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Abstract

Splenic marginal zone lymphoma (SMZL) is a distinct clinical and pathological entity among marginal zone lymphomas. Genetic
and microenvironmental factors leading to aberrant activation of the NF-kB pathway have been implicated in SMZL patho-
genesis. CYLD is a negative regulator of NF-kB and other signaling pathways acting as a deubiquitinase of regulatory molecules
and has been reported as a tumor suppressor in different types of cancer, including B-cell malignancies. To assess whether CYLD
is implicated in the natural history of SMZL, we profiled primary cells from patients with SMZL and SMZL cell lines for CYLD
expression and functionality. We report that CYLD is downregulated in patients with SMZL and that CYLD ablation in vitro leads
to NF-kB pathway hyperactivation, promoting the proliferation of SMZL cells. In addition, we found that CYLD deficiency was
associated with increased migration of SMZL cells in vitro, through CCR7 receptor signaling, and with increased dissemination
in vivo. CYLD loss was sufficient to induce BcR signaling, conferring increased resistance to ibrutinib treatment in vitro. In
summary, our work uncovers a novel role of CYLD as a key regulator in SMZL pathogenesis, dissemination, and resistance to
targeted agents. On these grounds, CYLD could be proposed as a novel target for patient stratification and personalized
interventions.

INTRODUCTION

Splenic marginal zone lymphoma (SMZL) is a distinct subtype of
marginal zone lymphoma, characterized by splenomegaly and lym-
phocytosis. SMZL comprises <2% of all lymphoid malignancies and is
typically diagnosed at an advanced age.! SMZL is highly hetero-
genous and this heterogeneity appears to be due to a complex in-
terplay between genetic aberrations and microenvironmental factors
involved in shaping its natural history. From a genetic standpoint,

SMZL is characterized by gene mutations in NF-kB pathway reg-
ulators,? Notch pathway components,® and KLF2* as well as by a
pronounced bias to the expression of clonotypic B cell receptors
(BcR) using the IGHV1-2*04 gene.®

In terms of microenvironmental clues, stimulation of both the
BcR and the TLRs induces MAPK and NF-kB signaling pathway acti-
vation, which has a central role in the expansion of the neoplastic
clone.® Interestingly, the identification in SMZL patients of distinct
mutations in genes downstream of the BcR and TLR signaling
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pathways, including NF-kB signaling, further underscores the re-
levance of these pathways in disease pathogenesis.” Notably, acti-
vation of these pathways, regardless of the presence of mutations,
has helped recently to better stratify SMZL into two distinct groups,
termed NKK (characterized by NF-kB, Notch, and KLF2 signaling) and
DMT (characterized by DNA-damage response, MAPK, and TLR sig-
naIing).8 Additionally, based on the type of immune microenviron-
ment, SMZL was segregated into an “immune-suppressive” subgroup,
associated with inflammation and immune checkpoint activation
signatures, and an “immune-silent” subgroup, characterized by an
immune-excluded phenotype.®

CYLD is a predominantly cytoplasmic deubiquitinase, hydrolyzing
K63-linked and linear polyubiquitin chains. Such ubiquitination pat-
terns do not mediate protein degradation but instead, serve as scaf-
folds for the assembly of protein complexes that mediate the
activation of protein kinases, such as TAK1 and IKK.? Through deu-
biquitination of key molecules, CYLD acts as a negative regulator of
NF-kB, JNK, p38,'° Wnt, and Notch™* pathways.

CYLD was originally described as a tumor suppressor that is causally
associated with the development of tumors in skin appendages.’? In-
creasing evidence suggests a potential role in B cell lymphoproliferative
disorders: (i) CYLD expression is downregulated in chronic lymphocytic
leukemia (CLL)'® and classical Hodgkin lymphoma*: (i) somatic muta-
tions in the CYLD gene have been identified in multiple myeloma® and,
(iii) in MALT lymphomas, the MALT1-API2 oncogenic complex targets
A20 and CYLD deubiquitinases for NF-kB activation.X® More recently,
MALT1-mediated CYLD cleavage was implicated in BcR-signaling, NF-
kB activation, and proliferation in mantle cell lymphoma (MCL) and
diffuse large B-cell lymphoma (DLBCL)Y?, while it was also reported that
BTK inhibitors induce apoptosis in non-GCB-DLBCL by decreasing
CYLD phosphorylation.*®

NF-kB and Notch signaling pathways as well as the KLF2 tran-
scription factor are key factors that regulate the generation and dif-
ferentiation of marginal zone B cells*” while deregulation of both the
canonical and the non-canonical NF-kB signaling pathways is a com-
mon finding in all marginal zone lymphoma subtypes.?° Considering
that CYLD is a negative regulator of NF-kB and Notch signaling
pathways and, in SMZL, KLF2 mutations impair its ability to suppress
NF-kB activation induced by various stimuli,* we hypothesized that
CYLD may have a central role in SMZL pathogenesis.

In this study, taking advantage of both primary samples from
patients with SMZL and human SMZL cell lines, we show that CYLD
loss leads to increased proliferation, dissemination, and resistance to
the treatment with the BTK inhibitor ibrutinib, being envisioned as a
potential new biomarker that may help stratify the patients toward
more personalized treatments.

METHODS
Cell lines and reagents

SMZL cell lines, SL-15% and SL-22,%? were generously provided by Dr.
Masanori Daibata. They were cultured in RPMI-1640 (#ECB200O0L,
EuroClone) supplemented with 10% fetal bovine serum (#ECS5000L,
EuroClone), 100U/mL penicillin, and 100 mg/mL streptomycin
(#ECB3001D, EuroClone) and maintained at 37°C in a humidified atmo-
sphere with 5% CO,. HUVEC cells were cultured in EGM™-2 Endothelial
Cell Growth Medium-2 BulletKit™ (#CC-3162, Lonza) and maintained at
37°C in a humidified atmosphere with 5% CO,. Cell line authentication
was carried out by using eight different and highly polymorphic short
tandem repeat (STR) loci (DSMZ, Braunschweig, Germany) and the cell
lines were routinely tested for mycoplasma contamination using PCR.

