In addition, its
expression was magnified in MCL cells
from lymph nodes vs peripheral blood,
reflecting the authors’ previous findings
regarding lymphoid microenvironment-
mediated resistance. Strikingly, the
MCL_R16 correlated with inferior sur-
vival when retrospectively applied to 2
independent cohorts of patients
treated with chemoimmunotherapy,
suggesting possible generalized resis-
tance biology.

The Bcl-2 family member BCL2A1
emerged as one of the genes most
strongly associated with progression on
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OAsls. Functional experiments in cell line
models demonstrated dependence of
BCL2A1 activity on BCR and CARD11-
BCL10-MALT1 (CBM) complex signaling.
Critically, mutationally activated but not
wild-type (WT) CARD11 could bypass BCR
dependence through direct induction of
BCL2A1, implicating the CBM-BCL2A1
axis in ibrutinib resistance. Additional
in vitro experiments revealed BCL2A1
upregulation after in vitro treatment with
venetoclax or other BH3 peptides, corre-
lating with the acquisition of apoptotic
priming to BCL2A1. Taken together, these
data support a model in which BCL2A1
upregulation promotes resistance to inhi-
bition of BTK, BCL2, or the combination
and highlight the potential for targeting
MALT1 to overcome resistance mediated
by CARD11 GOF mutations (see figure).

In vitro experiments demonstrated that
MALT1 protease inhibition abrogated
BCL2A1 promoter and NF-kB activity as
well as expression of the MCL_R16 signa-
ture in cell lines. Although BTK inhibitors
downregulated the MCL_R16 signature
only in CARD11 WT models, MALT1
inhibitors exerted these effects indepen-
dent of CARD11 mutation status. These
data pointed to the potential for MALT1/
BCL2 combination therapy. Indeed, thera-
peutic synergy was observed in cell lines
treated with venetoclax and MALT1 pro-
tease inhibitors independent of CARD11
mutation status but dependent on
BCL2A1. These findings were validated
within patient-derived in vivo models of
CARD11-mutated, BTK inhibitor-resistant
MCL, in which venetoclax and the MALT1
inhibitor JNJ-67856633 inhibited tumor
growth with synergistic effect.

In summary, this work provides important
new insights into the mechanism by which
CARD11 mutations mediate resistance to
BTK inhibitor-inclusive therapies, such as
in OAsls. Their identification of BCL2A1 as
a BCR/CBM-dependent mediator of this
resistance, which could be overcome by
MALT1 inhibition, informed the rational
combination of MALT1 and BCL2 inhibi-
tors, which exert synergistic activity within
models of BTK inhibitor-resistant MCL.
These efforts will certainly continue and, in
fact, complement recent findings on the
preclinical activity of combined MALT1
and BTK inhibition for ibrutinib-resistant
MCL."® Looking ahead, one can envision
a wider spectrum of MALT1 inhibitor
combinations, although this will require
immune-competent model systems to

understand the consequences of MALT1
modulation on regulatory T cells and other
key immune subsets.

Additional impact from this work arises
from data regarding the mutational
(CARD11  GOF) and transcriptional
(MCL_R16) correlates of adverse clinical
outcomes, which may nucleate novel
predictive  biomarkers for patients
treated with OAsls-like and other regi-
mens. Although these resistance fea-
tures were identified in a small number
of patients and require considerable
optimization and prospective validation,
the biological and clinical heterogeneity
of MCL underscores the importance of
this endeavor. Most important, this work
by Decombis et al further illuminates the
complex and dynamic biology of MCL in
the context of a novel therapeutic
regimen, enabling the development of
biologically informed, tolerable treat-
ment strategies to circumvent resistance
in this recalcitrant disease.
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THROMBOSIS AND HEMOSTASIS

Comment on Stanger et al, page 1556

Targeting prostacyclin: all
gain with no pain?

Matthew T. Rondina | George E. Wahlen Department of Veterans Affairs

Medical Center

In this issue of Blood, Stanger et al synthesized CS585, a novel analogue of
oxylipin 12(S)-hydroxy-eicosatrienoic (12-HETrE) that targets the prostacy-
clin receptor.” Platelets form the 12-HETrE, a metabolite of 12-lipoxygenase.
12-HETrE activates the prostacyclin receptor, increasing cyclic adenosine

monophosphate generation and attenuating platelet reactivity. In a
comprehensive suite of studies building on a body of prior work,?* these
authors demonstrate that CS585 selectively inhibits platelet secretion,
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