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Abstract

Aggressive B-cell malignancies, such as mantle cell lymphoma (MCL), are microenvironment-dependent tumors and a
better understanding of the dialogs occurring in lymphoma-protective ecosystems will provide new perspectives to in-
crease treatment efficiency. To identify novel molecular regulations, we performed a transcriptomic analysis based on the
comparison of circulating MCL cells (n=77) versus MCL lymph nodes (n=107) together with RNA sequencing of malignant
(n=8) versus normal B-cell (n=6) samples. This integrated analysis led to the discovery of microenvironment-dependent
and tumor-specific secretion of interleukin-32 beta (IL32p), whose expression was confirmed in situ within MCL lymph
nodes by multiplex immunohistochemistry. Using ex vivo models of primary MCL cells (n=23), we demonstrated that,
through the secretion of IL32f, the tumor was able to polarize monocytes into specific MCL-associated macrophages,
which in turn favor tumor survival. We highlighted that while IL32p-stimulated macrophages secreted several protumoral
factors, they supported tumor survival through a soluble dialog, mostly driven by BAFF. Finally, we demonstrated the ef-
ficacy of selective NIK/alternative-NFkB inhibition to counteract microenvironment-dependent induction of IL32f3 and
BAFF-dependent survival of MCL cells. These data uncovered the IL323/BAFF axis as a previously undescribed pathway
involved in lymphoma-associated macrophage polarization and tumor survival, which could be counteracted through se-

lective NIK inhibition.

Introduction

Although for years most studies have focused on tumor
cells, allowing the discovery of numerous key (epi)-genetic
aberrations and oncogenic pathways, it is now widely ac-
cepted that ecosystem integration is also critical for the
understanding of cancer progression. Evidence demon-
strating that the tumor ecosystem plays a central role in
tumoral expansion and treatment resistance has con-
tinued to accumulate since the emergence of the tumor
microenvironment concept more than a century ago." In-
deed, the tumor ecosystem has shown multiple facets,
from its critical role in cancer metabolism to the influence
of mechanical constraints, not to mention the diversity of
immune infiltrates.? A better understanding of the tumor
microenvironment now supports the development of
next-generation therapeutic strategies, such as rational
targeted therapy combinations to bypass microenviron-

ment-dependent resistance,® immune checkpoint in-
hibitors and bi-specific antibodies.*

Mantle cell lymphoma (MCL) is a rare and mostly incur-
able B-cell malignancy and strategies to overcome resis-
tance and treat MCL relapses are an unmet medical need.®
Over the past decades, most studies have focused on
structural and functional genomic anomalies which have
led to important discoveries regarding the molecular ori-
gin of MCL (e.g., t(11;14)), factors involved in the highly het-
erogeneous clinical course of this disease (e.g., SOX77,
TP53, and CDKN2A),*® as well as markers of drug resis-
tance.®™ In contrast to intrinsic tumoral anomalies, the
dialog between MCL and its tumor microenvironment was
largely ignored. Nevertheless, we, and others, have sug-
gested a dynamic dialog within lymph nodes, which are the
primary zone of MCL expansion. MCL cells are able to shape
their microenvironment,” whereas the latter is necessary to
trigger cell cycle activation,® inhibition of apoptosis and drug
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resistance™ as well as activation of oncogenic pathways,
such as nuclear factor kappa B (NFkB) and B-cell receptor
(BCR) pathways.® These findings confirmed the need to
consider the biology of the tumor microenvironment in
MCL and encourage further studies to understand the
complexity of its dialogs and the supporting molecular
regulations.

Unlike other B-cell lymphomas, MCL is characterized, as
promptly as at diagnosis, by early dissemination in vir-
tually all patients, with a significant number of circulating
lymphoma cells, mostly in the bone marrow and periph-
eral blood (PB).”® This characteristic allows the compari-
son of tumor cells within several organs and the
identification of regulations specifically induced in the
lymphoid niches. To identify tumor microenvironment-
dependent molecular regulations in MCL, we first per-
formed a global unbiased transcriptomic analysis
integrating samples from PB and lymph node (LN) tissue
and cells from ex vivo models. Our analysis uncovered the
microenvironment-dependent and tumor-specific ex-
pression of interleukin-32 (IL32), a soluble factor whose
role in lymphomas is unknown. We showed that tumor-
specific IL32 plays a major role in the corruption of the
immune ecosystem that supports MCL survival and ident-
ified druggable therapeutic targets involved in these in-
terplays.

Methods

Primary cell culture

MCL cells were obtained after informed consent from pa-
tients according to protocols approved by local institu-
tional review boards (REFRACT-LYMA cohort; ethical
approval GNEGS-2015-09-13") and in accordance with the
Declaration of Helsinki. The patients’ characteristics are
summarized in Online Supplementary Table S1. For com-
parison with normal naive CD5* B cells (NBC), cord blood
B cells were isolated and cultured using the same proto-
col. As previously described, MCL and NBC were cultured
with growth factors (interleukin [IL]10: 50 ng/mL, B-cell
activating factor [BAFF]: 50 ng/mL, insulin-like growth
factor-1 [IGF1]: 10 ng/mL, IL6: 1 ng/mL) on adherent
CD40L-expressing fibroblasts previously treated with mi-
tomycin-C."” The ratio of adherent cells to MCL cells was
1:10.

