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Cyclin D2 overexpression drives Bla-derived
MCL-like lymphoma in mice
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Mantle cell lymphoma (MCL) is an aggressive B cell lymphoma with poor long-term overall survival. Currently, MCL research
and development of potential cures is hampered by the lack of good in vivo models. MCL is characterized by recurrent
translocations of CCND1 or CCND2, resulting in overexpression of the cell cycle regulators cyclin D1 or D2, respectively. Here,
we show, for the first time, that hematopoiesis-specific activation of cyclin D2 is sufficient to drive murine MCL-like
lymphoma development. Furthermore, we demonstrate that cyclin D2 overexpression can synergize with loss of p53 to form
aggressive and transplantable MCL-like lymphomas. Strikingly, cyclin D2-driven lymphomas display transcriptional,
immunophenotypic, and functional similarities with Bla B cells. These MCL-like lymphomas have Bla-specific B cell receptors
(BCRs), show elevated BCR and NF-kB pathway activation, and display increased MALT1 protease activity. Finally, we provide
preclinical evidence that inhibition of MALT1 protease activity, which is essential for the development of early life-derived

Bla cells, can be an effective therapeutic strategy to treat MCL.

Introduction

Mantle cell lymphoma (MCL) is a highly aggressive B cell lym-
phoma that accounts for 6% of all non-Hodgkin lymphomas and
is characterized by abnormal proliferation of mature antigen-
naive B lymphocytes (Campo et al., 1999; Jares et al., 2012). De-
spite recent advances in patient risk stratification, MCL remains
incurable due to frequent relapses and resistance to therapy
(Campo and Rule, 2015). Constitutive activation of D-type cy-
clins in B cell progenitors has been considered as a genetic
hallmark of human MCL. Additional secondary mutations, such
as loss of the tumor suppressor TP53 (Bea et al., 2013; Greiner
et al., 2006; Nadeu et al,, 2020), cooperate during oncogenic
transformation. Two distinct molecular subtypes have been de-
scribed that differ in their clinicobiological behavior (Beekman
et al., 2018; Fernandez et al., 2010). Conventional MCL is the
most common subtype, characterized by high SOXI11 expression
and a low number of IGHV mutations. These conventional nodal
MCLs are derived from naive mature B cells that reside in the

mantle zone surrounding the germinal centers and display a
poor overall survival, often with dissemination throughout the
body and infiltration in the liver and the gastrointestinal tract
(Jares et al., 2007). The second molecular subtype, the leukemic
nonnodal MCL, is SOX11 negative, follows an indolent clinical
course, and is derived from memory-like B cells that are ger-
minal center experienced and, as such, harbor IGHV mutations.

Mammalian cells use specific cyclin-dependent kinase (CDK)
complexes to regulate their passage through the cell cycle. Three
D-type cyclins, namely cyclins D1, D2, and D3 (encoded by
CCND1, CCND2, and CCND3), have been described and bind
CDK4/6. At G,/S phase transition, the activation of cyclin D-
CDK4/6 complexes leads to the activation of E2F transcription
factors and progression through the cell cycle. Gene function
studies have demonstrated that D-type cyclins have partially
overlapping and redundant roles in cell cycle control (Musgrove
et al., 2011; Sherr and Roberts, 2004). Because D-type cyclins
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share a similar structure and function, they could be equally
potent in driving cancer upon aberrant activation.

The majority of MCL patients carry a t(11;14)(ql3;q32)
translocation that leads to the juxtaposition of the CCNDI gene to
the Ig locus, resulting in cyclin D1 overexpression. Approxi-
mately 10-15% of MCLs lack the typical t(11;14) but have similar
clinjcal, pathological, and genetic features. These so-called cyclin
Dl-negative MCLs display increased expression of either cyclin
D2 or cyclin D3 (Fu et al., 2005; Mozos et al., 2009). Recurrent
translocations involving CCND2 and the Ig heavy and light chain
loci have been identified in such cases (Martin-Garcia et al.,
2019; Salaverria et al., 2013) and were acknowledged in the recent
World Health Organization classification of lymphoid neoplasms
(Swerdlow et al., 2016). In addition, cryptic insertions that result in
the integration of Ig light chain enhancers near CCND2 or CCND3
have also been observed as another genetic mechanism for cyclin
D2 or cyclin D3 overexpression (Martin-Garcia et al., 2019).
Therefore, accumulating genetic evidence suggests that, next to
cyclin D1, also other cyclin D family members might play an on-
cogenic role in the pathobiology of MCL.

Although translocations involving CCNDI are frequent,
mouse models with elevated expression of cyclin D1 alone do not
spontaneously develop MCL (Bodrug et al., 1994; Lovec et al., 1994),
except upon mitogenic stimulation in aged mice (Smith et al., 2006)
or upon depletion of the proapoptotic Bcl-2 family protein BIM
(Katz et al., 2014). Currently, fully penetrant spontaneous MCL
mouse models are lacking and would be of great importance to
enable preclinical in vivo drug screening and pave the way for novel
and better therapeutic strategies for the treatment of MCL.

Here, we report a novel spontaneous in vivo cyclin D2-driven
MCL-like mouse model that faithfully recapitulates most path-
ophysiological and molecular features of human MCL. We found
that Ccnd2-driven murine MCL-like lymphomas are reminiscent
of early life-derived Bla cells at the transcription and functional
levels and express BCRs that bind self-antigens, providing con-
stitutive activation of the BCR pathway. This could support them
in transforming from self-renewing cells into malignant MCL-like
lymphomas. In addition, we found that the oncogenic transfor-
mation driven by Ccnd2 was accelerated in the absence of the
tumor suppressor p53. Indeed, in a p53-deficient context, cyclin
D2 overexpression specifically stimulates oncogenic trans-
formation of CD19*CD5*CD23~ Bla cells, which resemble
the immunophenotype of human MCL patients. Like Bla cells,
our Ccnd2-driven murine MCL-like lymphomas have enhanced
NF-«B pathway activation with increased mucosa-associated
lymphoid tissue translocation protein 1 (MALT1) protease activ-
ity. Finally, we demonstrate that these Bla/MCL-like lymphomas
are transplantable and druggable, such as by inhibition of MALT1
protease activity, showing that our model is particularly suited for
preclinical evaluation of novel therapeutic strategies.

Results

Hematopoietic cyclin D2 expression drives MCL-like

lymphoma in mice

To evaluate whether cyclin D2 could act as a bona fide MCL
oncogene, we developed a conditional Ccnd2 overexpression
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mouse model (Fig. 1 A) using a previously optimized pipeline for
targeting the Rosa26 (R26) locus (Fig. S1 A; Pieters et al., 2019).
R26-Ccnd2 mice were crossed to Vav-iCre mice (de Boer et al.,
2003) to enable biallelic R26-driven overexpression of cyclin D2
in the entire hematopoietic system, including B cells (Fig. SI,
C and D). We monitored an aging cohort of R26-Ccnd29/19;
Vav-iCre'?’* (hereafter named Ccnd2"®”) mice and found that 5
(29%) of 17 animals spontaneously developed lymphomas (Figs.
1 B and S1 E). The obtained Ccnd2V®” tumors were composed of
monomorphic, small-sized cells with irregular hyperchromatic
nuclei (Fig. 1 C), displayed an MCL-like CD19*CD20*CD5*CD23"
immunophenotype (Fig. 1 D; Jares et al., 2007), and expressed
the MCL marker SoxlI (Fig. 1 E). In line with human conventional
MCLs, which are mature but naive lymphomas that express IgM
and lack expression of the immature Tdt marker, Ccnd2V®” mice
were also IgM*Tdt~ (Fig. 1 D). Lymphoma-bearing Ccnd2V* mice
had nodules or infiltrates of proliferating B220*KI67* neoplastic
B cells in their gastrointestinal tract, liver, spleen, and medias-
tinal lymph nodes (Fig. 1, F and G). Three Ccnd2V®” mice devel-
oped severe splenomegaly (Fig. S1 F) with a profound loss of the
normal parenchymal architecture, while white pulp compartments
were obscured by a dense proliferation of small to medium-sized
lymphoid cells. Next, we performed whole-exome sequencing
(WES) on four Ccnd2-driven B cell lymphomas, and although these
lymphomas contained mutations in Cdk4, Fat3, and Lam3 (Fig. S1 G
and Table S1), similar to human MCL patients, they did not harbor
mutations in Atm or Trp53. Finally, we used the WES data to in-
vestigate the somatic hypermutation status in these Ccnd2-driven
B cell lymphomas. Ighv mutations were analyzed in DNA from four
Ccnd2V® lymphomas compared with DNA from splenocytes from a
Cre-negative littermate control. Two Ccnd2V® lymphomas com-
pletely lacked Ighv mutations (Fig. 1 H), indicating that these mu-
rine unmutated MCL-like lymphomas originated from the mantle
zone of secondary lymphoid organs, similar to the conventional
human MCL subtype. In conclusion, we demonstrated that cyclin
D2 overexpression in mice drives spontaneous B cell lymphoma
formation, sharing features with human MCL patients.

