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A B S T R A C T

Background: Intra-tumour heterogeneity in lymphoid malignancies encompasses selection of genetic events
and epigenetic regulation of transcriptional programs. Clonal-related neoplastic cell populations are unstead-
ily subjected to immune editing and metabolic adaptations within different tissue microenvironments. How
tissue-specific mesenchymal cells impact on the diversification of aggressive lymphoma clones is still
unknown.
Methods: Combining in situ quantitative immunophenotypical analyses and RNA sequencing we investigated
the intra-tumour heterogeneity and the specific mesenchymal modifications that are associated with A20
diffuse large B-cell lymphoma (DLBCL) cells seeding of different tissue microenvironments. Furthermore, we
characterized features of lymphoma-associated stromatogenesis in human DLBCL samples using Digital Spa-
tial Profiling, and established their relationship with prognostically relevant variables, such as MYC.
Findings: We found that the tissue microenvironment casts a relevant influence over A20 transcriptional
landscape also impacting on Myc and DNA damage response programs. Extending the investigation to mice
deficient for the matricellular protein SPARC, a stromal prognostic factor in human DLBCL, we demonstrated
a different immune imprint on A20 cells according to stromal Sparc proficiency. Through Digital Spatial Pro-
filing of 87 immune and stromal genes on human nodal DLBCL regions characterized by different mesenchy-
mal composition, we demonstrate intra-lesional heterogeneity arising from diversified mesenchymal
contextures and impacting on the stromal and immune milieu.
Interpretation: Our study provides experimental evidence that stromal microenvironment generates topolog-
ical determinants of intra-tumour heterogeneity in DLBCL involving key transcriptional pathways such as
Myc expression, damage response programs and immune checkpoints.
Funding: This study has been supported by the Italian Foundation for Cancer Research (AIRC) (grants 15999
and 22145 to C. Tripodo) and by the University of Palermo.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

In the era of liquid biopsy-based analyses of the systemic tumour
landscape of patients, the exploitation of events on a subclonal scale
has enabled a new level of management of intra-tumour heterogene-
ity in lymphomas [1]. Although the systemic overview of clonal evo-
lution offers new strategies for prognostication and new windows of
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Research in context

Evidence before this study

The heterogeneity of Diffuse Large B-cell lymphomas (DLBCL)
casts its influence over the disease prognostication and thera-
peutic management of this entity. Increasing amount of evi-
dence underlines the relevance of classification efforts based on
the integration of transcriptional and genetic profiles of DLBCL,
which reveal a conspicuous diversity in lymphomagenic trajec-
tories and lymphoma-associated microenvironment composi-
tion. In this setting, the contribution to the intra-tumor
diversity of these aggressive lymphomas of heterogeneous
tumor-stromal interfaces within different infiltrated foci is still
unknown.

Added value of this study

Through the adoption of a syngeneic aggressive B-cell lym-
phoma model our study provides experimental evidence that
the stromal microenvironment of the hosting tissue can affect
gene expression within a clonal lymphoma, generating an addi-
tional level of intra-tumour heterogeneity. RNA-seq revealed
differential expression of several transcriptional programs,
including those involving MYC and DNA damage responses.

In the human DLBCL setting, the study highlights, for the
first time, the conspicuous, yet underestimated, intra-lesional
heterogeneity of the DLBCL-associated stromatogenesis which
confers spatial segregation to MYC expression, a key element in
the current diagnostic workout of DLBCL. Digital Spatial Profil-
ing allowed an in depth characterization of the stromal and
immune diversity matching MYC with stromal heterogeneity.

The study also sheds light on the influence of the matricellu-
lar protein SPARC, a consolidated prognostic stromal feature of
human DLBCL, in the stromal-driven intra-tumor heterogene-
ity. In mice lacking Sparc, the expression of genes from A20
lymphoma cells in distinct tissue compartments was affected,
along with the immune contexture of lymphoma infiltrates,
hinting to the known role of SPARC in bridging mesenchymal
architecture and immune cell activation.

Implication of all the available evidence

This study adds relevant new pieces of information to the
DLBCL field, drawing attention to the multifaceted implications
of diversified mesenchymal adaptations associated with
aggressive lymphoma dissemination. Our finding of MYC mod-
ulation at different tissue stromal interfaces opens a new pros-
pect on the complex interpretation of MYC positivity on bioptic
samples, which has implications in DLBCL diagnostic/prognos-
tic assessment.
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opportunity on targeted treatments [2], the nature of local dynamics
contributing to such diversification are still poorly defined and the
role of tissue stromal and immune microenvironments in influencing
clonal diversity at phenotypic, transcriptional, or genetic levels
deserves investigation.