PB was obtained from age-matched (>60 years) healthy
donors. Monocytes were obtained by elutriation and T
cells were separated using anti-human CD3 magnetic
beads. M1 and M2-10 monocyte-derived macrophages (M ¢)
were generated in vitro as previously described.”? Regard-
ing M¢-32, monocytes were differentiated with CSF1 (M-
CSF, 50 ng/mL, for 5 days) before activation with
recombinant human (rh)IL32p (100 ng/mL, for 2 days).
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Bioinformatics analysis

Gene expression profiling

Publicly available datasets for MCL cells in LN (n=107) or
PB (n=77) were collected from the Gene Expression Om-
nibus database (GSE70910, GSE16455, GSE21452,
GSE35426, GSE36000, GSE124931 and GSE95405) and
analyzed as previously described.”

Full-length RNA-sequencing

CD19*CD5* MCL cells from PB (n=4) and CD19*CD5* B cells
from cord blood (NBC, n=3) were cultured ex vivo on
CD40L-expressing fibroblasts with growth factors for 7
days.® RNA was sequenced at baseline (day 0) and after 7
days of culture. “Tumor-specific” and “Shared with NBC”
genes were determined by comparing the transcriptome
of MCL cells with that of NBC. "Tumor-specific” genes
were found to be upregulated in culture ex vivo and in LN
in vivo but not in NBC samples.

3’seq-RNA profiling™

Briefly, raw counts were normalized and transformed and
differential gene expression was assessed with the
DESeq2 package in R. Similar results were obtained using
the EdgeR package in R. Principal component analysis
was performed by FactoMineR and factoextra packages.
A hierarchical ascendant clustering was performed using
Euclidean distances and the Ward.D2 method. Heatmaps
were created using the ComplexHeatmap package.

All datasets were deposited in the Gene Expression Om-
nibus database (GSE179636 and GSE179766).

Multiplex immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections were
subjected to pretreatment involving antigen retrieval by
heating in EDTA buffer at the beginning of the experiment
and to a TR1 retrieval between each staining. Tissue sec-
tions were then stained for Cyclin D1, IL32, CD68 and CD3
with polymer enhancer and HRP 2-Step polymer and the
buffer 1X Plus Amplification Diluent with Opal 570, 650,
520 and 690 for the detection of Cyclin D1, 1L32, CD68
and CD3, respectively. We used DAPI (1:4000) to stain the
nuclei. The experiment was conducted in an automated
lmpath36. Images were acquired on a Nikon A1 RSi con-
focal fluorescence microscope with spectral module.
Additional methods are detailed in the Online Supple-
mentary Methods section and Online Supplementary Table
S2.

Results

Microenvironment-dependent IL32 expression in
mantle cell lymphoma cells is tumor specific
We first analyzed differential gene expression between
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unpaired MCL samples from LN (n=107) and PB (n=77):
6,887 genes were differentially expressed (log Fc >0.5 and
<-0.5; adjusted P-value <0.05) suggesting a central role of
the LN ecosystem in MCL transcriptional programs (Figure
1A). The 22 most differentially expressed genes (log Fc >5 and
<-5) were predicted to belong to the extracellular region (On-
line Supplementary Figure S1A), and this was also highlighted
by top functional annotations, including extracellular matrix-
receptor interactions (hsa#04512), cytokines-cytokine recep-
tor interactions (hsa#04060) and cell adhesion molecules
(hsa#04514), reflecting active cellular communication be-
tween tumor cells and their ecosystems (Online Supplemen-
tary Figure S1B).

Because LN sections used for gene expression profiling
displayed heterogeneous tumor and immune cell infiltra-
tions, we needed to perform additional analyses to ident-
ify MCL-specific transcriptomic regulations. To this end,
we compared transcriptomic data from LN with transcrip-
tomic data from CD19* circulating MCL cells cultured on
CD40L-expressing cells (Figure 1B). This ex vivo culture
model was designed to mimic signals occurring in the LN
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and was composed of CD40L-expressing cells comple-
mented by several protumoral growth factors.® More than
70% of the genes upregulated ex vivo in the culture model
were also overexpressed in LN as compared with MCL PB
(n=3217/4524) (Figure 1B). Accordingly, an MCL “LN signa-
ture”, as well as previously described signatures enriched
in MCL tissue, such as “NFxB”, “BCR” or “NFxB-inducing
kinase (NIK)”® were significantly upregulated in the ex vivo
culture model (Online Supplementary Figure S1C).