Cyclin D2 synergizes with p53 loss in B cells to form aggressive
MCL-like lymphomas in mice

The bicistronic transgene transcript encodes both cyclin D2 and
the firefly luciferase reporter, which enabled us to trace neo-
plastic cells upon transplantation in secondary hosts using bio-
luminescence. Although Ccnd2V® lymphomas engraft upon
transplantation in immunodeficient nonobese diabetic/severe
compromised immunodeficiency y (NSG) mice, they fail to de-
velop full-blown aggressive MCL-like lymphoma within 3 mo
after transplantation (Fig. S2). This is in line with the absence of
Atm or Trp53 mutations in these lymphomas. To increase the
penetrance and decrease the latency of lymphoma formation, we
investigated whether cyclin D2 overexpression would cooperate
with other genetic alterations that frequently co-occur in MCL
patients, such as mutations in the tumor suppressor gene TP53
(Bea et al., 2013; Greiner et al., 1996; Hernandez et al., 1996;
Nadeu et al., 2020). To model this, we crossed conditional R26-
mediated Ccnd2 overexpression mice (R26-Ccnd29/%9) with con-
ditional p53-knockout animals (p53™f) in the B cell lineage
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Figure 1. MCL-like lymphomas in a mouse model with hematopoietic cyclin D2 expression. (A) Schematic representation of R26-Ccnd2 mice that allow
Cre-dependent conditional expression of a bicistronic transgene transcript, encoding for cyclin D2 and the EGFP/Luciferase reporter, from the R26 promoter.
FRT, flippase recognition target; R26: ROSA26; IRES: independent ribosomal entry site; PKG, phosphoglycerate kinase 1; NeoR, neomycin resistance gene; Luc,
luciferase. (B) Kaplan-Meier survival curve of Cre-negative control (R26-Ccnd2'9/%9) versus R26-Ccnd29/9;Vav-iCretd’* (Ccnd2+e¥) mice. (C and D) H&E-stained
paraffin sections (C) and flow cytometric analysis (D) of a lymphoma from a 52-wk-old Ccnd2“® mouse. Scale bar, 50 pm. Single live cells were analyzed for the
pan-hematopoietic CD45 markers; B cell markers B220 and CD19; and CD20, CD5, CD23, IgM, and Tdt. FSC-A, forward scatter area. (E) Quantitative PCR
analysis for expression of Sox11 for healthy nonrecombined controls and Ccnd2@ lymphomas. As an extra Sox11-negative tumor control, RNA of a murine T cell
lymphoblastic leukemia (T-ALL) sample was included. Error bars represent the SD of two technical replicates. (F and G) H&E staining and immunohisto-
chemistry for CD45, B220, and proliferation marker KI67 on paraffin sections of infiltrates or nodules in liver (F) and small intestine (G) in 36-wk-old (F) and 76-
wk-old (G) Ccnd2'@ mice. Insets in F, magnified image. Scale bars in F, 50 um. (G) Macroscopic view (bottom) and H&E-stained transverse paraffin sections of
Swiss rolls (top) of the small intestine. Scale bar, 500 pm. Right: H&E-stained nodules (scale bar, 200 pm) and immunohistochemistry (scale bar, 50 um) and a
graph depicting the number of nodules >200 um within the entire small intestine of control or Ccnd2+@” mice. Error bars represent the SD of two independent
swiss rolls. (H) Graph depicting the number of single-nucleotide variants (SNVs) or insertions/deletions (indels) in Ighv genes of Ccnd2®” lymphomas.

(Fig. 2 A) using MbI-Cre mice (Hobeika et al., 2006), which ex- more frequent infiltration of proliferating tumor cells in the
press the Cre-recombinase at the pro-B cell stage. Loss of p53 by ~ small intestine than p53™*! mice (Fig. 2 C). Detailed flow cyto-
itself triggered B cell malignancies within 400 d in 58% (11 0f19)  metric analysis demonstrated that none of the analyzed p53M!
of p53/f;Mbi-Cretd/+ (hereafter referred to as p53“?!) mice witha lymphomas had an MCL-like immunophenotype. In contrast, 9
median survival of 379 d (Fig. 2 B, dark blue curve). In combi-  of 17 Ccnd2/p53¥P! lymphomas showed a CD19*CD20*CD5*CD23"
nation with cyclin D2 overexpression, the R26-Ccnd2!9/19;p53%/fl,  immunophenotype, similar to that of MCL patients and Ccnd2Ve”
Mbl-Cre'9/* mice (hereafter referred to as Ccnd2/p53VP!) develop lymphomas (Fig. 2, D and E). Moreover, MCL-like Ccnd2/p53Mb!
lymphadenopathies significantly sooner with a median survival lymphomas were IgM*IgD*, in line with human conventional
of 268 d (Fig. 2 B, light blue curve). Lymphomas were frequently ~MCLs, which are considered the oncogenic counterpart of naive
observed in peripheral lymphoid tissue, such as mandibular, mature B cells (Fig. 2 D). To investigate if MCL-like and non-
axillary, inguinal, and mediastinal lymph nodes, and dissemi- MCL immunophenotypes were mutually exclusive, we per-
nated throughout the body, with infiltrations in the spleen, liver, ~formed flow cytometric analysis on all available tumors for each
peripheral blood (PB), and small intestine (Fig. S3). Consistent Ccnd2/p53M mouse that had at least one MCL-like lymphoma.
with an MCL pathophysiology, Ccnd2/p53MY mice displayed We found that about half of the mice exhibited only MCL-like
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Figure 2. Cyclin D2 overexpression cooperates with loss of p53 in B cells to form MCL-like lymphomas. (A) Breeding scheme to obtain R26-Ccnd2!9/t9;
p53"fMbI-Cret/+ (Cend2/p531) mice. (B) Kaplan-Meier survival curve of Cend2bY, p53MbL and Cend2/p53MbT mice. A log-rank (Mantel-Cox) test was used to
compare curves from p53"1 and Ccnd2/p53% mice and showed a significant difference (**, P = 0.0019). (C) H&E staining (top) and KI67 immunohisto-
chemistry (bottom) of transverse paraffin sections of Swiss rolls of the small intestine (SI) of a Ccnd2/p53¥61 mouse. Scale bar, 500 pm. Tumor nodules are
indicated with arrows, and magnifications are shown at right. Scale bar (magnification), 50 um. Bottom: Graph depicts the percentage of mice that display
tumor infiltration in the small intestine. (D) Flow cytometric analysis of p53¥%1 (n = 8) and MCL-like (n = 6) and non-MCL (n = 5) Ccnd2/p53M! tumors and of four
Cre-negative littermate controls. Single live CD45* cells were analyzed for B cell markers B220 and CD19 and for CD5, CD23, IgM, and IgD. SSC-A, side scatter
area. Representative flow plots are shown (left), and the frequencies of different populations were plotted in graphs (right). CD19* cells were pregated on

CD45* cells, and all other populations were pregated on CD19* cells. Each dot represents a lymphoma from a different mouse. Error bars represent the SD of

independent lymphomas. *, P < 0.05; **, P < 0.0; ***, P < 0.00L. (E) Graph depicts the percentage of p53"¢? or Ccnd2/p53¥b? mice that exhibited an MCL-like
immunophenotype. (F) Heatmap summarizing flow data of lymphomas from nine MCL-like Ccnd2/p53Mb! mice. Lymphomas were classified as MCL-like
(CD19*CD20*CD5*CD237) or non-MCL (CD19+*CD20-CD57).
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lymphomas (Ccnd2/p53¥%! nos. 1, 2, 7-9), while others carried
both MCL-like and non-MCL lymphomas (Fig. 2 F). Based on
these observations, we conclude that Cend2 overexpression in-
creased the penetrance (58% to 100%) and decreased the latency
(379 to 268 d) of spontaneous B cell malignancies in a p53-null
background and displayed a significant shift toward an MCL-like
immunophenotype (0% to 53%). Of note, within the time frame
of this experiment (400 d), we did not observe any spontaneous
lymphadenopathies in the Ccnd2MY! cohort (Fig. 2 B, gray curve).
A prerequisite for building preclinical models for MCL is the
ability to recapitulate the disease in a short period of time.
Therefore, we transplanted both non-MCL and MCL-like lym-
phomas in immunocompromised NSG mice (Fig. 3 A) and found
that these primary transplants developed into aggressive lym-
phomas within 5-7 wk or 5-6 wk, respectively (Fig. 3 B). Upon
retransplantation of primary transplants in NSG mice, secondary
Cend2/p53'®! transplants were formed within 2-3 wk (Fig. 3 B).
Flow cytometric analysis revealed that both primary and sec-
ondary transplants retained the immunophenotype of the primary
tumor (Fig. 3, C and D). In conclusion, Cend2 overexpression
synergizes with p53 loss in the malignant transformation of B cells
to form aggressive and transplantable MCL-like tumors in mice.