The BTK inhibitor ibrutinib was purchased from Selleckchem
(#PCI-32765) and the MALT1 inhibitor MI-2 was purchased from
MedChemExpress (#HY-12276). Mouse anti-hCCR7 mAb (#MAB197,
150503 clone, 1gG2a) and the respective isotype control (#MABOO3,
IgG2a) were purchased from R&D Systems.

Patient samples

Primary peripheral blood and bone marrow samples were col-
lected from 21 patients with SMZL after routine diagnostics at
IRCCS Ospedale San Raffaele; Milano, Italy; clinical information
about the studied cases is summarized in Supporting Information
S1: Table S1. This study was approved by the San Raffaele
Committee on Human Experimentation and informed consent was
obtained in accordance with the revised Declaration of Helsinki
2008. Forty-four fresh biopsy spleen samples and 246 spleen
FFPE biopsy samples were previously collected and analyzed in
the context of the IELSG46 study as described® (Supporting
Information S1).

Generation of CYLD-deficient SL-15 and SL-22 cell
lines

Generation of the stable CYLD-deficient SL-15 and SL-22 cell lines
was performed as previously described.?® Briefly, two sgRNAs tar-
geting exons 2 and 9 of the CYLD locus and one control sgRNA
targeting GFP, were subcloned in the LentiCRISPRv2 vector. All
sgRNA sequences are listed in Supporting Information S1: Table S2.
The SL-15 and SL-22 cell lines were transduced with lentiviral su-
pernatants and, after puromycin selection, monoclonal cell colonies
were subcultured and established. The CYLD-deficient clones KO-E2
(SL-15) and KO-Cé6 (SL-22) were generated with sgRNA targeting
exon 2, while the CYLD-deficient clones KO-H11 (SL-15) and KO-E7
(SL-22) were generated with sgRNA targeting exon 9.

Cell proliferation assay

Control (CTL) and CYLD knockout (KO) SL-15 and SL-22 cells were
seeded in a 12-well cell culture plate (10 cells/well) in 1 mL of RPMI
1640 (Euroclone) and cell viability was determined every 24 h until
96 h by MTT (#475 989, Sigma-Aldrich) and Trypan Blue exclusion
assay (#T8154, Sigma-Aldrich) using TC10 Automated Cell Counter
(Bio-Rad). For the MTT assay, the absorbance was measured at
570 nm using a Perkin Elmer Wallac Victor 1420 multilabel counter.
For patients with SMZL, PBMCs were seeded in a 96-well plate at
5 x 10° cells/well and treated with vehicle (DMSO) or MI-2 (1 uM) for
up to 72 h.

Cell cycle assay

4 x 10 control (CTL) and CYLD knockout (KO) SL-15 and SL-22 cells
were seeded on a 6-well plate in 2 mL of R10 medium with 2 mM
thymidine (#T1895, Sigma-Aldrich) for 18 h. Then, cells were washed
with RPMI medium and seeded again on a six-well plate without
thymidine for 9 h. For completing synchronization, cells were treated
again with 2 mM thymidine for 16 h. Next, cells were washed twice
with PBS and stained with 5uL Propidium lodide (#00-6990, In-
vitrogen). Flow cytometry was performed on a Navios Beckman
Coulter flow cytometer and the cell cycle was analyzed with FCS
Express Version 7 software.
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Ibrutinib treatment and cell proliferation assay

Parental SL-15 and SL-22 cell lines, as well as control (CTL) and CYLD
knockout (KO) SL-15 and SL-22 cells, were seeded in a 12-well cell
culture plate (10° cells/well) in 1 mL of RPMI 1640 (Euroclone) and
treated with either DMSO or 1, 2.5, 5, 10, and 20 uM of Ibrutinib for
up to 72 h. Cell viability was evaluated by Trypan Blue exclusion and
CellTiter-Glo Luminescent assay (#G7570, Promega) every 24 h. The
results were expressed as a percentage of viability calculated by
the ratio between the number of live cells treated with ibrutinib and
the number of live cells treated with vehicle (DMSO). Ibrutinib ICsq
value was calculated using a nonlinear regression tool from GraphPad
Prism Version 9 software.

Transwell migration assay

Migration capacity was evaluated using Transwell chambers (6.5 mm
diameter, 10 um thickness, and 5 um diameter pore size, Corning-
Costar). Briefly, control (CTL) and CYLD knockout (KO) SL-15 and
SL-22 cells were seeded in the upper chamber (3x10° cells/
chamber) in 0.2 mL of RPMI 1640 (Euroclone). When required, cells
were pre-treated before seeding with 10 ug/mL of mouse anti-
hCCR7 mAb (#MAB197, 150503 clone, 1gG2a) or the respective
isotype control (#MABO003, 1gG2a) for 4 h. Then, 0.6 mL of RPMI
1640 with or without 200 ng/mL of CCL19 (#300-29B, Peprotech)
or CCL21 (#300-35A, Peprotech) chemokines were added to the
lower compartment and plates were incubated at 37°C in 5% CO..
After 16 h of incubation, migrated cells on the lower chamber were
collected, stained with anti-CD19-FITC (#A07768, Beckman-
Coulter), and counted for 60s using a BD FACS Canto Il flow
cytometer.