Diffuse Large B-cell Lymphoma (DLBCL) represents a highly het-
erogeneous diagnostic category including aggressive malignant pro-
liferations of mature B cells with variable imprints of germinal centre
(GC)-derivation or post-GC differentiation - referred to as cell of ori-
gin (COO) - and dramatic variability in mutational signatures [3]. The
most recent efforts in the interpretation and classification of DLBCL
heterogeneity have relied on the integration of genetic and
transcriptional signatures and led to the identification of discrete
clusters characterized by different oncogenic trajectories, biologies,
and clinical behaviour [4,5]. In the attempt to deconvolute the DLBCL
complexity, the nature of associated stromal microenvironment has
been investigated, revealing several layers of complexity in the stro-
mal microenvironment, some of which associated with the COO,
others providing further diversification [6,7]. From the seminal stud-
ies by the Staudt’s group, a prognostic significance of the DLBCL-asso-
ciated stromal microenvironment clearly emerged, which identified
among the major determinants the matricellular protein SPARC, by
the authors associated with tumour-infiltrating macrophages [6,8].
Indeed, SPARC consistently emerged as the fronting gene of prognos-
tically relevant microenvironment-related signatures in DLBCL
[6,7,9], being low SPARC levels associated with poor prognosis in
immune-chemotherapy-treated DLBCL patients. Our group has previ-
ously demonstrated that Sparc is a major stromal factor supporting
bone marrow (BM) B lymphopoiesis and secondary lymphoid organ
(SLO) function influencing the mesenchymal architecture of the GC
[10,11]. Moreover, we demonstrated that defective Sparc expression
in SLO licensed the activation of myeloid elements towards class-I
Interferon-driven responses eventually unleashing malignant lym-
phoproliferation in the setting of persistent immune stimulation
[10].

In the present study we investigated whether tissue-specific
microenvironmental cues may influence the phenotypic and tran-
scriptional heterogeneity of an established full-blown aggressive
clonal DLBCL model based on the A20 cell line, gaming for seeding to
different organs [12]. We focused on two levels of microenvironment
complexity: one related to the multiple tissue localizations of the
lymphomatous cells, namely bone marrow (BM), liver (LI), and spleen
(SPL); the other related to Sparc proficiency/deficiency in the stroma.
We demonstrated that the A20 transcriptome was substantially mod-
ulated by the seeding tissues, which in turn gave raise to diversified
stromal modifications. In A20 cells, Myc expression and its related
transcriptional programs - along with DNA damage pathways - were
affected by the tissue environment. In tissue stroma Sparc-deficiency
was associated with the overexpression of Complement-related
innate immune/inflammatory programs and of oncogenic/metabolic
pathways thus exerting a higher immune pressure on lymphomatous
cells. Moreover, through in situ quantitative immunolocalization
analyses and Digital Spatial Profiling of 87 immune and stromal
mRNA targets, we characterized human DLBCL intra-lesional diver-
sity matching MYC and immune features spatial heterogeneity.

Methods

Mice and cell lines

BALB/cAnNCrl mice were purchased from Charles River Laborato-
ries (Calco, Italy). Sparc�/- mice (on a BALB/c background) were gen-
erated and maintained in the Molecular Immunology Unit of the
National Cancer Institute, Milan Italy [13]. All the experiments involv-
ing animals described in this study were approved by the Ministry of
Health (authorization number 1027/2016-PR). BALB/c-derived A20 B
lymphoma cell line was obtained from the American Type Culture
Collection (Rockville, MD) and maintained in RPMI 1640 supple-
mented with 10% FCS (GIBCO). For in vivo experiments A20 cell lines
were injected i.v. (5*105 cells). To perform multiple analyses and eas-
ily follow A20 lymphomatous cells, A20-GFP+ cells were adopted in
multiple transplantation experiments (see Supplemental Methods).
For independent validation of in situ results relative to A20 tissue
infiltrates, we adopted the DLBCL cell lines OPL239 and OPL241.
These models were obtained from a 6-month-old Spp1�/�/Faslpr/lpr

mouse. Cell lines were characterized by flow cytometry and RT-PCR
for DLBCL markers and showed the following phenotype: B220+

Cd19+ IgMneg Bcl6low/neg Bcl2+ Irf4+ Myc+. For in vivo experiments,
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OPL239 and OPL241 cells were injected i.v. (5*105 cells) and mice
were sacrificed as they showed the first signs of distress. Spleen,
lymph nodes, bone marrow and liver were analysed by flow cytome-
try and histology to assess the presence of lymphomatous cells.