By comparing the upregulated gene set (upregulated in
both LN and culture, n=3,217) with CD40L-stimulated
CD5* NBC, we identified that 39% of the differentially ex-
pressed genes were tumor-specific (i.e., were not upregu-
lated in NBC) (Figure 1B). Functional annotations showed
that the soluble dialog (hsa#04060) was specifically en-
riched in the tumor ecosystem, in contrast to extracellular
matrix-receptor interactions or cell cycle activation, which
were shared with NBC (Online Supplementary Figure S1D).
Scoring of the top genes revealed that CCL22 and /L32
were the most upregulated genes within “Shared with
NBC” and “Tumor-specific” transcriptional programs, re-
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Figure 1. Microenvironment-dependent and tumor-specific IL32 expression in mantle cell lymphoma. (A) Volcano-plot repre-
sentation of whole transcriptome analysis (publicly available Affimetrix U133, see Methods) from samples of mantle cell lymphoma
(MCL) lymph nodes (LN, n=107) compared to MCL peripheral blood samples (PB, n=77). Dotted lines indicate the cut-off for sig-
nificance (adjusted P value <0.05, log Fc >0.5 or <-0.5). The most greatly modulated genes (log,Fc >5 or < -5) are annotated on
the graph. (B) The diagram represents the comparison of the gene set induced in CD19*-sorted PB MCL cultured on CD40L ex
vivo (RNA-sequencing, see Methods) with the gene set differentially expressed between MCL LN and PB (panel A). Common in
vivo and ex vivo upregulation (n=3,217 genes) were compared to the genes induced in normal CD5* B cells (NBC) cultured similarly
in order to determine “Shared with NBC” and “Tumor-specific” gene sets. (C) The graphs represent the top 15 genes of “Shared
with NBC” and “Tumor-specific” gene sets. The score (log,Fc) integrates both ex vivo and in vivo modulations (log,FC(ex
vivo)+log,FC(in vivo)). (D) IL32 expression was determined at the RNA level by quantitative reverse transcriptase polymerase chain
reaction analysis (RT-qPCR, upper panel) and at the protein level (immunoblotting, lower panel) in MCL cell lines.
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spectively (Figure 1C). While CCL22 production has been
previously characterized as microenvironment-dependent
in several B-cell malignancies,”® the mechanisms of regu-
lation and the biological role of IL32 have remained un-
known. Constitutive expression of IL32 in three of nine
cell lines first confirmed that MCL does indeed have the
ability to produce and secrete IL32 (Figure 1D, Online Sup-
plementary Figure S2A). Finally, splicing analysis of RNA-
sequencing data showed that the predominant isoform in
MCL was IL32pB (Online Supplementary Figure S2B).

IL32 is expressed in mantle cell lymphoma lymph nodes
and is induced in vitro upon CD40 triggering

We showed that PB MCL displayed a slight, but significant,
overexpression of IL32 when compared to NBC, and high
expression was observed in most LN MCL studied (Figure
2A). IL32 induction in LN was confirmed in paired samples
both at the RNA (n=8) and protein (n=3) levels (Figure 2B).
Consistently with our observation in cell lines, constitutive
RNA expression was detected in 24% of PB MCL samples
(5 out of 21), independently of p53 status or disease sub-
type (Online Supplementary Table S7). CD40L induced 1L32
expression in ten out of 13 MCL samples but not in NBC
(Figure 2C, D). Of note, the three samples in which IL32

S. Decombis et al.

induction was not detected were all from the indolent
leukemic non-nodal subtypes of MCL. A similar CD40-de-
pendent induction of IL32 was observed in MCL cell lines
(Online Supplementary Figure S2C, D).

To further characterize the pattern of IL32 expression in
situ, we performed immunohistochemistry on four MCL
tissue samples. Figure 3A shows IL32* cells in all four of
the four MCL samples. We further used multiplex immu-
nohistochemistry in two samples for the concurrent de-
tection of MCL cells (Cyclin D1), macrophages (CD68), T
cells (CD3) and IL32. We observed that IL32 expression
was enriched in situ in tumor zones infiltrated with T cells
(ROI#1 and ROI#2 of sample LN#2, ROI#1 of sample LN#3),
compared to areas containing only tumor cells (ROI#2 of
LN#3) (Figure 3B, C). Taken together these results show
that IL32 is expressed in situ by MCL cells in the vicinity
of T cells.

CD40L-dependent IL32 expression in mantle cell
lymphoma cells depends on the alternative NFkB
pathway

We next determined whether NFkB pathways controlled
IL32 induction. CD40 triggers activation of both the clas-
sical (ser32/34 IkBa phosphorylation, plkB) and the alter-

Figure 2. IL32 is expressed in mantle cell lymphoma lymph nodes and induced in vitro upon CD40 triggering. (A) /L32 gene ex-
pression in normal B cells (NBC, n=24) and mantle cell lymphoma (MCL) cells from peripheral blood (PB, n=81) or lymph nodes
(LN, n=165) was assessed by gene expression profiling (GEP). Mann-Whitney test. ***P<0.0005, ****P<0.0001. (B) IL32 expression
was analyzed by GEP in paired MCL cells from PB (n=8) or LN (n=8) and by immunoblot in paired PB and LN tissues (frozen sec-
tions) from MCL patients (n=3). *Represents higher exposure for immunoblotting. Wilcoxon-matched pairs sign-rank test.
**P<0.008 (C) Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) analysis of /L32 gene was performed in
CD5* NBC (n=3) or MCL cells (n=13) cultured on CD40L-expressing cells for 7 days. Wilcoxon-matched pairs sign-rank test.
***P<0.0005. (D) Immunoblot analysis of IL32 protein expression was performed in CD5* NBC (n=1) or MCL cells (n=4) cultured