Transendothelial migration (TEM) assay

Migration capacity after bypassing vascular endothelium was
evaluated by seeding 10° HUVEC cells in the gelatin-coated up-
per chamber of Transwell chambers (6.5 mm diameter, 10 um
thickness, and 5 um diameter pore size, Corning-Costar) in 0.2 mL
of complete EGM2 medium (Lonza). As a control for determining
the confluency status, the same number of HUVEC cells were
seeded in three wells of a 96-well tissue culture plate (Corning-
Costar). Plates were then incubated at 37°C in a humidified at-
mosphere with 5% CO, until HUVEC cells reached 100% con-
fluency. Confluent monolayers were stimulated with 40 ng/mL
recombinant TNFa (#300-01A, Peprotech) for 6 h prior to assay
initiation. After HUVEC cell activation and medium respiration,
control (CTL) and CYLD knockout (KO) cells of SL-15 and SL-22
cell lines or PBMCs isolated from patients with SMZL, were
seeded in the upper chamber (3 x 10° cells/chamber) in 0.2 mL of
RPMI 1640 (Euroclone). When required, cells were pre-treated
before seeding with 10pug/mL of mouse anti-hCCR7 mAb
(#MAB197, 150503 clone, 1gG2a) or the respective isotype con-
trol (#MABOO3, 1gG2a) for 4 h. For patients with SMZL, PBMCs
were pre-treated with DMSO (vehicle) or 1 uM of MI-2 for 6 h.
Lower compartments were then filled with 0.6 mL of RPMI 1640
with or without 200 ng/mL of CCL19 (#300-29B, Peprotech) or
CCL21 (#300-35 A, Peprotech) chemokines, and the plates were
incubated at 37°C in 5% CO,. After 16 h of incubation, cells of the
lower chamber were collected, stained with anti-CD19-FITC
(#A07768, Beckman-Coulter), and counted for 60s using a BD
FACS Canto Il flow cytometer.

RNA sequencing of primary SMZL samples

RNA-seq (TruSeq Stranded mRNA Kit, lllumina) of 44 fresh biopsy
samples previously collected® was used to investigate CYLD expres-
sion in tumor and control spleens. Gene expression was also assessed
in 246 spleen FFPE biopsy samples previously collected,® using HTG
EdgeSeq Precision Immuno-Oncology (HTG-PIO) and HTG EdgeSeq
Oncology Biomarker Panels (HTG-OBP). Sequencing data was pro-
cessed as described in Bonfiglio et al., and microenvironment cluster
labels (immune-suppressive and immune-silent clusters) were adop-
ted from the original publication.® More specifically, 16 gene ex-
pression signatures of distinct microenvironmental cell populations
and states and in situ profiling were used to define the two micro-
environment clusters.® Differences in gene expression were tested
with a two-sided Student's t-test. We subdivided the FFPE cohort
into two groups (high CYLD, low CYLD) according to the median of
CYLD gene expression and performed a relative survival analysis,
defined as the ratio between survival observed in patients and ex-
pected survival of the general population matched to by geographical
origin, sex, age, and calendar year of diagnosis, using the Ederer I
method.?*

Statistical analysis

All data sets were taken from n = 3 biological replicates unless men-
tioned otherwise. Data are presented as mean + SEM. Analyses were
performed using GraphPad Prism Version 9 software for Student's t-
test or two-way ANOVA followed by Fisher's test. Analysis of cate-
gorical variables was done using the x? test and Fisher's exact test
when appropriate and p < 0.05 was considered statistically significant.

Further details on experimental procedures are provided in the
Supporting Information S1: Methods section.

RESULTS

CYLD is downregulated in patients with SMZL and
associates with inferior relative survival

Differential analysis of our previously published data® comparing
spleen samples of 35 patients with SMZL versus nine normal in-
dividuals revealed a significant (p = 4.4E-8) reduction of CYLD
expression (Figure 1A), with no difference between the NKK and
DMT subtypes of SMZL (data not shown). That said, CYLD ex-
pression levels correlated with relative survival: 125 patients
from the IELSG cohort with CYLD expression below the median
(low CYLD group) had a 10-year life expectancy of 81.3%
(p = 1.0E-4) compared to a general population matched by age,
gender, country of origin and calendar year of diagnosis
(Figure 1B). In contrast, 87 patients from the same cohort with
CYLD expression above the median (high CYLD group) had a
10-year life expectancy of 90.1%, not significantly different from
the matched general population (p=0.16, Figure 1B). Interest-
ingly, CYLD was downregulated in patients with SMZL char-
acterized by an “immune-suppressive” microenvironment
(associated with inflammation and immune checkpoint activation
signatures and associated with more aggressive disease®) when
compared to the “immune-silent” counterparts (p=3.2E-14,
Figure 1C). Intriguingly, there was a trend to decreased overall
survival in CYLD'™" compared to CYLD"&" groups, though the
difference was not statistically significant (Supporting Informa-
tion S1: Figure S1).
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stratified by different microenvironmental classes. (D) RT-qPCR analysis of CYLD mRNA expression in SMZL cell lines. Values are shown as the mean + SEM of relative
mRNA levels from at least three independent experiments. Data were normalized to CYLD expression of the SL-15 cell line. Statistical analysis was performed by the
Student's t-test method (*p < 0.05). (E) Representative picture of immunoblot analysis of CYLD protein expression in whole cell extracts from the SMZL cell lines. For
CYLD analysis, we used an antibody that recognized both the full-length CYLD and a C-terminal fragment of CYLD (CYLD-Ct). B-actin was used as a loading control.

The picture is representative of three independent experiments.