Human DLBCL tissue samples

Formalin-fixed and paraffin embedded (FFPE) tissue samples of
human DLBCL cases diagnosed between 2017 and 2019 at the San
Raffaele Hospital Haematopathology Unit, Milan, Italy and at the San-
t’Andrea “La Sapienza” University Hospital, Rome, Italy, were selected
for the quantitative in situ immunophenotypical and multiresolution
analyses. The cases were selected according to a variable expression
of MYC - ranging from 10% to 60% and characterized by zonal/focal
distribution. The clinical-pathological characteristics of the 12 cases
are summarized in Supplemental Table S1. DLBCL nodal lesions from
eight additional cases (4 GCB, 4 ABC; 3 MYC/BCL2 Double Expressors,
DE, 2 MYC/BCL2 Double-hit, DH) diagnosed between 2018 and 2019
were selected from the same archives for Digital Spatial Profiling.
Samples were collected according to the Helsinki Declaration and the
study was approved by the University of Palermo Institutional
Review Board (approval number 09/2018).

In situ histomorphological and quantitative immunophenotypical
analyses

Tissues dissected from mice were washed in PBS and collected for
fixation in 10% neutral buffered formalin overnight, washed in water
and paraffin embedded. Bone samples were decalcified using an
EDTA-based decalcifying solution (MicroDec EDTA-based, Diapath)
for 8 hours, then washed out with water for 1 hour and subsequently
processed and embedded in paraffin.

Four-micrometres-thick sections from mouse FFPE tissues were
stained for H&E to define tissue infiltration and tumour morphology.
Immunohistochemical and immunofluorescence stainings were per-
formed as previously reported and detailed in the Supplemental
Methods section [10]. For multiple-marker immunostainings, sec-
tions were subjected to sequential rounds of single-marker immu-
nostaining and the binding of the primary antibodies was revealed
by the use of specific secondary antibodies conjugated with different
fluorophores or enzymes (See Supplemental Methods section). Slides
were analysed under a Zeiss Axioscope A1 microscope equipped with
four fluorescence channels wide field IF. Microphotographs were col-
lected using a Zeiss Axiocam 503 Colour digital camera with the Zen
2.0 Software (Zeiss). Slide digitalization was performed using an
Aperio CS2 digital scanner (Leica Biosystems) with the ImageScope
software.

Quantitative analyses of immunohistochemical stainings were
performed by calculating the average percentage of positive signals
in five non-overlapping fields at high-power magnification (x400)
using the Nuclear Hub or Positive Pixel Count v9 Leica Software
Image Analysis.

Quantitative analyses of immunofluorescence stainings were per-
formed in five non-overlapping fields at high-power magnification
(x400), by isolation of the fluorescent marker component and mea-
surement of its density. Multi-resolution analysis of double-marker
immunostained sections has been performed through an ad-hoc
developed software tool (See Supplemental Methods) [14].

Digital Spatial Profiling

Digital Spatial Profiling was performed to investigate the immune
and stromal composition of spatially resolved DLBCL microenviron-
ments characterized by different mesenchymal composition, namely
SMA- or NGFR-rich foci. Multiplexed wide field immunofluorescence
(IF) analysis was combined to ROIs definition and segmentation, and
in situ mRNA analysis to screen four-micrometer thick tissue sections
from formalin-fixed and paraffin-embedded human nodal DLBCL
biopsies using a GeoMx Digital Spatial Profiler (DSP) (NanoString,
Seattle WA) [15]. The following antibodies were adopted for 4-plex IF
tissue imaging: mouse anti-human CD20 (L26 Novocastra, Leica Bio-
systems), mouse anti-human CD271 (NGFR, MRQ-21 Cell Marque),
mouse anti-human SMA (ASM-1 Novocastra, Leica Biosystems).
Syto83 was used as nuclear counterstain. Four independent ROIs
were profiled for each DLBCL sample. For the determination of the
87-plex customized TAP Human Immuno Oncology panel, mRNA
binding DNA probes conjugated with UV photocleavable indexing oli-
gos were hybridized to the tissue as previously reported [15]. The UV
photocleavable probes were released from each ROI according to
custom masks for UV illumination and digitally counted using the
NanoString nCounter Analysis System. Heatmaps showing the unsu-
pervised hierarchical clustering of the ROIs according to the expres-
sion of selected genes were generated with the Heatmap function of
the R package ComplexHeatmap (http://www.bioconductor.org/pack
ages/devel/bioc/html/ComplexHeatmap.html) on the mean-centered
normalized log2-expression values. Genes differentially expressed
between DLBCL NGFR-rich and SMA-rich stromal compartments
were identified by applying an empirical Bayes test using the Limma
R package. Clustering of ROIs according to SPARC expression was
generated with the K-means clustering algorithm.