on CD40L-expressing cells for 7 days.
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Figure 3. Protein expression of IL32 in mantle cell lymphoma lymph nodes in situ. (A) Expression of IL32 was determined using
immunohistochemistry on one spleen (SPL) and three lymph node (LN) sections from four patients with mantle cell lymphoma
(MCL). Scale bars, 50 pm. (B, C) Multiplex immunohistochemistry staining for Cyclin D1 (opal 570; white), CD3 (opal 690; green),
CD68 (opal 520; magenta) and IL32 (opal 650; red) was performed on LN sections from two MCL patients (MCL_LN#2,
MCL_LN#3). Individual stains and DAPI are shown in Online Supplementary Figure S9. For MCL-LN#2, the left panel represents
a mosaic, the middle panel (region of interest, ROI#1) a zoom on the sample (scale bars, 50 pm) and the right panel (ROI#2)
represents a projection of 26 Z stacks (range 10 um; scale bar 10 pm). For MCL-LN#3, the left panel represents a large area
(scale bar, 100 pm), the middle panel (ROI#1) shows a CD3-infiltrated area and the right panel (ROI#2) represents a tumor-only

area (scale bars, 50 pm).

native (p52 increase) NFkB pathways (Figure 4A). Inhibition
of 1kB kinases IKK-1/2, using BMS-345541,2° dramatically
reduced the activation of both NFkB pathways and re-
sulted in the complete inhibition of IL32 (Online Supple-
mentary Figure S3A). However, siRNA against NFKB1 failed
to reduce IL32 expression in Mino cells (Online Supple-
mentary Figure S3B), suggesting that the classical NFkB
pathway was not involved. To confirm the role of the al-
ternative pathway, we used the NIK inhibitor SMI-1, which
was recently described as selectively inhibiting the alter-
native NFkB pathway.?' This NIK inhibitor, which inhibited

p52 processing from p100 without inducing any modula-
tion of plkB, resulted in the inhibition of both constitutive
(Mino) and CD40L-induced (NTS3, REC1 and primary MCL)
IL32 (Figure 4B,C). Of note, the detection of high p52 ex-
pression in LN tissue further confirmed the activation of
an alternative NFkB pathway in vivo (Online Supplementary
Figure S3C). Nevertheless, even though IL32 induction was
restricted to tumor cells, activation of the alternative
NFxB pathway was observed in both NBC and MCL cells
upon CD40 triggering (Figure 4D). Moreover, p52 consti-
tutive cell lines did not necessarily express IL32 (Figure
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Figure 4. CD40L-dependent IL32 expression depends on the alternative NFkB signaling pathway. (A) Immunoblotting of the clas-
sical (plkB) and alternative (p52) NF-kB pathways and IL32 protein was performed in mantle cell lymphoma (MCL) cell lines cul-
tured on CD40L-expressing cells for the indicated time. (B, C) Quantitative reverse transcriptase polymerase chain reaction
(RT-gPCR) analysis of the /L32 gene (B) and immunoblotting of the indicated proteins (C) were performed in MCL cell lines cultured
on CD40L-expressing cells for 96 h in the presence or absence of the NIK inhibitor SMI-1 (NIK-i, 10 uM). (D, E) Immunoblotting of
p52 and IL32 proteins in: (D) CD19*CD5* NBC (n=2) or CD19*CD5* MCL cells (n=3) at day 0 and after culture on CD40L-expressing

cells for 7 days and (E) MCL cell lines (n=10).

4E), suggesting that the alternative NFkB pathway may not
be sufficient for IL32 induction, leading us to investigate
another layer of regulation.

IL32 is hypomethylated in mantle cell lymphoma cells
We wondered whether the /L32 locus could also be epi-
genetically regulated. Indeed, decitabine induced IL32 ex-
pression in IL32-negative MCL cells (Online Supplementary
Figure S4A). Bisulfite sequencing showed that IL32-posi-
tive and negative MCL cells displayed a significantly dif-
ferent methylation pattern in both the promoter and CpG
islands of the /L32 gene locus (40.5% vs. 73% and 24% vs.
97%, respectively), suggesting that hypomethylation fa-
vored IL32 expression (Online Supplementary Figure S4B).
Similarly, the IL32 promoter was hypermethylated in NBC
compared to MCL cells (100% vs. 40.5%, respectively) and
this pattern remained stable even after the NBC were
stimulated with CD40L (Online Supplementary Figure S4C,
D). Collectively our data argue for epigenetic-driven ex-
pression of IL32, explaining the tumor-restricted ex-
pression.

Myeloid cells respond strongly to IL32

We next decided to assess the biological consequences
of IL32f production within the MCL ecosystem. We first
addressed the role of rhiL32f on the tumor itself, but did
not observe any changes, either on MCL cell survival and
proliferation ex vivo or on previously-described [L32-in-
duced signaling pathways and expression of protumoral
factors?? (Figure 5A, B and data not shown).