CYLD ablation leads to NF-kB signaling activation and
increased proliferation in SMZL cell lines

To investigate the role of CYLD in SMZL, we assessed CYLD mRNA
and protein levels in the SL-15 and SL-22 SMZL cell lines, established
from circulating cells of a patient with SMZL prior to frontline
treatment?! and after multiple relapses.?? We observed significantly
(p < 0.05) reduced CYLD mRNA and protein levels (Figure 1D,E) in SL-
22 versus SL-15 cells, which was accompanied by increased cleavage
of CYLD (Figure 1E, CYLD-Ct band). To dissect the role of CYLD in
SMZL cells, we established control (CTL) and CYLD knockout (KO)
monoclonal populations of the SL-15 and SL-22 cell lines (Figure 2A).
CYLD ablation led to increased activation of both canonical (p105/
p50) and non-canonical (p100/p52) NF-kB signaling pathways only in
the SL-15 cell line, as assessed by elevated p105/p50 (Figure 2B,C)
and p100/p52 (Figure 2D,E) as well as by the upregulation of well-
known canonical (IL6 and CD80) and non-canonical (ICAM1) NF-kB
target genes (Figure 2F and Supporting Information S1: Figure S2A).
In addition, only SL-15 CYLD KO cells showed higher proliferation
capacity compared to CTL (Figure 2G,H and Supporting Information
S1: Figure S2B,C). Accordingly, cell cycle analysis revealed a higher
progression of SL-15 CYLD KO cells into the S and G2/M phases,
associated with CDK1 and CDK2 upregulation, in line with the ob-
served proliferation status (Figure 2| and Supporting Information S1:
Figure S3A).

CYLD ablation in SL-15 cells was associated with increased pro-
liferation and a transcriptional program that was characterized by

higher PLK1, CDK1, CDK2, and NOTCH2 and decreased KLF2 ex-
pression levels, similar to the SL-22 cell line (Supporting Information
S1: Figure S3A,B). Altogether, our findings support that loss of CYLD
is associated with a higher proliferative potential, arguably linked to
clinical aggressiveness.

CYLD ablation enhances the migration capacity of
SMZL cells

The expression of chemokine receptors, including CCR7, is regulated
by the NF-kB and AP-1 transcription factors.2> With this in mind, we
investigated CCR7 expression levels in control and CYLD KO clones
of the SL-15 and SL-22 cell lines and documented overexpression in
the former (Figure 3AB and Supporting Information S1:
Figure S4A,B).

In order to explore the migration capacity of CTL and CYLD KO
clones, we performed transwell and transendothelial migration assays in
the presence or the absence of (i) CCL19/CCL21 chemokines, and (ii) an
anti-CCRY7 neutralizing antibody. In the absence of chemoattractant, CYLD
KO clones of both SMZL cell lines migrated significantly more than CTL
clones, but higher basal migration capacity was observed in SL-15 versus
SL-22 cells, correlating with the elevated CCR7 expression levels in the
former (Figure 3C and Supporting Information S1: Figure S4C). CYLD KO
clones also showed MMP9 overexpression (Figure 3D,E). The addition of
CCL19/CCL21 ligands increased the number of migrated cells in all CTL
and, in particular, in the CYLD KO clones (transendothelial migration assay
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protein expression in whole cell extracts from two control (CTL) and two CYLD KO (KO) clones of SL-15 and SL-22 cell lines. (B) Immunoblot analysis of p105-p50
(canonical NF-kB pathway) in whole cell extracts from two control (CTL) and two CYLD KO (KO) clones of SL-15 and SL-22 cell lines. The picture is representative of
three independent experiments. (C) Quantification of p50/p105 ratio of immunoblot analysis presented in (B). Values are presented as the mean + SEM of three
independent experiments and statistical analysis was performed by Student's t-test (*p < 0.05). (D) Immunoblot analysis of p100-p52 (non-canonical NF-kB pathway)
in whole cell extracts from two control (CTL) and two CYLD KO (KO) clones of the SL-15 and SL-22 cell lines. The picture is representative of three independent
experiments. (E) Quantification of p52/p100 ratio of immunoblot analysis presented in (D). Values are presented as the mean + SEM of three independent
experiments, and statistical analysis was performed by Student's t-test (*p < 0.05). (F) RT-gPCR analysis of CD80, IL6, and ICAM1 mRNA in two control (CTL) and two
CYLD KO (KO) clones of the SL-15 cell line. Values are presented as the mean + SEM of relative mRNA levels from at least three independent experiments. Data were
normalized to the mRNA expression of the CTL D4 clone and statistical analysis was performed by Student's t-test (*p < 0.05, **p < 0.01). (G), (H) Proliferation analysis
by Trypan blue exclusion assay (G) and MTT assay (H) of two control (CTL) and two CYLD KO (KO) clones of the SL-15 cell line, measured at O, 24, 48, 72, and 96 h
after seeding. Representative graph of three independent experiments, each performed in triplicate. Values are shown as the mean + SEM, and statistical significance
was assessed by the Student's t-test (*p < 0.05, **p < 0.01). (I) Cell cycle analysis of two control (CTL) and two CYLD KO (KO) clones of the SL-15 cell line, 4 and 24 h
after thymidine synchronization, assessed by flow cytometry after staining with propidium iodide (Pl). Values are presented as the mean + SEM of triplicate
experiments, and statistical analysis was performed by Student's t-test (*p < 0.05, **p < 0.01).

after CCL19 addition: CTL D4, from 1.3 x 10° to 2.1 x 10%; KO E2, from SL-22 cell lines showed a higher percentage of CD19* CD45" B cells

2.9 x 10% to 5.5 x 10% KO H11, from 2.2 x 10% to 5.1 x 10°). Interestingly, in all analyzed compartments (peripheral blood, liver, peritoneal cav-
initial neutralization of CCR7 blocked the chemokine-induced migratory ity, and spleen; Figure 3G and Supporting Information S1: Figure S4E),
capacity of CYLD KO clones near basal levels (Figure 3C and Supporting except the bone marrow (data not shown). In addition, mice injected