Murine cyclin D2-driven MCL-like tumors resemble Bla B cells
To gain molecular insight into this murine MCL-like model, we
performed transcriptional analysis on Ccnd2/p53¥! lymphomas
with or without the MCL immunophenotype. RNA-sequencing
(RNA-seq) was performed on 5 non-MCL Ccnd2/p53M! lym-
phomas and 11 MCL-like Ccnd2/p53"*! lymphomas. Samples
clustered in a principal component analysis according to their
phenotypic group (Fig. 4 A). We identified 3,850 differentially
expressed genes (1,669 up and 2,181 down; Pagj < 0.1) in MCL-like
versus non-MCL lymphomas (Table S2). We performed en-
richment analysis using the MCL-like versus non-MCL Ccnd2/
p53MH! lymphoma signature and identified several MCL cell lines
from the Cancer Cell Line Encyclopedia as top hits (Fig. 4 B). The top
hit of this analysis was JVM-2, an MCL cell line with a t(11;14)
translocation and high expression levels of cyclin D2 (Palmero et al.,
1993; Winkler et al., 2005). Other hits were cell lines derived either
from conventional MCL and chronic lymphocytic leukemia (CLL)
patients, including EHEB and MEC-2, which also have high levels of
both CD5 and cyclin D2 (Winkler et al., 2005). Of note, cell lines
derived from multiple myeloma and diffuse large B cell lymphoma,
two malignancies that also feature overexpression of cyclin D2
(Bergsagel et al, 2005; Hans et al, 2005; Hurt et al, 2004;
Zlamalikova et al., 2016), did not show high transcriptional simi-
larity to MCL-like Ccnd2/p53M lymphomas. This demonstrates that
our cyclin D2-driven murine MCL-like lymphomas are, at least to
some extent, transcriptionally reminiscent of human MCL.
Notably, the most enriched phenotype in the MCL versus
non-MCL Ccnd2/p53¥®! lymphoma signature was increased Bl
production (Fig. 4 C; P,g = 0.0005). In line with this, Ccnd2/
p53MbL MCL-like lymphomas specifically expressed genes that
were previously shown to be exclusively up-regulated in Bl cells
(Mabbott and Gray, 2014). More specifically, 45% (54 of 113) of
Bl-high genes from that study were present in our signature,
and 59% of them were specifically up-regulated in MCL-like
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Cend2/p53M¥ tumors (Fig. 4, D and E). Similarly, a positive cor-
relation was observed by gene set enrichment analysis between
the MCL-like versus non-MCL signature and transcripts that
were differentially expressed between Bl and B2 cells (Fig. 4 F;
Grafetal., 2019). Bl cells can be further subdivided into CD5* Bla
and CD5™ Blb subsets. Given that Ccnd2/p53Y%! MCL-like lymphoma
cells and Bla B cells displayed a similar CD19*CD5*CD23"IgM* im-
munophenotype, we hypothesized that Bla cells could represent the
cell of origin of these murine Ccnd2-driven MCL-like lymphomas. In
line with this, we confirmed specific characteristics of Bl cells, in-
cluding low B220 expression and high levels of CD11b, pSTAT3, and
IL-10, in MCL-like Ccnd2/p53“¥! lymphomas (Fig. 3, G and H). In
addition, and in line with its involvement in murine Bl cell devel-
opment (Zhou et al., 2015), we also identified high levels of Arid3a in
cyclin D2-driven MCL-like lymphomas (Fig. 4 H). Finally, Bla cells
play a role in innate immunity and produce natural IgM antibodies
as a first line of defense against bacteria and viruses (Dorshkind and
Montecino-Rodriguez, 2007; Ehrenstein and Notley, 2010). Notably,
we confirmed that cyclin D2-driven MCL-like lymphomas secrete
high levels of IgM antibodies as compared with control tumors,
both when these lymphomas were cultured ex vivo (Fig. 4 I) and
when they were transplanted i.v. into immunocompromised
NSG mice (Fig. 4 J). Altogether, we provide transcriptional, im-
munophenotypic, and functional evidence that Bla B cells may
serve as the cell of origin of our murine cyclin D2-driven MCL-
like lymphomas.

Cyclin D2 does not affect B cell development or Bla expansion
in vivo

Next, we wondered if cyclin D2 overexpression could skew B cell
development or enhance expansion of Bla cells before tumor
onset. First, we analyzed the expression of Ccnd2 in different
B cell subsets. In line with previous findings (Solvason et al.,
2000), Cend2 was the only D-type cyclin-encoding family
member to be expressed in Bla and B1b cells from the peritoneal
cavity (PerC; Fig. 5 A). Of note, compared with B2 and B1b cells,
Bla cells had the highest levels of Ccnd2 in both the spleen and
PerC (Fig. 5 B), and Ccnd2 expression was even further increased
in Bla and Blb PerC cells from healthy 10-20-wk-old Ccnd2/
p53MP! mice compared with p53¥®! mice (Fig. 5 C). Next, we an-
alyzed B2 progenitor populations in bone marrow (BM) and Bla
cells in PB and spleens of young and old (>6 mo) Cre-negative
controls and tumor-free Ccnd2M, p53MH, and Cend2/p53MY! mice
using flow cytometry. We found that cyclin D2 overexpression
did not have any major effect on B2 cell development in the BM
(Fig. 5 D) or on the expansion of Bla cells in the PB, BM, PerC, or
spleen (Fig. 5, E-G). These data suggest that oncogenic trans-
formation of Bla cells is most likely a late-stage event that is
facilitated by cyclin D2 overexpression and loss of p53.

Cend2/p53"5! lymphomas have Bl-specific BCR and elevated
BCR signaling

In contrast to conventional B2 cells, Bl cells are long-lived and
can self-renew due to continuous self-antigen-driven BCR activa-
tion, rendering them highly susceptible to oncogenic transformation.
Bl cells have a receptor repertoire that is biased toward bacterial
antigens and self-antigens, such as phosphatidylcholine (PtC), a
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Figure 3. Cyclin D2-driven lymphomas are transplantable. (A) Scheme of serial transplantation of Ccnd2/p53! lymphomas in immunocompromised NSG
mice using tail vein injections. Bioluminescence measurements are shown at days 17 and 31 for primary transplants of Ccnd2/p53¥6 lymphoma 1 (top). Primary
transplants were reinjected into NSG mice to obtain secondary transplants. (B) Kaplan-Meier survival curves of primary (prim) and secondary (sec) Ccnd2/
p53"b transplants. For each transplant, the number of NSG mice () is indicated on the graph. A log-rank (Mantel-Cox) test was used to compare curves from
primary and secondary Ccnd2/p53¥01 transplants and showed a significant difference (***, P = 0.0005 [MCL-like #1]; ***, P = 0.0003 [MCL-like #2]).
(C) Representative flow cytometric analysis of primary and secondary Ccnd2/p53"P? transplants. (D) Frequencies of CD5*CD23~ (left) or CD20* (right) B cells
(pregated on CD45*CD19* single live B cells) in primary and secondary Ccnd2/p53P! transplants. Each dot represents a different primary lymphoma or different
transplants that were propagated in independent NSG mice. Error bars represent the SD of independent lymphomas.

phospholipid and major component of biological membranes. PtC is
predominantly recognized by BCRs that use preferentially Vi1l or
Vi12. Given the fact that Cend2/p53%! lymphomas most likely orig-
inate from Bla cells, we investigated the Bl-specific BCR repertoires
in p53Y% and Ccnd2/p53M® lymphomas by performing quantitative
PCR analysis for Vyll or Vy12. In line with previous results, only
MCL-like Ccnd2/p53VP! lymphomas expressed Vyll or Vy12 (Fig. 6, A
and B). To test if these BCRs were indeed PtC reactive, we measured
PtC liposome reactivity of p53“*! and Cend2/p53“*! lymphomas by
flow cytometry using fluorescent PtC liposomes. We found that only
MCL-like Cend2/p53Mt lymphomas that expressed Bla-enriched VH
segments exhibited PtC reactivity (Fig. 6 C). Similar results were
found in transplants of non-MCL and MCL-like Cend2/p53M®! lym-
phomas (Fig. S4). These data strengthen the idea that recurrent

Pieters et al.
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activation of self-reactive BCRs might aid the transformation of
Cend2-overexpressing Bla B cells. To directly test this hypothesis, we
analyzed BCR activity in these MCL-like lymphomas using tran-
scriptional analysis and phospho-flow cytometry. Pathway enrich-
ment analysis using the MCL-like versus non-MCL Ccnd2/p53"®!
lymphoma signature identified the BCR signaling pathway as the top
hit among all Kyoto Encyclopedia of Genes and Genomes 2019 hu-
man pathways (Fig. 6 D). In addition, we analyzed activation of
Bruton’s tyrosine kinase (BTK), a pivotal component of the BCR
pathway, in these MCL-like lymphomas using phospho-flow cy-
tometry. Higher phospho-BTK (Y223) levels were seen in primary
MCL-like lymphomas that expressed Bla-specific VH segments, as
compared with MCL-like lymphomas without Bla-specific BCRs or
non-MCL control tumors, both under steady-state conditions and
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Figure 4. MCL-like cyclin D2-driven lymphomas are alike in Bla and B cells. (A) Principal component (PC) analysis for Ccnd2/p53¥62 lymphomas with or
without an MCL-like immunophenotype. (B and C) Enrichment analysis for the MCL versus non-MCL transcriptional signature and datasets from the Cancer
Cell Line Encyclopedia (B) and Mouse Genome Informatics Mammalian Phenotype Level 4 2019 (C). DLBCL, diffuse large B cell lymphoma; MM, multiple
myeloma. (D) Heatmap for B1-specific genes in primary and transplanted (Tr) non-MCL and MCL-like Ccnd2/p53¥b? lymphomas. (E and F) Gene set enrichment
analysis for the MCL-like versus non-MCL transcriptional signature and gene sets that compare B1 cells with all other B cell subsets (E) or with B2 cells (F). FDR,
false discovery rate; NES, normalized enrichment score. (G-J) Flow cytometric analysis for CD19, B220, CD5, CD11b, and phospho-STAT3 (pStat3; G); mRNA
levels of 110 and Arid3a (H); and secreted IgM (slgM) levels (I and J) in p53¥6 and non-MCL and MCL-like Ccnd2/p53¥b? lymphomas. Tumor cells were either
cultured ex vivo overnight (1) or transplanted into NSG mice (J). PB serum was collected from noninjected NSG mice (n = 3) and from NSG mice that were
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forward scatter area. Error bars in H-J represent the SD of independent lymphomas. P values in H: **, P = 0.0014 (1[10, p53"? vs. MCL-like) and **, P = 0.0073
(1110, non-MCL vs. MCL-like); ****, P < 0.0001 and ***, P = 0.0002 (Arid3a). P values in I: **, P = 0.0055; ***, P = 0.0008. P values in J: ****, P < 0.0001.

upon IgM stimulation (Fig. 6, E and F). Strikingly, only MCL-like
Cend2/p53MP! lymphomas that bear Bla-specific VH segments and
feature elevated phospho-BTK levels were sensitive to the BTK
inhibitor ibrutinib (Fig. 6 G), which has been successfully used to
treat relapsed or refractory MCL patients (Wang et al., 2013). In
conclusion, cyclin D2-driven murine MCL-like lymphomas often
have Bla-specific self-reactive BCR repertoires and increased
BCR activity; hence, continuous self-antigen-driven triggering of
Bla cells may aid in their long-term self-renewal and makes them
a prime target for oncogenic transformation.