As the IL32 receptor has yet to be identified, we per-
formed functional annotations of IL32 co-regulated genes
within lymphoma LN to decipher the cell types that could
respond to MCL-produced IL323. We observed enrichment
in pathways such as phagosome (hsa#04145), chemokine
(hsa#04062) and Th17 differentiation (hsa#04659), sug-
gesting myeloid and T-cell involvement in MCL-related
IL32p functions (Online Supplementary Figure S5A). In ad-
dition, the top /L32 co-regulated genes were enriched
with key regulators of macrophage function as well as the
T-cell-related marker CD2 (adjusted P value <0.0001) (On-
line Supplementary Figure S5B). Consistently, the induc-
tion of STAT3 phosphorylation on Tyr705 (pSTAT3) in both
cell types confirmed the cells’ ability to respond to IL32,
with monocytes also displaying additional induction of
NFxB pathways (Figure 5C). We next analyzed the tran-
scriptome of rhiL32p-stimulated monocytes (Mono, n=3),
monocyte-derived macrophages (M¢, n=3) and T cells (T,
n=3). As shown in the principal component analysis, IL32
greatly modulated both monocytes and M¢, but only
slightly the T-cell transcriptome (Figure 5D). Consistently,
hierarchical clustering was able to discriminate myeloid
cells according to IL32f stimulation by not T cells (Figure
5E).

We then focused on common modulations and their re-
sulting functional annotations, arising from IL32p-stimu-
lated monocytes and M¢ (Online Supplementary Figure
S5C,D). Consistent with the activation of STAT3 and NFkB
pathways at the protein level (Figure 5C), we observed a
significant enrichment in JAK-STAT (hsa#04630) and NF-
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Figure 5. Myeloid cells, but not mantle cell lymphoma cells, respond to IL32f. (A) Survival of mantle cell lymphoma (MCL) cells
(n=8) cultured with or without recombinant human (rh)IL32f3 (100 ng/mL) for 7 days was measured by lack of annexin-V staining.
Wilcoxon-matched pairs sign-rank test: n.s: not significant. (B, C) Immunoblotting of the indicated proteins was performed in (B)
MCL cell lines cultured with or without (rh)IL32f3 for 6 h or (C) CD14* monocytes and CD3* T cells isolated from healthy donors
and cultured with 100 ng/mL of (rh)IL32p for the indicated times. (D) The figure represents the principal component analysis of
monocytes (Mono, n=3), macrophages (M$, n=3) and T cells (T, n=3) cultured for 24 h with or without 100 ng/mL of (rh)IL32p. M¢

were first polarized with macrophage colony-stimulating factor

(50 ng/mL, for 5 days) and then stimulated during 48 h with 100

ng/mL of (rh)IL32p. Colored ellipses are drawn around the mean of the group (barycenter), with the 95% confidence interval of
the mean in the corresponding plan. (E) An ascendant hierarchical clustering based on 19,203 genes was constructed with the

ward.D2 method of Euclidiean distances.

kB (hsa#04064) pathways (Online Supplementary Figure
S5D). In addition, enrichment of several pathways related
to soluble factors, such as IL17 (hsa#04657), TNF
(hsa#04668), chemokine and cytokine signaling
(hsa#04062, hsa#04060), suggested that IL32p might
regulate the secretome of monocytes/M¢ (Online Supple-
mentary Figure S5D). Taken together these results sug-
gested that IL32p secreted by MCL in its ecosystem would
result in the stimulation of monocytes/M¢ and potentially
influence their secretome.

Mantle cell lymphoma-secreted IL320 led to specific
differentiation of monocytes into protumoral CD163*
macrophages M¢-32

To determine the nature of the secretome modifications
in monocytes/macrophages stimulated by IL328, we
further focused our analysis on a list of 370 cytokines and
chemokines (annotated in GO#0008009 and #0005125).
Among them 108 were expressed in at least one sample

and many of them were induced after IL32f stimulation
in monocytes (n=48) or macrophages (n=40) (Figure GA).
Most of these modulations were observed in both mono-
cytes and macrophages (n=29) and were validated by
quantitative reverse transcriptase polymerase chain reac-
tion and cytokine array (Online Supplementary Figure S6).
To confirm these results with MCL-secreted IL32p3, we
generated IL327- Mino cells (Online Supplementary Figure
Figure S7A, B) and evaluated the ability of their super-
natant to induce the validated rhiL32p3-modulated genes
on monocyte/macrophages (/L1A, IL1B, IL6, IL24, CXCLS8,
TNFSF13B, and IL32). As expected, IL327- MINO super-
natant was characterized by a lesser ability to induce
these genes in monocytes/macrophages compared to
IL32** cells (Figure 6B). These results were confirmed
with CD40L-stimulated IL327- NTS3 cells (Online Supple-
mentary Figure S7C).