Information S1: Figure S4C). Mechanistically, the anti-CCR7 antibody at- with CYLD KO clones exhibited heavier and larger spleens with tumor
tenuated the activation of the MEK/ERK1/2 and PI3K/AKT signaling foci (Figure 3H,I and Supporting Information S1: Figure S4F,G).

cascades that are activated upon CCL19/CCL21 binding? (Figure 3F and To dissect the molecular effects of CYLD ablation in SMZL cell
Supporting Information S1: Figure S4D). lines, we performed RNA-sequencing in control and CYLD KO clones

In order to evaluate the migration ability of CTL and CYLD KO of the SL-15 cell line. Differential expression (DE) analysis showed
clones in vivo, we injected the modified cell lines intravenously in that CCR7 expression was significantly higher in CYLD KO clones
Rag2™/"yc™’~ immunodeficient mice and sacrificed them three weeks versus control SL-15 cells (Supporting Information S1: Figure S5A).
later. Tissue dissemination of each clone was evaluated based on the Gene Set Enrichment Analysis (GSEA) revealed that cytokine-

percentage of CD19*/CD45" cells detected by flow cytometry after mediated signaling pathway, positive regulation of ERK1/2 and NF-
disaggregation of the organs. CYLD KO clones of both SL-15 and kB pathway, and regulation of protein phosphorylation were among
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FIGURE 3 CYLD ablation induces migration capacity of SMZL cell lines. (A), (B) Expression levels of the CCR7 chemokine receptor were determined in two control (CTL)
and two CYLD KO (KO) clones of SL-15 (A) and SL-22 (B) cell lines using flow cytometry. Values are presented as the mean + SEM of CD19*/CCR7" percentages from at least
three independent experiments. (C) Transendothelial migration analysis of one control (CTL) and two CYLD KO (KO) clones of SL-15 and SL-22 cell lines in the presence or
absence of chemokines (CCL19 and CCL21) and after pre-incubation with anti-CCR7 antibody (CCR7 AB) or isotype control (IC). Values are shown as the mean + SEM of three
independent experiments. (D), (E) RT-gPCR analysis of MMP9 mRNA expression in two control (CTL) and two CYLD KO (KO) clones of SL-15 (D) and SL-22 (E) cell lines. Values
are shown as the mean + SEM of relative mRNA levels from at least three independent experiments. Data were normalized to MMP9 expression of control CTL-D4 or CTL-C9
clone. (F) Immunoblot analysis of (phosphorylated) AKT and (phosphorylated) ERK1/2 in whole cell extracts from two control (CTL) and two CYLD KO (KO) clones of SL-15 and
SL-22 cell lines. Cells were pre-incubated with RPMI medium only or 10 pg/mL isotype control antibody (IC) or 10 pg/mL anti-CCR7 antibody for 30 min. Then, 200 ng/mL
CCL19 was added for 5 min and whole cell extracts were collected. The picture is representative of three independent experiments. (G) One control (CTL) and two CYLD KO
(KO) clones of the SL-15 SMZL cell line were injected intravenously in RAG2™~yc™’~ immunodeficient mice and were sacrificed after 3 weeks. CD19*/CD45" cells were
detected by flow cytometry in the peripheral blood (PB), liver (L), peritoneal cavity (PC), and spleen (SP), 3 weeks after intravenous injection. Values are shown as the
mean + SEM of at least four mice. (H) Spleen weight analysis of at least four mice injected intravenously with one control (CTL) and two CYLD KO (KO) clones of SL-15 SMZL
cell line and sacrificed after 3 weeks. Values are shown as the mean + SEM. (l) Representative picture of spleen analyzed in (l). (A)-(H) Statistical differences were assessed by

Student's t-test (“*#®p < 0.05; ***3%5 < 0.01; ***p < 0.001).

the most significantly upregulated pathways in CYLD ablated cells
(Supporting Information S1: Figure S5B), mirroring our in vitro results.
Network biology analysis using the STRING database highlighted a
protein-protein interaction graph (PPI) which contained, as the top-20
most central nodes, upregulated genes that are implicated in cell cycle
progression (CCDN12728) NF-kB activation (IL1B?°) and increased
motility (FN1%°, 1L6%!, ICAM1%?), as well as decreased tumor-
suppressive genes like PTEN (Supporting Information S1: Figure S5C).
Altogether, these findings support our in vitro functional results
pointing to the same altered signaling pathways and biological
processes.

MALT1-mediated cleavage of CYLD associates with
CCR7-mediated migration of primary SMZL cells
in vitro

To confirm the potential role of CYLD also in SMZL primary samples,
we assessed CYLD protein expression levels in PBMCs and BMMCs

isolated from a cohort of 21 patients with SMZL. In 13/21 cases
(61.9%), CYLD protein was fully cleaved by MALT1, as only the car-
boxyterminal (Ct) fragment of 70 kDa size was detected, while in the
remaining 8 cases (38.1%) both the full length CYLD and the car-
boxyterminal (Ct) fragment were observed. Interestingly, all SMZL
primary samples showed similar MALT1 protein levels (Figure 4A,B
and Supporting Information S1: Figure S6A). Based on the full length
CYLD expression status, cases were divided into CYLD™!"'e"8t" (cases
with both full length CYLD and Ct fragment expression) and CY-
LD<'eaved (cases with only Ct fragment expression) subgroups. No
clear correlation was observed between CYLD mRNA and protein
levels, independently of the CYLD protein fragments detected
(Supporting Information S1: Figure S6B).