MCL-like cyclin D2-driven lymphomas exhibit MALT1

protease activity

Finally, we searched for additional druggable signaling com-
plexes within the pathways enriched in murine Bla-like MCL

Pieters et al.
Cyclin D2 and Bla-derived MCL-like lymphoma

tumors and identified signaling pathways with Gene Ontology
terms “BCR,” “T-cell receptor (TCR),” and “NF-«B signaling” as
potential therapeutic targets (Fig. 6 D). Signals from both the
BCR and TCR converge to the CARD11-BCL10-MALT1 (CBM)
signalosome complex, which relays signals to the nucleus via
the NF-«B pathway. Multiple well-known NF-kB genes were
up-regulated in murine MCL-like lymphomas (Fig. 7 A), and
promoters of differentially expressed genes were enriched for
RELA and NF-«B motifs (Fig. 7 B). Remarkably, all three
components of the CBM signalosome complex were tran-
scriptionally up-regulated in MCL-like Ccnd2/p53%! lympho-
mas (Fig. 7 A). Moreover MALT], an essential component of
the CBM complex, was previously proved to be essential for
the generation and maintenance of Bl cells (Demeyer et al.,
2016; Ruefli-Brasse et al., 2003; Ruland et al., 2003), and
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Figure 5. Cyclin D2 does not affect B2 cell development or Bl cell expansion. (A) Expression of Ccndl, Ccnd2, and Cend3 in Bla and Blb cells from PerC.
FPKM, fragments per kilobase of transcript per million mapped reads. (B) Expression of Cend2 in a sorted B cell subset from the spleen and PerC, including B2, Bla, and Blb
cells. Follicular B cells were used as splenic B2 cells. Data in A and B were taken from https://www.immgen.org/. RMA, robust multiarray average. (C) Ccnd2 expression in
FACS-purified Bla (CD19*B220°*CD5*CD23") and Blb (CD19*B220'°CD5~CD23") PerC cells from either p53Y¢* (n = 2; for each sample, four PerC washes from 7-10-wk-old
mice were pooled) or Cend2/p53"P! (n = 2; for each sample, three PerC washes from 12-15-wk-old mice were pooled) mice. (D) B2 BM progenitor populations in 10-wk-old
healthy Ccnd2Y®! and Cre-negative littermate control mice. B cell populations were defined as follows: Pre-Pro-B (B220*CD19-CD43*CD93*IlgM~CD24°*), Pro-B
(B220*CD19*CD43*IgM~-CD24*), Pre-B (B220*CD19*CD43-IgM~-CD24*), immature (B220*CD19*CD43-CD93*IgM*CD24*), and mature (B220*CD19*CD43-CD93IgW").
(E) CD19*B220" B1 cell fractions (pregated on single live CD45* cells) in PB of control (n = 4) and Ccnd2M! (n = 4) mice over time. (F) Flow cytometric analysis of BI cell
fractions in PB of Cend2Mb! (n = 13), p53¥P2 (n = 10), Ccnd2/p53¥e! (n = 10), and Cre-negative littermate control (n = 17) mice. *, P = 0.0107. (G) Frequency and total number of B1
cells in the spleen, BM, and PerC cells of Ccnd2"b, p53¥T Cend2/p53Y2Y, and Cre-negative littermate control mice (at least six mice/group). Each dot represents a different

mouse sample. Error bars represent SD.

increased MALT1 protease activity has been reported in a
subset of MCL patients and cell lines (Dai et al., 2017). We
examined MALTI protease activity in our murine cyclin D2-
driven lymphomas via Western blot analysis for cleavage of
known substrates, BCL10, cylindromatosis (CYLD), and N4BP1
(Rebeaud et al., 2008; Staal et al., 2011; Yamasoba et al., 2019).
Three of four primary MCL-like Ccnd2/p53¥%! lymphomas
exhibited MALTI protease activity (Fig. 7, C and D), while no
cleavage of BCL10, CYLD, and N4BP1 was observed in non-
MCL controls.

Pieters et al.
Cyclin D2 and Bla-derived MCL-like lymphoma

Therapeutic targeting of MALT1 activity in Bla-like

murine MCLs

Because it was shown that MALTI protease activity is required
for the development and maintenance of Bla cells in mice
(Bornancin et al., 2015; Demeyer et al., 2016; Gewies et al., 2014;
Yu et al,, 2015), MALT1 may act as a novel therapeutic target to
treat Bla/MCL-like lymphoma. First, we tested a panel of MALT1
inhibitors (Fig. 8 A), including chlorpromazine (CPZ) and
mepazine (MPZ; Jacobs et al, 2020; Nagel et al, 2012;
Schlauderer et al., 2013), as well as MLT-748 and its structural
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Figure 6. MCL-like cyclin D2-driven lymphomas have Bla-specific BCRs and increased BCR signaling. (A and B) qRT-PCR analysis for Bla-specific heavy
chain variable domains V11 (A) and V12 (B) on cDNA of p53461 lymphomas and Ccnd2/p53¥b? lymphomas with or without an MCL-like immunophenotype.
Error bars represent the SD of two technical replicates. (C) Frequency of PtC-liposome-reactive cells in lymphomas that were pregated on single live CD19*
cells. (D) Enrichment analysis for the MCL-like versus non-MCL transcriptional signature and the human Kyoto Encyclopedia of Genes and Genomes (KEGG)
2019 pathway dataset. (E and F) Phosphorylation levels of tyrosine 223 of BTK (pBTK-Y223) in non-MCL and MCL Ccnd2/p53"b? lymphomas, either under
steady state (E) or upon 30-min stimulation with 10 pg/ml IgM Fab fragments (F). (G) Dose-response curve for ibrutinib in non-MCL and MCL-like Ccnd2/p534b?

lymphomas.

analogue MALTIi#2 (Quancard et al., 2019), on both murine
cyclin D2-driven lymphomas with or without MALTI activity
and on two human MCL cell lines, REC-1 and MINO, with re-
ported high MALTI activity (Dai et al., 2017). We found that Bla/
MCL-like Cend2/p53¥%! lymphomas with MALTI activity were
highly sensitive to treatment with MLT-748 and MALT1i#2 and
to a lesser extent also to CPZ and MPZ (Fig. 8, B and C). No ef-
fects for MLT-748 and MALTIli#2 were seen on the ex vivo
growth of non-MCL Ccnd2/p53¥* lymphomas without MALTI1
activity, demonstrating their selectivity. In contrast, mild effects
at the highest tested concentrations were seen for the allosteric
MALTI inhibitors CPZ and MPZ, for which it is known they are
less selective and also bind other targets (Ban, 2007; Miller,
2009a; Miller, 2009b). The differences in potency of inhibiting
MALTI were confirmed in PMA/ionomycin-stimulated Jurkat
cells, where MALTI1-induced cleavage of CYLD was blocked with
1 WM MLT-748 or MALTIi#2 but required 30 uM CPZ or MPZ
(Fig. 8 D). Next, we selected CPZ and MALT1i#2 and analyzed
their ability to block MALT1-mediated substrate cleavage in
murine MCL-like lymphoma. Therefore, we treated fresh splenic
cells from an MCL-like Ccnd2/p53MP! allograft (MCL-like #2) for
12 and 24 h with increasing concentrations (as determined
in Fig. 8 D) of either CPZ or MALTI1i#2. We found that a 12-h

Pieters et al.
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treatment with 1 uM MALTIi#2 is sufficient to block MALTI-
mediated cleavage of CYLD and N4BP1 (Fig. 8 E). In contrast,
CYLD cleavage was only reduced after 12-h treatment with
50 M CPZ (Fig. 8 E). In conclusion, we selected MALT1i#2 from
a panel of four MALTI inhibitors as one of the most potent agents
that could block MALTI protease activity and in selectively
killing MCL-like lymphoma cells in vitro.