Using previously published macrophage subtype char-
acterization,”? we determined that IL32p-induced soluble
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Figure 6. IL32f secreted by mantle cell lymphoma cells induces differentiation of monocytes into protumoral M$-32. (A) Heat-
maps of soluble factor transcripts modulated (log,Fc >0.1) in monocytes (Mono, n=3) and monocyte-derived macrophages (M¢
n=3) cultured with or without recombinant human (rh)IL32p3 as described in Figure 5D. For each cell type, the median gene ex-
pression was calculated on normalized and transformed data (DESeq2 package). The colors indicate the intensity of the median
gene expression as indicated (log scale). *Indicates that gene expression was confirmed by quantitative reverse transcriptase
polymerase chain reaction (RT-qPCR) as represented in Online Supplementary Figure S6A. (B) The left panel details the experi-
mental protocol related to the right panel. The right panel represents RT-gqPCR analysis of seven genes (/ILTA, IL1B, IL6, IL24,
CXCLS8, IL32 and BAFF) in Mono or M¢ cultured, for 24 h or 48 h, respectively, with wild-type (-) or /L327- (Cr#1) Mino supernatant.
(C) Forty-eight I1L323-induced soluble factors on Mono or M¢ were classified as M1-like, M2-like (upper panel) or MpMCL-like
(lower panel) as previously reported.”? (D) CD163 mean fluorescence intensity ratio was determined by flow-cytometry for M1
(n=3), M2-10 (n=4) and M¢$32 (monocyte-derived macrophages differentiated with 50 ng/mL CSF1 for 5 days and then stimulated
with 100 ng/mL rhIL32f for 48 h, n=3) and M¢MCL (monocyte-derived macrophages in the presence of MCL cells, n=3). M1, M2-
10 and M¢PMCL were generated as previously described.”? (E) The percentage of MCL live cells was assessed by lack of annexin-
V staining after 3 days of culture alone (-) or with M$32 and separated by transwell inserts (n=10). Wilcoxon-matched pairs

sign-rank test. **P<0.005.

factors were associated with both M1-like (563%) and M2-
like (47%) secretomes. We recently described such a dual
M1/M2 profile in MCL-associated macrophages (M¢-MCL)
and accordingly 85% of IL32p-induced factors were found
to be expressed by M¢p-MCL (Figure 6C).? In addition,
these macrophages (M¢-32) displayed similar CD163™d ex-
pression, a marker of protumoral macrophages, which we
previously described regarding M¢-MCL (Figure 6D). Fi-
nally, using culture inserts, we confirmed that the M¢-32
secretome was protumoral, inducing a 3-fold increase in
MCL cell survival compared to that of MCL cells alone
(median survival 12.5% vs. 38%; P<0.01) (Figure 6E).

Collectively these results showed that monocytes/mac-
rophages responded to MCL-secreted IL32f, resulting in
their polarization into protumoral CD163™¢ M¢-32 express-
ing both an M1 and an M2-associated secretome, which
was similar to that of M¢p-MCL.

BAFF is involved in M¢-32 prosurvival dialog through
activation of the alternative NFkB pathway in mantle
cell lymphoma cells

Lastly, we aimed to discover the factors involved in the
prosurvival soluble dialog between M¢-32 and MCL cells.
We first tested a panel of nine growth factors induced by
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IL32p for their capacity to support long-term (7 days) sur-
vival of MCL cells (Figure 7A). Remarkably, only BAFF was
able to support MCL-cell survival alone (n=9) at a level simi-
lar to that of M¢-32 supernatant (s_ M¢-32) (Figure 7B).

BAFF binds to three receptors, BAFF-R, TACI and BCMA, the
last two being shared with the growth factor, A prolifer-
ation-inducing ligand (APRIL). In contrast to BAFF, APRIL did
not support MCL survival (Figure 7B), suggesting that TACI
and BCMA were not involved in the protumoral dialog
studied here. We showed that most MCL cells highly ex-
pressed BAFFR and that TNFSF13B expression was enriched
in MCL LN when compared to PB (P<0.0001), suggesting a
key role of this growth factor in MCL tissue (Online Supple-
mentary Figure S8A, B). We also confirmed that M¢-32 were
able to secrete a significant amount of BAFF, in contrast to
MCL (Figure 7C), and showed that rhBAFF induced the se-
lective activation of the alternative NFkB pathway in MCL
cells and cell lines (processing of p52) (Online Supplemen-
tary Figure S8C). Accordingly, NIK inhibition was able to
counteract the survival support provided by rhBAFF in MCL
cells (median reduction of 95%, n=4, P<0.05) (Online Sup-
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plementary Figure S8D). NIK inhibition also reduced the sur-
vival support provided by M¢-32 supernatant, with a median
reduction of 47% (n=6, P<0.05) and almost complete reduc-
tion in three of six samples, suggesting an involvement of
BAFF in M¢-32 supernatant (Figure 7D). Indeed, in these
NIK-inhibitor-sensitive samples, BAFF-R-neutralizing anti-
bodies resulted in the inhibition of M¢-32 supernatnat pro-
tumoral support with a level similar to that of the NIK
inhibitor (Figure 7E). Accordingly, M¢-32 supernatant re-
sulted in activation of the alternative NFkB pathway, which
was counteracted using BAFF/BAFF-R-neutralizing anti-
bodies (Figure 7F, Online Supplementary Figure S8E). Taken
together, these data showed that BAFF secreted by M¢-32
was involved in the protumoral dialog with MCL, which can
be counteracted by a selective NIK inhibitor or BAFF-R-neu-
tralizing antibodies.