In order to compare the activation status of the NF-kB signaling
pathway in the CYLD™"'"&th yersus the CYLD®®V® subgroups, we
checked the expression levels of known NF-kB target genes, such as
CD80, IL6, and ICAM1' in isolated PBMCs and BMMCs. We ob-
served higher expression levels of all NF-kB target genes in CY-
LD<'eaved compared to CYLDfU''neth cases (CD80: P=0.010; ILé6:
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p=0.025; ICAM1: p=0.045)

(Supporti

ng Information S1:

Figure S6C-E). CYLD®®®®d patients showed more elevated CCR7
mRNA (p=0.028) and protein (p =0.043) levels compared to CY-
LDfuteneth patients (Figure 4C,D). Moreover, MMP9 mRNA was found

overexpressed in CYLD®®®¥ed patients (p = 0.007) (Figure 4E). CYLD
downregulation in CYLD™!'eeth patient cells using the CRISPR/Cas9
system (Figure 4F,G) led to significant induction of all NF-kB target
genes, including CCR7 and MMP9 (Figure 4F). Transendothelial
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FIGURE 4 (See caption on next page).
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FIGURE 4 MALT1-mediated cleavage of CYLD induces migration through the CCR7 receptor. (A) Immunoblot analysis of CYLD and MALT1 expression in
primary SMZL samples. For CYLD analysis we used an antibody that recognizes both the full length CYLD and a C-terminal fragment of CYLD (CYLD-Ct). B-actin was
used as a loading control. Representative picture of immunoblot analysis in 7 SMZL primary samples. (B) Quantification of MALT1 protein levels in patients with
SMZL using the Image J software. Values are shown as the ratio of MALT1/B-actin for each patient. (C) RT-qPCR analysis of CCR7 mRNA expression in CYLD!l'ensth
and CYLD*?*? subgroups. Values are shown as the mean + SEM of relative mRNA levels. (D) Expression levels of the CCR7 chemokine receptor were determined in
CcYLDM!eneth and CYLD®ved subgroups using flow cytometry. Values are shown as the mean + SEM of CD19*/CCR7"* percentages. (E) RT-qPCR analysis of MMP9
mRNA expression in CYLD''e"8th and CYLD®2ved subgroups. Values are shown as the mean = SEM of relative mRNA levels. (F) Tumor cells from three SMZL
patients expressing full length CYLD were electroporated with the CRISPR/Cas9 system including control (CYLD™!"'®"&t + sgCtl) and CYLD-targeted
(cyLDuMeneth 4 soCyld) sgRNAs. RT-qPCR was used to analyze CYLD, CCR7, IL6, ICAM1, CD80, and MMP9 mRNA expression in CYLD!"'®"8t + sgCt| and
CYLDM!eneth 1 soCyld groups. Values are shown as the mean * SEM of relative mRNA levels. Data were normalized to mRNA expression of CYLD!'ength + soCt|
group. (G) Representative immunoblot analysis of CYLD expression in tumor cells of samples analyzed in (F). (H) Transendothelial migration analysis of three
CYLDM!eneth and CYLD®2ved SMZL patient samples in the presence or absence of chemokines (CCL19 and CCL21) and after pre-incubation with anti-CCR7 antibody
(CCR7 AB) or isotype control (IC). Values are shown as the mean + SEM. (I) Inmunoblot analysis of CYLD expression in three CYLD®2V¢d SMZL patients treated with
DMSO (vehicle) or MALT1 inhibitor MI-2 (1 uM) for 6 h. (J) RT-gPCR analysis of CCR7 mRNA expression in three CYLD®®®®4 SMZL patients treated with DMSO
(vehicle) or MALT1 inhibitor MI-2 (1 uM) for 24 h. Values are shown as the mean + SEM of relative mRNA levels. (K) Expression levels of the CCR7 chemokine
receptor were determined in three CYLD®?®¢ SMZL patients treated with DMSO (vehicle) or MALT1 inhibitor MI-2 (1 uM) for 24 h, using flow cytometry. Values are
shown as the mean + SEM of CD19*/CCR7* percentages. (L) Transendothelial migration analysis of three CYLD'*2¢¢ SMZL patients in the presence of CCL19 and
CCL21 chemokines, after pre-incubation with DMSO (vehicle) or MALT1 inhibitor MI-2 (1 uM) for 6 h. Values are shown as the mean + SEM. (M), (N) Proliferation
analysis by Trypan blue exclusion assay (M) and MTT assay (N) of three CYLD®®"e4 SMZL patients treated with DMSO (vehicle) or MALT1 inhibitor MI-2 (1 uM) for,

24, 48, and 72 h. Values are shown as the mean + SEM. (C)-(N) Statistical differences were assessed by Student's t-test (*'#'$p <0.05; **p < 0.01).

transwell migration assay revealed a higher migration capacity of cells
from CYLDS'®2®4 patients in the absence of chemoattractant stimuli.
Addition of CCL19/CCL21 ligands induced migration in all cases, al-
beit this effect was more pronounced in CYLD®e? patients
(transendothelial migration assay after CCL19 addition: CYLD!!eneth,
from 0.2 x 10° to 0.5 x 10%; CYLD®*2¥*4, from 0.4 x 10° to 1.7 x 10°).
Previous incubation with an anti-CCR7 antibody impaired the mi-
gration ability of primary cells from both CYLD™!"'e"&th and CY-
LD®'eaved patients, similar to basal levels (Figure 4H). Altogether, our
findings suggest that full length CYLD represses the migration ca-
pacity of SMZL cells through suppression of the NF-kB/CCR7 axis.