Next, we wanted to target Bl cells or Bla-derived lymphoma
cells by pharmacological inhibition of MALTI in vivo. First, we
treated wild-type C57BL6 mice for 1 wk with 30 mg/kg
MALTI1i#2 (twice daily) and analyzed Bl cell fractions in the
PerC. In line with the above-mentioned genetic studies
(Bornancin et al., 2015; Demeyer et al., 2016; Gewies et al., 2014;
Yu et al., 2015), Bl cells were highly sensitive to pharmacological
inhibition of MALT1 protease activity with a fivefold reduction
of peritoneal Bl cells (Fig. 9, A and B). A similar observation was
made when wild-type mice were treated with 10 mg/kg CPZ
(Fig. S5, A and B). Second, we wondered whether Bla/MCL-like
cyclin D2-driven lymphomas would also be sensitive to MALT1
protease inhibition in vivo. The firefly luciferase reporter al-
lowed us to preclinically evaluate the effects of MALT1 inhibi-
tion by MALTI1i#2 on the development of MCL in vivo. To this
end, a primary MCL-like Ccnd2/p53MY! lymphoma with MALTI1
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Figure 7. Cyclin D2-driven Bla/MCL-like lymphomas have increased MALT1 activity. (A and B) Heatmap for NF-kB pathway genes (A) and cis-regulatory
enrichment analysis (B) in primary and transplanted (Tr) non-MCL and MCL-like Ccnd2/p53¥6* lymphomas. (C) Western blot analysis of CBM complex members
MALT1 and BCL10 and cleavage of MALT1 substrates BCL10, CYLD, and N4BP1 for non-MCL and MCL-like Ccnd2/p53¥%* lymphomas. For BCL10 and CYLD, we
used two different antibodies that recognize either the full-length or cleaved protein. Actin was used as a loading control. The asterisk denotes an aspecific
band. (D) Levels of cleaved BCL10, CYLD, or N4BP1 were normalized against their respective full-length (FL) counterpart or actin. The red dot indicates
the MCL-like lymphoma (#1) that lacks endogenous MALT1 activity, and this value was excluded from the statistical analysis. Error bars represent SD. BCL10:

*, P =0.0333; CYLD: ¥, P = 0.0450; N4BP1: *, P = 0.0488.

protease activity (MCL-like #2) was transplanted in NSG mice
(Fig. 9 C). Successful engraftment was monitored using biolu-
minescence (Fig. 9 D). 5 d after transplantation, mice were di-
vided into two groups. One group was treated with vehicle and
the other with MALT1i#2 (30 mg/kg twice daily) via oral gavage.
MALTI1i#2 treatment significantly reduced Ccnd2-driven lym-
phoma growth in vivo (Fig. 9, D and E). A similar reduction of
tumor load was observed when MCL-like lymphoma-bearing NSG
mice were treated with CPZ (Fig. S5, C-E). In conclusion, both Bl
cells and Bla-derived MCL-like lymphoma cells could be targeted
using two independent inhibitors of MALT1 protease activity.
Finally, in an effort to translate our findings to patients, we
used MCL patient-derived xenografts (PDXs). First, we confirmed
that MCL PDXs express higher levels of NF-kB pathway components,
including BCL10, than PDXs from other B cell malignancies (Fig. 9 G).
Subsequently, we treated an MCL PDX ex vivo with increasing
concentrations of CPZ, MPZ, MLT-748, or MALT1i#2 and found that
this PDX was sensitive to all four MALT1 inhibitors. In conclusion,
and in line with MCL patients (Dai et al., 2017), MCL-like Ccnd2-
driven murine lymphomas show high MALTI protease activity. In
addition, we provide the first evidence for pharmacological inhibi-
tion of MALT1 activity in vivo as an effective anti-MCL therapy.

Discussion
The majority of MCLs carry translocations involving CCNDI and
have increased expression of the cell cycle regulator cyclin D1.

Pieters et al.
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Nevertheless, 70% of the cyclin Dl-negative MCL cases have
CCND2 rearrangements (Martin-Garcia et al., 2019; Salaverria
et al,, 2013), and one case was reported with a rearrangement
involving CCND3 (Wlodarska et al., 2008). Therefore, genetic
evidence suggests that all D-type cyclins are capable of inducing
MCL when aberrantly activated. To validate the oncogenic role
of D-type cyclins in vivo, Eu-Ccndl mice have previously been
generated mimicking the typical t(11;14) resulting in cyclin D1
overexpression. Strikingly, these Ccndl-overexpressing mice do
not develop MCL (Bodrug et al., 1994; Lovec et al., 1994). Hence,
there is a lack of physiologically relevant MCL models, which are
needed in order to perform preclinical testing of novel drugs for
this aggressive hematological malignancy. In an attempt to
generate a murine model of MCL, we developed an R26-Cend2
model that enables conditional overexpression of cyclin D2, and
we report, for the first time, that hematopoiesis-specific gain of
a D-type cyclin alone is sufficient to spontaneously develop
MCL-like lymphomas in mice. We believe that both cyclins D1
and D2 have a similar intrinsic oncogenic potential, but that the
promotor/enhancer elements that drive them may determine
tumorigenesis. In our R26-Ccnd2 mice, the transgene is ex-
pressed from the endogenous R26 promoter leading to moderate
ubiquitous expression in all Cre-expressing cells, including Bl
cells (Fig. S1 B). Two independent Eu-Ccndl models were made
that shared the Ig heavy chain enhancer Ep but had a different
promoter, either a promoter from a mouse variable gene seg-
ment (Vy 186.2; Lovec et al., 1994) or the potent viral SRo
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Figure 8. Targeting MALT1 protease activity in vitro in Bla/MCL-like murine lymphomas. (A) Chemical structure of four MALT1 inhibitors. (B and C)
Dose-response curves of primary non-MCL or MCL-like Ccnd2/p53¥0? lymphomas (B) or human MCL cell lines REC-1 and MINO (C) that were treated with
increasing concentrations of MALTL inhibitors CPZ, MPZ, MLT-748, and MALT1i#2. Half-maximal inhibitory concentration (IC50) values are depicted below the
graphs. Experiments were performed twice. (D) Western blot analysis for cleaved CYLD levels in Jurkat cells that were inhibited with one of the four MALT1
inhibitors 30 min before a 90-min stimulation with PMA/ionomycin (P/I). Actin was used as loading control. (E) Western blot analysis for cleaved MALT1
substrates CYLD and N4BP1 in splenic cells from a Ccnd2/p53¥%! transplant (MCL-like #2) treated with increasing concentrations of CPZ or MALT1i#2 for 12 or
24 h. Actin was used as a loading control. FL, full length. The molecular weight (kilodalton) in D and E is shown left of the blots.

promoter (Bodrug et al., 1994). One explanation might be that
the core Ep enhancer is not sufficient to drive adequate Ccndl
levels to initiate oncogenesis. Indeed, it was recently shown that
the IgH locus carries two superenhancers at both ends of the
constant gene cluster, the 5" En and 3’ regulatory regions, and
demonstrated that the 3’ regulatory region controls Ey. in ma-
ture B cells, probably by IgH locus DNA looping (Saintamand
et al., 2017). This enhancer cooperativity will not be present in
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Ep-Cendl mice and may account for the relatively low levels of
cyclin D1 in healthy tissues and the low or absent tumor for-
mation in these mice (Bodrug et al., 1994; Lovec et al., 1994).
Another explanation for why Eu-Ccndl mice fail to develop
MCL in vivo could be because their enhancer/promoter is not
sufficiently active in the cell of origin of MCL to promote
transformation. We have found evidence that MCL-like cyclin
D2-driven lymphomas have transcriptional and functional traits
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Figure 9. Targeting MALT1 protease activity in vivo in Bla/MCL-like murine lymphomas. (A) Flow cytometric analysis for CD19 and B220 in PerC B cells
in wild-type C57BL/6 mice that were treated for 1 wk with PBS or 30 mg/kg (oral gavage twice daily) MALT1i#2. (B) Graph depicting the number of peritoneal
B1 cells in control and MALT1i#2-treated mice (n = 3). Error bars represent the SD of three independent mice. (C) Scheme for i.v. transplantation of a Ccnd2/
p53MbT lymphoma with MALTI activity (MCL-like #2) in NSG mice and treatment schedule. bid, twice daily. (D) Bioluminescence over time in NSG mice that
were transplanted and treated with either vehicle or MALT1i#2. (E) Quantification of radiance from mice depicted in D. Day 9: **, P = 0.0030; day 12: **, P =
0.0034; day 14: **, P = 0.0077. (F) Volcano plot showing differential gene expression between B cell acute lymphoblastic leukemia/lymphoma (B-ALL; n = 111)
and MCL (n = 17) PDXs. (G) Scheme for ex vivo treatment of MCL PDXs. (H) Dose-response curve for an MCL PDX that was treated with increasing con-
centrations of CPZ, MPZ, MLT-748, or MALT1i#2. IC50, half-maximal inhibitory concentration; p/sec/cm?/sr, photons per second per square centimeter per
steradian.

of Bla B cells, suggesting that early life-derived Bla cells may be
the cell origin of our murine Ccnd2-driven MCL. We validated
Ccnd2 transgene expression in Bl cells from the PerC (Fig. 5 C). It
is unknown whether Eu-Ccndl mice express sufficient cyclin D1
in Bl cells to promote their transformation. It would be inter-
esting to generate R26-Ccndl mice in order to investigate if Cendl,
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when expressed from the R26 promoter, would also be able to
drive Bla/MCL-like lymphoma. The potential for Eu-driven
Cendl expression to induce MCL-like lymphomas is supported
by a recent report demonstrating that cyclin D1 expression is
capable of inducing MCL-like lymphomas, but only in an en-
riched Bl cell population carrying a self-reactive ATA transgenic
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BCR (Hayakawa et al., 2018). Finally, cyclin D2 is the only D-type
cyclin that is highly expressed in Bl cells, and, upon its genetic
depletion in mice, B1 cells were abolished (Solvason et al., 2000).
This suggests that cyclin D2 plays a pivotal role in murine Bl cell
biology that cannot be readily compensated by its family
members.