Discussion

IL32 is a newly characterized cytokine of which there are
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Figure 7. BAFF supports the M¢-32 prosurvival effect through activation of the alternative NFkB pathway. (A) Schematic repre-
sentation of the protocol used. (B) Mantle cell lymphoma (MCL) cells (5x10° cells/mL) were cultured with macrophages polarized
with IL32 supernatant (s_M¢$-32, n=6) or growth factors: BAFF (100 ng/mL), IL6 (20 ng/mL), IL10 (100 ng/mL), IL323 (100 ng/mL),
TNFo (20 ng/mL), IL15 (20 ng/mL), APRIL (100 ng/mL), IL1p (50 ng/mL), IL1a (50 ng/mL), IL24 (100 ng/mL), IL18 (50 ng/mL) and
WNT5A (200 ng/mL) (n=3). The percentage of cell rescue was assessed after 7 days of ex vivo culture. (C) Concentration of BAFF
protein was evaluated by enzyme-linked immunosorbent assay in the supernatant of MCL cell lines (n=5), M1 (n=3) and M¢-32
(n=5) monocyte-derived macrophages. Unpaired t test. *P<0.05. (D) The percentage of cell rescue dependent on M¢-32 super-
natant (s_M¢-32) in MCL cells (n=6) cultured with or without an NIK inhibitor (NIK-i, 10 uM) for 7 days was determined by annexin
V staining. Paired t test. *P<0.05. (E) Percentage of cell rescue dependent on M$-32 supernatant (s_M¢-32) in primary MCL (n=3)
cultured with or without NIK inhibitor (NIK-i, 10 uM) or anti-BAFFR neutralizing antibody (4 pg/mL) for 7 days. (F) Immunoblotting
of classical (plkB, IkB) and alternative (p100, p52) NF-KB pathways in MCL cells cultured with M¢-32 supernatant (s_M¢-32) for
24 h with or without anti-BAFFR neutralizing antibody (4 pg/mL) as indicated.
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seven variants, generated by alternative splicing, with dif-
ferential biological roles.?** [L32a, IL32p and IL32y are the
isoforms that have been studied the most up to now, with
IL32B being the most frequently expressed in cancer,? as
shown here for MCL. The putative receptor for IL32 is un-
known and the lack of IL32 expression in rodents con-
siderably limits our knowledge on its physiological roles.
Nevertheless, IL323 expression has been documented in
several solid cancers and this cytokine seems to be in-
volved in many biological processes such as migration,
metastasis, proliferation, and apoptosis.?® We have shown
here that IL32p, which was secreted by lymphoma cells,
did not directly increase tumor cell survival, but partici-
pated in the tumor-specific shaping of macrophages.
Such a paracrine role of IL32 has been recently described
in multiple myeloma, a plasma cell neoplasm,?® reinforcing
the critical role of this soluble factor in the ecosystem of
B-cell malignancies.

Whereas IL32 was initially characterized for its pro-in-
flammmatory properties,* recent studies have highlighted
that IL32 was preferentially expressed in regulatory T cells
in the bone marrow?® and that it was able to promote im-
munoregulatory responses, especially through the induc-
tion of IL10 or indoleamine 2, 3-dioxygenase (IDO) by
macrophages.?**' Here we have confirmed, through a tran-
scriptomic analysis of IL32p-induced genes in mono-
cytes/macrophages, the ability of IL32p to induce the
production of both pro-inflammatory (e.g., IL6, OSM, IL1a,
and IL1B) and anti-inflammatory (e.g., IL10, IDO, 1L18, IL4L1,
and CCL22)"®323% goluble factors (Figure 5).

We have recently published that, through a soluble inter-
play, MCL cells polarize monocytes into tumor-specific
macrophages (M¢-MCL), which in turn favor tumor sur-
vival.!? We have demonstrated that M¢p-MCL express both
pro- (M1) and anti- (M2) inflammatory associated secre-
tomes, suggesting that factors other than classical M2-
polarizing factors (such as MCL-secreted IL10 and CSF-1)
might be involved in the M¢-MCL phenotype. Herein, we
have shown that MCL-secreted IL32f is most likely to be
involved in this specific MCL-associated macrophage pro-
file, with most of these M1 and M2-like factors being com-
mon to both M¢-MCL and M¢-32. In addition, M$-32 share
M¢-MCL phenotypic and functional characteristics i.e.,
CD163™Md expression or MCL survival support through sol-
uble dialog, respectively (Figure 6). Only a few studies
have addressed the crosstalk between tumor-associated
macrophages and MCL cells, so far.>343% Of note, a recent
publication highlighted that LN infiltrating CD163* MCL-
associated macrophages correlate with a poor prognosis
in MCL,%¢ suggesting that targeting this interplay could be
an interesting perspective for novel therapeutic options.