To justify the direct effect of MALT1 proteolytic activity on
CYLD in patients with SMZL, CYLD®®@"®¢ patient cells were treated
with the MALT1 inhibitor MI-2 leading to a clear reduction of the
carboxyterminal (Ct) fragment along with a concomitant increase of
full length CYLD levels (Figure 4l). Moreover, MI-2 treatment di-
minished CCR7 expression (Figure 4J) as well as CCR7 protein levels
(Figure 4K). Interestingly, previous incubation of CYLD®®¢¢ patient
cells with the MI-2 inhibitor completely restrained their transen-
dothelial migration capacity (Figure 4L). In addition, CYLD<®2e4 pa-
tient cells showed significantly reduced cell growth after MALT1
inhibition (Figure 4M,N).

CYLD deletion activates BcR signaling and induces
resistance to ibrutinib

To investigate the role of CYLD in BcR signaling, we assessed the
activation status of downstream key molecules in CYLD KO and
control SL-15 and SL-22 cells. We found that CYLD KO was asso-
ciated with the activation of BcR signaling as indicated by increased
phosphorylation of BTK and downstream AKT and ERK1/2
(Figure 5A). Prompted by these findings, we used the BTK inhibitor
ibrutinib to evaluate the possibility of modulating BcR signaling.
When the parental SL-15 and SL-22 cell lines were exposed to dif-
ferent concentrations of ibrutinib (1-20 uM) for 72 h, we observed a
progressive decrease of cell viability in a dose-dependent manner.
The two cell lines differed in terms of ICsq value with the SL-22
cell line showing a significantly higher value (Trypan Blue: 9.83 uM
and CellTiter-Glo: 11.18 uM) compared to the SL-15 cell line (Trypan
Blue: 2.79 uM and CellTiter-Glo: 5.85uM) (Figure 5B). We then

treated both control and CYLD KO clones of the SL-15 cell line with
2.5uM and 5puM of ibrutinib for up to 72h. CYLD KO clones ap-
peared to be more resistant to the proliferation repression by ibru-
tinib compared to control clones (5 uM lbrutinib CellTiter-Glo; CTL
D4: 63.3%, CTL Dé: 65.7%, KO E2:75.8% and KO H11: 79.9%)
(Figure 5C,D and Supporting Information S1: Figure S7A,B). In similar
experiments, CYLD KO SL-22 cells showed resistance to proliferation
repression after 10uM Ibrutinib treatment for up to 72h
(Figure 5E,F).

Cell mobilization is a well-known effect of ibrutinib treatment,
reported in CLL®® and MCL.3* To study how ibrutinib affects SMZL
cell mobilization in vitro, we adapted the 3D model previously vali-
dated for CLL,®>%¢ in which SMZL cells were seeded together with
HS-5 bone marrow stromal cells in gelatin sponge scaffolds
(Spongostan™) and cultured under dynamic conditions in a rotary cell
culture system (RCCS™). CTL and CYLD KO clones were seeded in
the scaffolds and cultured in the presence of 5 uM lbrutinib for 16 h.
CYLD KO cells (KO H11) showed reduced egress from the scaffold
compared to CTL cells (CTL D4) (Figure 5G,H), further implicating
CYLD in resistance to ibrutinib.

DISCUSSION

Our study provides evidence that the functional loss of the CYLD
gene is implicated in the pathophysiology of SMZL'*7 and that de-
creased CYLD expression is associated with worse 10-year relative
survival. This is in line with evidence from other B cell lymphomas,
including DLBCL, MCL, and CLL, where low CYLD expression has
been correlated with worse prognosis*®!” highlighting the need for
further investigation into how CYLD dysregulation is implicated in the
natural history of these entities. In that regard, the miR-17~92 cluster
has been reported to promote lymphoma development in mice that
resemble human lymphomas by targeting CYLD among others.®”
Moreover, CYLD was among several tumor suppressor genes that
were re-expressed after pharmacological inhibition of methylation in
SMZL cell lines.®®

Here we report that the ablation of CYLD in SMZL cells has
relevant functional consequences particularly associated with a more
aggressive phenotype.?*?? CYLD KO cells displayed activation of
both the canonical and the non-canonical NF-kB signaling pathways
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FIGURE 5

CYLD ablation induces BcR signaling pathway activation and confers resistance to Ibrutinib. (A) Immunoblot analysis of (phosphorylated) BTK,

(phosphorylated) AKT, and (phosphorylated) ERK1/2 in whole cell extracts from two control (CTL) and two CYLD KO (KO) clones of SL-15 and SL-22 cell lines. The
picture is representative of three independent experiments. (B) Parental SL-15 and SL-22 cell lines were treated with different ibrutinib concentrations (1, 2.5, 5, 10,
and 20 uM) for 72 h, and viability was assessed by Trypan Blue exclusion and CellTiter Glo assay. ICsq value was calculated using a nonlinear regression tool from
GraphPad Prism Version 9 software. (C), (D) Two control (CTL) and two CYLD KO (KO) clones of the SL-15 cell line were grown in the presence or absence of 5 uM
Ibrutinib for 24, 48, and 72 h. Proliferation analysis was assessed by CellTiter-Glo (C) and Trypan blue exclusion (D) assays. The percentage of growth inhibition was
calculated by the ratio between the number of live cells treated and the number of live cells of the respective vehicle (DMSO). Values are shown as the mean + SEM of
triplicate experiments and were analyzed by Student's t-test (*p < 0.05, **p < 0.01). (E), (F) Two control (CTL) and two CYLD KO (KO) clones of the SL-22 cell line were
grown in the presence or absence of 10 uM lbrutinib for 24, 48, and 72 h. Proliferation analysis was assessed by CellTiter-Glo (E) and Trypan blue exclusion (F) assays.
The percentage of growth inhibition was calculated by the ratio between the number of live cells treated and the number of live cells of the respective vehicle
(DMSO). Values are shown as the mean + SEM of triplicate experiments and were analyzed by Student's t-test (*p < 0.05, **p < 0.01). (G), (H) SL-15 CTL D4 and CYLD
KO H11 cell lines were used to populate a spongostan scaffold and subsequently treated with ibrutinib. Line plot represents the number of cells mobilized (G) or
remaining within the scaffolds (H), 16 h after the addition of ibrutinib compared to untreated cells. Values are presented as the mean + SEM. Statistical differences
were assessed by two-way ANOVA followed by Fisher's test (*p < 0.05, ***p < 0.001).