During murine B cell development, there is a switch from
fetal to adult B lymphogenesis, which is controlled by Lin28b/
Let7, similar to the switch from fetal to definitive erythropoiesis
(Hardy and Hayakawa, 2015; Kristiansen et al., 2018; Vanhee
et al., 2019; Zhou et al., 2015). The early generated Bla cells
persist during adult life and reside as a self-retaining population
in body cavities, such as the PerC, but a small fraction is also
present in the spleen. Their ability of long-term self-renewal due
to self-antigen-driven BCR activation makes Bla cells an at-
tractive target for oncogenic transformation. Bla cells have
stereotyped IgH repertoires that are positively selected on
self-antigens, including the phospholipid PtC, in a T cell-
independent manner. Although Vyl1-encoded PtC-binding V(D)]
sequences are present at birth at very low frequencies, they
increase tremendously as animals mature (Yang et al., 2015) and
are especially enriched in CD5* Bl cells (Vanhee et al., 2019). A
subset of our MCL-like cyclin D2-driven lymphomas expressed
Vyll- or Vyl2-encoded PtC-binding BCRs, and continuous ex-
posure to its self-ligands resulted in BCR signaling pathway
activation. Stereotyped BCRs are also observed in two mature
naive CD5* B cell lymphomas, namely MCL and CLL, indicating
that Bla cells might be the cell of origin for both diseases
(Chiorazzi and Ferrarini, 2011; Hadzidimitriou et al., 2011; Walsh
et al., 2003). This was experimentally validated in mice because
forced expression of a Bl-specific BCR combined with either
overexpression of Ccndl or TCLI resulted in the formation of
MCL- or CLL-like disease, respectively, in mice (Hayakawa et al.,
2016; Hayakawa et al., 2018). Although expression of the MCL-
specific oncogene SoxIl in mice did not result in malignant
transformation, it resulted in the specific expansion of Bla cells
(Kuo et al, 2018). Altogether, these data provide additional
support for the notion that Bl cells are likely to be the cell of
origin in murine MCL. The existence of a human Bl cell ortho-
logue remains controversial, and further studies are required
(Descatoire et al., 2011; Griffin et al., 2011a; Griffin et al., 2011b;
Perez-Andres et al., 2011). Nevertheless, many features of Bla
cells have also been reported in MCL patients, such as secretion
of natural IgM (Owen et al., 2000; Rymkiewicz et al., 2005),
enhanced levels of pSTAT3 and IL-10 (Baran-Marszak et al.,
2010), and biased BCR use (Hadzidimitriou et al., 2011; Walsh
et al., 2003). This hints that a B cell with Bl cell characteristics
might be the cell of origin in a subset of human MCL patients
as well.

Because mice lacking fetally derived Bl cells are viable
(Demeyer et al., 2016; Ruefli-Brasse et al., 2003; Ruland et al.,
2003; Solvason et al., 2000), targeting Bl-like specific pathways
while sparing conventional B2 lymphocytes may represent an
interesting novel therapeutic strategy for MCL. The MALT1
protease activity is crucial for the development of the innate-like
marginal zone and Bl B cell populations, but it is dispensable
for most other types of conventional BM-derived B2 cells
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(Demeyer et al., 2016). We confirmed increased MALT1 protease
activity in our Bla/MCL-like cyclin D2-driven murine model and
could show that pharmacological inhibition of MALTI protease
activity, using two independent MALTI inhibitors, MALT1i#2
and CPZ, indeed significantly reduced Bl cell populations.

To our knowledge, this Ccnd2-driven lymphoma model is the
first spontaneous murine MCL-like model that recapitulates
most pathophysiological aspects of human MCL. The introduc-
tion of the transgene luciferase reporter makes this model par-
ticularly amenable for preclinical drug testing. As such, we
provide preclinical data using our transplantable MCL-like cy-
clin D2-driven model to show that inhibition of MALTI activity
is a potent anti-MCL therapy.

Materials and methods

Mouse experiments

R26-Ccnd2 mice were generated according to a previously de-
scribed optimized R26 targeting strategy (Pieters et al., 2019). To
induce hematopoietic or B cell-specific expression, R26-Ccnd2
mice were crossed to Vav-iCre (JAX 008610; de Boer et al.,
2003) and Mbi-Cre (JAX 020505; Hobeika et al., 2006) mice,
respectively. Mice in which exons 2-10 of Trp53 were floxed
were described before (Jonkers et al., 2001) and were crossed
with Mbl-Cre and R26-Ccnd2 mice. All experiments on mice were
conducted according to institutional, national, and European
animal regulations. All in vivo experiments were approved by
the ethical committee for animal experimentation of the Faculty
of Medicine and Health Sciences of Ghent University. Geno-
typing primers are listed in Table S3.

Targeting vector assembly

A recombinase-mediated cassette exchange (RMCE)-compatible
targeting vector, pRMCE-DV3-Ccnd2, was constructed by a step-
wise multisite Gateway LR reaction, similar to one described
before (Pieters et al., 2019). First, three entry vectors (pENTR
L4R1 floxed stop, pENTR221 Ccnd2, pEntry 3’ IRES-enhanced
GFP (EGFP)/Luc; Haenebalcke et al., 2013a) were combined
overnight, followed by a second overnight reaction together
with the pRMCE-DV3 vector (Pieters et al., 2019; available at
GeneCorner plasmid collection identifier LMBP 8189). Several
colonies were obtained after transformation of 5 pl of the LR
reaction mixture into DH5a bacteria that were subsequently
plated onto ampicillin-containing bacterial plates. To create the
pENTR221 Ccnd2 vector, the open reading frame of Ccnd2
(BC049086) was amplified from the pYX-Asc-Ccnd2 vector
(Mammalian Gene Collection) with primers AttBl-Ccnd2-F and
AttB2-Ccnd2-R (listed in Table S3), followed by a Gateway BP
reaction with the AttB-flanked PCR fragment and pDONR22I
vector (Thermo Fisher Scientific). Three of five pRMCE-DV3-
Ccnd2 clones were confirmed by restriction enzyme digests and
sequencing analysis.

Mouse embryonic stem cell (mESC) culture, RMCE targeting,
and validation

A targeting vector that contained a floxed stop cassette followed
by the Ccnd2 gene and an EGFP/luciferase reporter, which was
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subsequently targeted in mESCs using RMCE. G4 ROSALUC
mESCs (Haenebalcke et al., 2013b) were cultured on gelatinized
recipients containing MEFs (TgN (DR4)1 Jae strain) treated with
mitomycin C (Sigma-Aldrich) as previously described (Pieters
et al., 2016; Pieters et al., 2017). For the trap-coupled RMCE
experiments, 50% confluent G4 ROSALUC mESCs (Haenebalcke
et al., 2013b) were cotransfected with the pRMCE-DV3-Ccnd2
vector and an FlpE-expressing plasmid (pCAGGS-FIpE-IRES-
puromycin-pA; Schaft et al., 2001) in a 1:1 ratio using Lipofect-
amine 2000 reagent (Thermo Fisher Scientific). G418 selection
(200 pg/ml) was started 48 h after transfection. After 7-10 d,
individual G418-resistant RMCE-targeted ESC colonies were
observed and were further expanded. Eight colonies were
picked and validated by PCR using primers ROSA26 F and Ins R
(listed in Table S3). Correct integration was confirmed by PCR
for all eight expanded mESC clones (100% efficiency; Fig. S1 A)
and confirmed that mESC targeting via RMCE is very efficient
(Haenebalcke et al., 2013b; Pieters et al., 2016; Pieters et al.,
2017). One of the correctly ROSA26-targeted ESC clones (clone
3) was subsequently aggregated with diploid embryonic day 2.5
Swiss embryos and gave rise to 10 high-grade chimeric animals.
After germline transmission, the R26-Ccnd2 mouse line was
established.

Diploid embryo aggregation and mice

The generation of chimeras by diploid embryo aggregation was
reported previously (Pieters et al., 2016; Pieters et al., 2019).
Briefly, zona pellucida free embryonic day 2.5 Swiss embryos
were aggregated with clumps (7-10 cells) of targeted RMCE-DV3-
Ccend2 mESCs using depression wells. Aggregates were cultured
overnight in microdrops of KSOM with amino acids under
mineral oil at 37°C in 95% air and 5% CO,. The next day, blas-
tocysts were transferred into the uteri of 2.5-d postcoitum
pseudopregnant B6CBAF1 females previously mated with va-
sectomized males. Chimeras were identified at birth by the
presence of black eyes and later by agouti coat pigmentation.
Established R26-Ccnd2 mice were backcrossed to C57BL/6.