Of the various IL32f-induced secretomes, several have
been previously described as being involved in MCL ex-
pansion, such as IL6, IL10, BAFF and WNT5A.*%° Never-
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theless, we have shown that only BAFF supported the
long-term survival of MCL cells alone, at a level similar to
that observed with the M¢-32 supernatant. Although BAFF
is a well-described survival and growth factor for both
normal and malignant B cells,* only a few publications
have addressed the functional consequences of BAFF
stimulation in MCL.*” We have shown that most MCL
samples express BAFF-R, and its activation leads to se-
lective processing of the alternative NFkB pathway (Figure
7). Of note, Medina and colleagues previously demon-
strated that mesenchymal stem cell-dependent MCL sur-
vival was also mediated by BAFF, suggesting a central role
for this growth factor in MCL ecosystems.*?> Neutralizing
antibodies are available for targeting either BAFF (belimu-
mab) or BAFF-R (VAY-736), both of which display interest-
ing preclinical activity, alone or in combination with BTK
inhibitors, in B-cell malignancies such as chronic lympho-
cytic leukemia.®44

Our results highlight a major role of the alternative NFxB
pathway in the interplay between CD40-activated MCL
cells and macrophages, especially through the IL32/BAFF
axis. Saba and colleagues highlighted that a so-called “NIK
signature”, reflecting the activity of the alternative NFxB
pathway, was enriched in MCL LN tissue compared to PB."*®
Consistent with these results, we previously demon-
strated strong processing of p52 in our CD40L culture
model designed to mimic signals occurring within the LN.®
Here we have confirmed that MCL cells cultured in this
model are also characterized by the NIK signature (Online
Supplementary Figure S7). The alternative NFkB pathway
is frequently constitutively activated in MCL by intrinsic
anomalies in several key elements of this pathway, such
as MAP3K14 (coding for NIK), TRAF2, BIRC3 and TRAF3.* In
the present work, we have shown that activation of the
alternative NFxB pathway is also able to influence the
MCL ecosystem through microenvironment-dependent
and tumor-specific IL32 induction and consecutive mac-
rophage (re)programming. Thus, the alternative NFkB
pathway activation can be the consequence of both in-
trinsic anomalies and microenvironment interactions,
highlighting a central role of this pathway, which appeared
to be involved in drug resistance. Indeed, Rahal and col-
leagues showed that its constitutive activity was involved
in resistance to ibrutinib in MCL cell lines."

We previously demonstrated that CD40L-dependent sur-
vival was associated with an NFkB-dependent imbalance
of the BCL-2 family in MCL, including dramatic induction
of anti-apoptotic proteins such as BCLxL.*" Even though
BAFF is a well-described pro-survival factor, the precise
molecular mechanisms involved in BAFF-dependent sur-
vival remain elusive and cell-type dependent*®* In
contrast to CD40L, BAFF did not induce BCLxL or MCL1 in
MCL cells and only a transitory increase of BCL2A1 was
detected in cell lines (Online Supplementary Figure S8F-
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Figure 8. The IL32/BAFF axis supports prosurvival dialogs in the

lymphoma ecosystem and is disrupted by NIK inhibition. Inter-

actions between tumor cells and T cells, through the CD40-CD40L axis, result in activation of the NFKB pathways (NFkB1/2) and
in NFkB2-dependent secretion of IL32 by tumor cells within their ecosystem. IL32 promoter is hypomethylated in mantle cell
lymphoma (MCL) cells compared to normal B cells (NBC) resulting in tumor-restricted IL32 expression. The latter is involved in
monocyte differentiation into lymphoma-associated CD163* macrophages (M¢$-32). M$-32 are characterized by a specific secre-
tome, which includes BAFF, and supports BAFF-R/NFkB2-dependent tumoral survival. Selective NIK inhibition counteracts NFkB2
activation and consequently prevents both IL32 secretion by MCL cells and BAFF-dependent MCL-survival.

H). Taken together, our data suggest that complementary
protumoral pathways occur within the ecosystem. Further
studies, such as modulations of BCL2-family complexes
at the mitochondrial level and characterization of mito-
chondrial priming upon BAFF stimulation, are now necess-
ary to decipher the molecular mechanisms involved in
BAFF/NFxB2 dependent regulation of apoptosis in MCL.
The specific inhibition of the alternative NFxB pathway
was barely achievable until the very recent development
of specific NIK inhibitors.?"*® NIK is a kinase selectively in-
volved in the alternative pathway by activating IkKa, which
in turn induces the cleavage of p100 to p52, without af-
fecting the canonical pathway. Here, we have confirmed
the efficacy of NIK inhibition in counteracting micro-
environment-dependent induction of IL32 (Figure 4) and
BAFF-dependent survival of MCL cells (Figure 7). The cen-
tral role of the NFkB pathways in mature B-cell malig-
nancies is well-documented,***° reinforcing the strong
rationale to specifically target this pathway. Further de-
velopment of molecules that selectively target key el-
ements of the alternative NFkB pathway (e.g., NIK and
RELB) as well as their evaluation in early phase clinical
trials are now needed to address their potential thera-
peutic value.

In summary, our data reveal the involvement of the

IL32B/BAFF axis in MCL-associated macrophage polariza-
tion and tumor survival. Our data show that targeting
IL32B, BAFF or the alternative NFkB pathway could be of
major interest for counteracting the multiple cross-talk
that occurs in the MCL microenvironment and, especially,
the CD40OL* T-cell/MCL/CD163* MCL-associated macro-
phage triad (Figure 8).
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