that correlated with higher proliferation and cell cycle progression.
These findings are in agreement with a previously performed micro-
array and gPCR analysis, using the primary PB-15 and PB-22 cells as
well as the derived SL-15 and SL-22 cell lines, demonstrating upre-
gulation of genes that control mitosis and cell proliferation, such as
PLK1, CDK1, and CDK2, in the relapsed/refractory phase.22 More-
over, CYLD ablation induced BcR signaling activation, as attested by
elevated BTK phosphorylation at Tyr223 as well as activation of the
downstream PI3K/AKT and MEK/ERK signaling pathways®? in CYLD
KO clones. This unexpected finding indicates a possible role of CYLD
upstream of BTK and not downstream as already demonstrated in
other types of B-cell lymphoma,*®” opening the path to alternative
modalities to inhibit BcR signaling, a key mechanism of lymphoma-
genesis in general. Interestingly, CYLD ablation appeared to be as-
sociated with ibrutinib resistance in vitro, as previously reported for
aggressive BcR-dependent B cell lymphomas.t” Of note, we observed

such resistance, in our in vitro 3D model, even at micromolar con-
centrations of the drug that are not typically achieved in vivo in the
clinical setting due to the possibility of off-target effects in patients.
This molecular mechanism of resistance is of particular interest in
SMZL, given the rather limited efficacy of ibrutinib in SMZL* and the
possibility that interfering with CYLD signaling might help boost the
response to BTK inhibitors.

Among the known NF-kB target genes is CCR7,2° which encodes
for the G-protein coupled receptor CCR7. It enables normal lym-
phocytes to access secondary lymphoid tissues, such as the
lymph nodes or the spleen.***? CYLD ablation upregulated CCR7
expression levels in SMZL cells, through NF-kB hyperactivation, and
simultaneously increased their migration capacity. This was asso-
ciated with increased ERK1/2 and AKT activation downstream of the
CCRY7 receptor, further augmented upon ligand binding in CYLD ab-
lated cells. Of note, in vivo studies showed that CYLD KO clones
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accumulated more efficiently in all analyzed compartments with
increased splenomegaly with tumor foci, thus correlating with a more
aggressive disease. This finding might be explained by an increased
dissemination capacity in vitro in keeping with the increased
chemokines-responsiveness shown in vitro. Alternatively, the ob-
served expansion in the tissues can be also interpreted as a con-
sequence of the higher cell growth capacity, as exhibited by CYLD KO
clones in vitro.

BcR activation leads to the formation of a CARD11-BCL10-MALT1
(CBM) signaling complex that activates the canonical NF-«kB signaling
pathway, through MALT1-mediated proteolytic cleavage of NF-kB ne-
gative regulators, such as CYLD and A20.174%74¢ CYLD is cleaved by
MALT1 and both the C-terminal and N-terminal fragments are rapidly
degraded by the proteasome, leading to CYLD inactivation.!” In our co-
hort of SMZL primary samples, we identified two distinct groups, CY-
LDfullleneth  and  CYLD®2ved cases, based on the CYLD full length
expression status. CYLD“®®®d patients showed higher canonical NF-kB
signaling, assessed by upregulation of known NF-kB target genes, such as
CD80, IL6, ICAM1, and CCRY7. The latter appeared relevant for the basal
increased transendothelial migration capacity of CYLD“®? cases by
upregulating also the MMP9 gene. CCL19/CCL21 binding augmented
migration in both CYLD™"'e&th and CYLD2*d cases; however, the effect
was more pronounced in the latter. Interestingly, downregulation of CYLD
in CYLDM et samples, induced canonical NF-kB signaling activation.

In a preliminary analysis of 21 cases, patients carrying cleaved
form of CYLD were significantly younger at SMZL diagnosis com-
pared to the CYLD™!''"&" supgroup (62.9 vs. 75.4 vyears). Im-
portantly, patients of the CYLD®@®d subgroup, characterized by
aggressive disease, presented also a significantly decreased absolute
lymphocyte number (ALC: 48.9 x 107/L vs. 189.2 x 10°/L, p = 0.002),
higher spleen enlargement (28.2 vs. 21.6 cm, p =0.042), and a trend
to lower BM involvement (47.5% vs. 66.7%, p =0.33) compared to
CYLD™"'eneth cases. Interestingly, a higher percentage of patients of
CYLD®®®e¢ subgroup (6/13, 46.1%) needed treatment compared to
patients of CYLD™!'eneth syberoup (3/8, 37.5%) despite similar
follow-up (average follow-up time; CYLD™"'egth. 307 +1.49 years
and CYLDS"®@ved: 316 + 1.77 years). Interestingly, only 1 of 21 pa-
tients was lost during the follow-up, after the transformation of SMZL
to DLBCL, and this case belonged to the CYLD®'*2*¢ subgroup.

Admittedly, these results warrant further analysis and confirma-
tion in larger cohorts of patients, yet they support a potential critical
role for CYLD in the progression and aggressiveness of SMZL also in
the clinical setting.

Taken together, our results underscore the key role of CYLD in
SMZL pathogenesis through the multimodal regulation of NF-kB and
BcR downstream signaling pathways, leading to a more disseminated
and aggressive disease. These findings may explain the relative re-
sistance of SMZL to first-generation BTK inhibitors, thus providing
novel insights for the development of innovative combination ther-
apeutic strategies, by targeting the CCR7-MALT1 pathways.
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