Ex vivo treatment, cell and PDX culture, and activation

Fresh or frozen lymphoma cells (150,000 cells/well) and human
MCL cell lines (25,000 cells/well) were cultured in RPMI 1640
with 10% FCS and supplemented with increasing concentrations
of either CPZ or MPZ (Sigma-Aldrich), ibrutinib or MLT-748
(MedChemExpress), or MALT1i#2 (kind gift from the Center for
Innovation and Stimulation of Drug Discovery Leuven, Leuven,
Belgium; its synthesis is described in patent W02015181747
[Pissot-Soldermann et al., 2015]), and cell viability was checked
through ATP measurement by means of a CellTiter-Glo or
RealTime-Glo viability assay (Promega). The Jurkat, RECI, and
MINO cell lines were grown at 37°C in RPMI 1640 supplemented
with 10% FCS and antibiotics. Jurkat cells were stimulated with
200 ng/ml PMA (Sigma-Aldrich) and 1 uM ionomycin (Calbio-
chem). All PDX samples analyzed were obtained from the PRoXe
consortium (Townsend et al., 2016) and were grown ex vivo in
RPMI 1640 supplemented with 15% FCS, penicillin (100 U/ml)-
streptomycin (100 mg/ml), 2 mM L-glutamine (Gibco), 0.05 mM
2-ME, 10 ng/ml IL-2, 20 ng/ml IL-4, 25 ng/ml IL-5, 50 ng/ml
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IL-21 (PeproTech), 1 pg/ml anti-human CD40 antibody (clone
G28.5; Tonbo Biosciences), and 10 pg/ml IgM Fab (115-006-020;
Jackson ImmunoResearch).

Histology and immunohistochemistry

Tumors were fixed with 4% paraformaldehyde, embedded in
paraffin, and sectioned. Tissue sections were deparaffinized and
rehydrated. For histology, slides were stained with H&E. For
immunohistochemistry, antigen retrieval was performed by
heating the sections in 10 mM sodium citrate buffer (pH 6.0) in
an electric pressure cooker, after which the slides were per-
meabilized with 0.05% Tween 20 in PBS. Blocking of endoge-
nous peroxidase occurred in 3% H,O, in methanol. Sections
were then treated with 1% goat serum/1% BSA in PBS, followed
by incubation with primary anti-CD45R/B220 rat mAb (14-
0452-85; eBioscience), anti-CD45 rat mAb (550539; BD Phar-
mingen), and anti-KI67 (Cell Signaling Technology) overnight at
4°C. Biotin-conjugated secondary antibodies (Dako) were de-
tected by the avidin-biotin complex (Vector Laboratories), am-
plified with a tyramide amplification system (PerkinElmer), and
developed with diaminobenzidine (Dako).

WES

Genomic DNA was isolated from four Ccnd2V®” lymphomas and
one spleen from a Cre-negative littermate control (reference
DNA) using the DNeasy blood and tissue kit (Qiagen), and WES
was performed by Novogene. In brief, after a quality control,
350-bp DNA libraries were made and sequenced (paired-end
150 bp) on an Illumina NovaSeq 6000 platform. Only exonic
mutations (excluding single-nucleotide polymorphisms) with a
mutation frequency >0.30 and that result in nonsynonymous or
stop gain alterations were selected.

QuantSeq 3’ mRNA-seq and Bio-IT analysis

Total RNA was isolated using an RNeasy Mini Kit (Qiagen) and
converted into cDNA by using a QuantSeq 3’ mRNA-Seq Reverse
Library Prep Kit (Lexogen) according to the manufacturer’s in-
structions to generate a compatible library for Illumina se-
quencing. Briefly, library generation was initiated by oligo(dT)
priming for first-strand ¢cDNA, which generated one frag-
ment per transcript. The second-strand cDNA was subsequently
synthesized using random primers. Illumina-specific linker se-
quences were introduced by the primer with barcoding indices
for different samples. The quality of cDNA libraries was deter-
mined using a High Sensitivity DNA Assay 2100 Bioanalyzer
(Agilent) for quality control analysis. Sequencing of the cDNA
library with 75-bp single-end reads was performed using an II-
lumina HiSeq 2500 system. Reads were aligned to the reference
genome GRCm38 using STAR-2.4.2a with default settings (Dobin
et al., 2013). STAR was also used for gene expression quantifi-
cation on the Ensembl GTF file version 84. Differential expres-
sion analysis was performed using DESeq2 in R (Love et al,,
2014). Enrichment analysis was performed using Enrichr
(Chen et al., 2013; Kuleshov et al., 2016) or gene set enrichment
analysis (Subramanian et al., 2005). Differential gene expres-
sion between B lymphoblastic leukemia/lymphoma (n = 111) and
MCL (n = 17) patient-derived samples was performed using
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default settings on the cBioPortal for Cancer Genomics (Cerami
et al., 2012; Gao et al., 2013). All PDX samples analyzed were
obtained from the PRoXe consortium (Townsend et al., 2016).
Differential gene expression was considered significant at q
values <0.1. Generalized cis-regulatory enrichment analysis was
performed using i-cisTarget (Herrmann et al., 2012; Imrichova
et al., 2015). Expression datasets from our murine lymphoma
models are available in the Gene Expression Omnibus (accession
no. GSE175568).

Luciferase assay

To measure luciferase activity, cells were lysed in Galacto-Star
lysis buffer (Tropix), incubated with ONE-Glo substrate
(Promega), and measured on a GloMax 96 microplate lumin-
ometer (Promega).

Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated using an RNeasy Plus Mini Kit (Qiagen).
cDNA was synthesized using the First Strand ¢cDNA Synthesis
Kit (Roche) with oligo(dT) primer starting from equal amounts
of RNA as measured by a NanoDrop spectrophotometer (Thermo
Fisher Scientific). qRT-PCR was performed using the SensiFast
SYBR No-Rox Kit (Bioline) and monitored on a LightCycler 480
system (Roche). Gene expression was standardized against ref-
erence genes and analyzed using gbase+ (Biogazelle). All pri-
mers are listed in Table S3.

Detecting secreted IgM levels

To detect secreted IgM levels in vitro, 10° lymphoma cells were
cultured for 24 h in 200 pl RPMI medium with 10% FCS. PB was
collected on day 18 or day 13, respectively, from moribund NSG
mice that were transplanted with either 5 x 10% non-MCL (188-
21) or 10® MCL-like (45080607) Ccnd2/p53“P! lymphoma cells.
After centrifugation (10 min; 10,000 revolutions per minute;
4°C), the supernatant was isolated, diluted (for in vitro: 500x
and 5,000x; for serum: 20,000x and 200,000x) and measured
using the Mouse/Rat IgM SimpleStep ELISA Kit (ab215085;
Abcam).

Western blotting

Cells were lysed in radioimmunoprecipitation assay buffer
(50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% [vol/
vol] NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) with an
additional 1% Triton X-100 plus phosphatase and protease in-
hibitors. 60 pg protein lysate (in Laemmli buffer) was separated
by SDS-PAGE on 10% polyacrylamide gels and blotted onto ni-
trocellulose transfer membranes (PerkinElmer) that were incu-
bated with antibodies for specific protein detection: anti-CYLD
(E10; Santa Cruz Biotechnology), anti-MALT1 (H-300; Santa
Cruz Biotechnology), anti-BCL10 (sc-5273; Santa Cruz Biotech-
nology), and anit-N4BP1 (abl06649; Abcam). The polyclonal
rabbit antibody specifically recognizing cleaved CYLD was pro-
duced by Eurogentec. The anti-cleaved BCL10 antibody was a gift
from Dr. M. Baens (Catholic University of Leuven, Leuven, Bel-
gium). Actin was used as a loading control with mouse HRP-
coupled anti-actin mAb (sc-47778; Santa Cruz Biotechnology).
Incubation with primary antibodies was followed by incubation
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with HRP-coupled secondary antibodies and detection using
enhanced chemiluminescence (PerkinElmer Life Sciences). De-
veloped blots were quantified with ImageJ software.

Flow cytometry

For flow cytometry, 5 x 10° cells were stained at 4°C in the dark
with antibodies (Table S3) or rhodamine-containing 1,2-dioleoyl-
sn-glycero-3-phosphocholine/cholesterol liposomes (FormuMax
Scientific). Intracellular staining of Tdt and phospho-BTK was
performed after fixing and permeabilizing the cells with a Foxp3
transcription factor-staining buffer set (eBioscience). The FIX &
PERM Cell Fixation and Permeabilization Kit (Thermo Fisher
Scientific) was used for intracellular phospho-STAT3 staining.
Cells were sorted on FACSAria II (BD Biosciences) and FACSAria
Fusion (BD Biosciences) flow cytometers. Data were acquired on
a cell analyzer (LSRFortessa; BD Biosciences) and analyzed using
FlowJo software (Flow]o).

Transplantation, bioluminescence, and MALT1i#2 or

CPZ treatment

Immunocompromised NSG mice at 6-10 wk of age received an
injection in the tail vein with 150 pl PBS containing 5 x 10°
Cend2V® or 106 Cend2/p53M! tumor cells. At regular time points,
the bioluminescence was measured using the IVIS Lumina II
imaging system (PerkinElmer). Before imaging, the mice were
injected i.p. with 200 pl of a 15 mg/ml firefly D-luciferin po-
tassium salt solution and anesthetized by inhalation of 5% iso-
flurane. The NSG mice were imaged 10 min after luciferin
injection. The total bioluminescence signal in each mouse was
calculated via the region of interest tool (total counts) in Living
Image software (PerkinElmer). Upon engraftment, NSG mice
were divided into two equal groups (based on radiance), fol-
lowed by administration of vehicle or 10 mg/kg (days 11-18; CPZ
in drinking water), 20 mg/kg (days 19-22; i.p.), or 50 mg/kg
(days 22-24; i.p.) CPZ (Sigma-Aldrich) or 30 mg/kg MALT1i#2
(oral gavage twice daily) to the control and treatment groups,
respectively. MALT1i#2 was dissolved in Kolliphor HS 15
(Sigma-Aldrich)/methylcellulose 0.5% (VWR Chemicals; 2/98%
ratio) under continuous stirring and protected from light (Van
Nuffel et al., 2020).

Statistical analysis

GraphPad Prism version 7.0 was used for statistical analyses.
The log-rank (Mantel-Cox) test was used to compare mouse
groups. An unpaired t test was used to analyze differences be-
tween genetic or phenotypic subgroups. P values <0.05 were
considered statistically significant. All error bars represent the
SEM. All in vitro experiments were run at least in duplicate.
Combined score is defined as the Fisher’s exact test P value
multiplied by the z-score for deviation from expected rank.

Online supplemental material

Fig. S1 shows the generation of R26-Ccnd2 mice, the validation of
Ccnd2V®’ mice, and additional characterization of Ccnd2Ve”
lymphomas. Fig. S2 shows the transplantation of luciferase-
positive Ccnd2V®” lymphomas, bioluminescence measurements
over time, and characterization of primary Ccnd2V® transplants.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20202280

20z Iudy Gz uo 3senb Aq ypd 08220202 Wal/c1z1281/082202028/04/81Z/pd-ejoe/wal/bio ssaidny//:dpy woly pepeojumoq

15 of 18


https://doi.org/10.1084/jem.20202280

Fig. S3 shows the tumor spectrum, PB analysis, and spleen-to-body
ratio of p53¥! and Ccnd2/p53'Y! mice. Fig. S4 shows the analysis of Bl-
specific BCRs in transplanted Ccnd2/p53“! lymphomas. Fig. S5 shows
in vivo targeting of wild-type Bl cells or Bl-derived MCL-like lym-
phoma cells using the MALTI inhibitor CPZ. Table SI contains a list of
single-nucleotide variants and indels from four Ccnd2V® lymphomas.
Table S2 contains a gene expression signature for Ccnd2/p53M®! lym-
phomas with or without an MCL-like immunophenotype. Table S3
contains primers for cloning, genotyping, and gRT-PCR, as well as
information on antibodies that were used for flow cytometry.
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Figure S1. Generation and validation of R26-Ccnd2 mice and analysis of Ccnd2V® lymphomas. (A) Schematic representation of Ccnd2 targeting to the
Rosa26 locus via RMCE in mESCs. Upon Cre-mediated recombination, the floxed stop cassette is removed and a bicistronic transgene transcript, encoding for
cyclin D2 and the eGFP/Luciferase reporter, is expressed from the Rosa26 promoter. R26, ROSA26; IRES, independent ribosomal entry site; PKG, phospho-
glycerate kinase 1; NeoR, neomycin resistance gene; FRT, flippase recognition target; Luc, luciferase. (B) Validation of targeted RMCE-DV3-Ccnd2 mESCs using
PCR. (C) qRT-PCR analysis for Ccnd2, the floxed stop cassette and of EGFP/Luc on cells from BM, spleen or PerC of Ccnd2*e” mice or Cre-negative controls (four
mice/group). Error bars represent the SD of four independent mouse samples. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (D) Western blot
analysis for cyclin D1, cyclin D2, and vinculin (loading control) on CD19-enriched (MACS purification) BM B-cells from p53¥b1 and Ccnd2/p53! mice. The cyclin
D1-positive primary breast cancer cell line, derived from a polyomavirus middle T antigen (PyMT) mouse model, was taken as a positive control. Cyclin D2
bands were quantified and normalized against the loading control (bottom). There was a statistically significant increase in cyclin D2 levels (2.2-fold increase;
** P = 0.0087) in Ccnd2/p53'P1 mice, compared to those in p53¥b2 mice. Error bars represent the SD of three independent mouse samples. (E) 36 wk-old
Cend2Ye” mouse with lymphomas in superficial cervical, parotid, and submandibular lymph nodes. (F) Graph depicting the spleen-to-body weight ratio in non-
recombined control and Ccnd2“® mice. *, P = 0.0220. (G) Venn diagram showing unique and overlapping mutation that were found in four Cend2¥#” lymphomas
and human MCL patients (Bea et al., 2013). Healthy spleen cells from a littermate were used as control.
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Figure S2. Transplantation of Ccnd2*® lymphomas. (A) Luciferase reporter assay on healthy non-recombined littermate controls and Ccnd2*@ lymphomas.
(B) Bioluminescence measured over time inimmunocompromised NSG mice tail vein injected with 0.5 - 1.5 x 106 lymphoma or splenic tumor cells from Ccnd2v@¥
mice. From all five Ccnd2ve” mice, lymphoma and/or splenomegaly cells were transplanted. After 1-2 mo, all murine MCL cells had engrafted and homed to
relevant sites, such as the lymph nodes, liver, and spleen. After 100 d, mice were sacrificed and tumor-containing organs were dissected. (C) Graph depicting
radiance levels that are plotted over time for NSGs from B. (D) Flow cytometry analysis of transplanted cyclin D2-driven murine MCL. Single live CD45* cells
were analyzed for CD5 and CD23 and confirmed the presence of MCL-like CD19*CD5*CD23" cells in the affected organs. (E) H&E-stained paraffin sections of
small intestine (SI) of a control NSG and of an NSG that was transplanted with Ccnd2“” lymphoma cells. The arrow points to a tumor nodule (dashed line; left
panel) and the total number of tumor nodules in the small intestine was quantified in both a control and a NSG that was transplanted with Ccnd2"@ lymphoma
cells (right panel). Scale bar, 50 uM. Error bars represent SD. p/sec/cm?/sr, photons per second per square centimeter per steradian.
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Figure S3. Characterization of tumors from p53"%1 and Ccnd2/p53"b? mice. (A) Tumor in spectrum in p53¥t* and non-MCL and MCL-like Ccnd2/p534b
mice. Pie charts shows the distribution (amount of pie slices) and amount/size (slice thickness) of tumors for each mouse (top). Representative pictures from
different lymphadenopathies or tumor-infiltrated organs are shown at the bottom. Gl, gastrointestinal tract. Scale bar, 1 cm. (B) Peripheral blood values of
p53¥bL (PM), Cend2/p53MbT (CPM, with or without MCL-like immunophenotype) and Cre-negative control mice. WBC, white blood cells; NE, neutrophils; Ly,
lymphocytes; MO, monocytes; EO, eosinophils; BA, basophils; HTC, hematocrit; Hb, hemoglobin b; PTL, platelets. An unpaired t-test indicated that there was a
significant difference between Ccnd2/p53¥62 (MCL) and control mice in their levels of RBC, Hb, HTC, and PLT (***, P = 0.0005; **, P = 0.0075; *, P = 0.0221; and
**, P =0.0027, respectively), between p53%and Ccnd2/p53"61 (MCL) mice in levels of RBC and Hb (*, P = 0.0464 and *, P = 0.0211, respectively), and between
platelets of MCL and non-MCL Ccnd2/p53"bmice (*, P = 0.0265). (C) Graph depicting the spleen-to-body weight ratio in p53¥¢%, Ccnd2/p53P%, and Cre-ve
control mice. An unpaired t-test indicated that there was a significant (***, P = 0.0001) difference between Ccnd2/p53“%* (MCL) and control mice, but no
significant (P = 0.5625) difference between p53"bland Ccnd2/p53"b? (MCL) mice. Error bars represent SD.
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Figure S4. Analysis of B1-specific BCRs in transplanted Ccnd2/p53Mb? lymphomas. (A) Graph depicting the frequency of PtC-reactive B cells (pregated on
CD45*CD19* single live B cells) of primary lymphoma and primary and secondary Ccnd2/p53"b! transplants, as determined by flow cytometry. **, P < 0.01; ***,
P < 0.001; **** P < 0.0001. (B) Graph depicting the relative expression of heavy chain variable domains VH11 and VH12 in primary lymphoma and in primary
and secondary Ccnd2/p53"1 transplants, as determined by qRT-PCR analysis. Error bars represent the SD of independent lymphomas.
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Figure S5. MALT1 inhibitor CPZ reduces B1 cells and B1-derived MCL-like lymphomas in vivo. (A) Flow cytometry analysis for CD19 and B220 on PerC
B cells in wild-type mice (three mice/group; mixed C57Bl6/129/Swiss background) that were treated 1 wk with PBS or 10 mg/kg CPZ. (B) Graph depicting the
number of peritoneal B1 and B2 cells in control and CPZ-treated mice (n=3). The fold decrease upon CPZ treatment is indicated. (C) Scheme for intravenous
transplantation of a Ccnd2/p53"PT lymphoma with MALTL activity (MCL-like #2) in immunocompromised NSG mice and treatment schedule. (D) Biolumi-
nescence over time in NSG mice that were transplanted and treated with either vehicle or CPZ. (E) Quantification of radiance from mice depicted in D. Error
bars represent SD. **, P = 0.0060. p/sec/cm?/sr, photons per second per square centimeter per steradian.

Provided online are three tables. Table S1 contains a list of single-nucleotide variants and indels from four Ccnd2V®” lymphomas.
Table S2 contains a gene expression signature for Ccnd2/p53b lymphomas with or without an MCL-like immunophenotype. Table
S3 contains primers for cloning, genotyping, and qRT-PCR, as well as information on antibodies that were used for flow cytometry.
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