Flow cytometry

To evaluate A20 lymphoma take in WT and Sparc�/� mice in BM,
LI, and SPL, and to recover A20 cells from the BM such to perform re-
transplantation experiments, cell suspensions were stained with
antibodies to CD45, CD19 and B220. A20 cells can be discriminated
from the normal B-cell counterpart according to their higher expres-
sion of CD45 and B220 combined with a higher side scatter (SSC-A)
(Supplemental Fig. S1). To characterize T cell infiltrates in WT and
Sparc�/� mice in re-transplantation experiments, BM cell suspensions
were stained with antibodies to CD4, CD8, Foxp3, Ki-67, TIM3, ICOS,
CD25, PD1, OX40, H-2Kd, I-A/I-E. The antibodies used are detailed in
the Supplemental Methods section. Surface staining was performed
in phosphate-buffered saline (PBS) supplemented with 2% fetal
bovine serum (FBS) for 30 min on ice. Foxp3 intracellular staining
was performed according to the manufacturer’s instructions (eBio-
science). Flow cytometry data were acquired on an LSRFortessa (Bec-
ton Dickinson) and analysed with FlowJo software (version 8.8.6,
Tree Star Inc.).

Mesenchymal cell purification and in vitro co-culture experiments

Murine BM mesenchymal stromal cell (MSC) cultures were
obtained from the trabecular fraction of femurs and tibias of WT and
Sparc�/- mice. Briefly, the cellular fraction of the femurs and tibias
was washed out and the compact bone was incubated with collage-
nase I (1 mg/ml) for 1 h at 37°C. After enzyme digestion, the bone sus-
pension was passed through a 70mm filter mesh to remove debris.
Cells were seeded in complete medium (MesenCult Basal Medium)
at a density of 25*106 cells/ml. Floating cells were removed every
3-4 days. Adherent cells were phenotypically characterized using the
following antibodies: CD31, CD45, CD34, cKit, Ter119, CD44, Sca-1,
CD29. The antibodies adopted are detailed in the Supplemental
Methods Section. BM- and SPL-derived MSCs were defined according
to their negativity for hematopoietic and lineage markers (CD45,
CD34, CD31, cKit, Ter119) and positivity for the MSC-markers CD44,
CD29 and Sca-1. Perycytic mesenchymal cells (An2+, the mouse homo-
log of NG2) were enriched from BM cell suspensions using anti-An2/
NG2 microbeads from Miltenyi. In vitro experiments involving murine
BM-derived An2+ pericytes were performed using cells between the
2nd and the 5th passages. For co-culture experiments 105 BM-MSCs,
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SPL-MSCs or An2+ pericytes were seeded over-night into a 24-well
plate and then added with 105 A20 cells. At basal, 48h, and 96h time
points, A20 cells were recovered and processed for qPCR analysis. To
analyse Myc expression, qPCR primers from TaqMan (Myc:
Mm00487804_m1; Hif1a: Mm00468869_m1) were adopted.

RNA sequencing and data analysis

Whole-transcriptome stranded sequencing libraries were gener-
ated using the TruSeq Stranded Total RNA with Ribo-Zero in order to
remove ribosomal RNA. Sequencing was carried out on the Illumina
HiSeq 3000 system requiring 80M reads/sample with paired-end
mode. Reads were aligned to the ENSEMBL mouse genome assembly
BALB_cJ_v1 using STAR.

Differentially expressed genes were called using DESeq2 R pack-
age starting from the count tables generated by HTSeq.

PCA plot was generated with the function plotPCA of the DESeq2
package, using default parameters on the log2 transformed intensity
values. Euclidean distance between samples was calculated with the
dist function of DESeq2 using default parameters. Gene fusion events
were detected in RNA-seq data using the tool FusionCatcher (https://
github.com/ndaniel/fusioncatcher). Additional details regarding the
RNA sequencing data analysis are reported in the Supplemental
Methods section.

RNA sequencing data deposition

The RNA sequencing data sets generated during the current study
are available in the GEO (Gene Expression Omnibus) repository under
the accession number GSE157920.

Gene set enrichment analysis, hierarchical clustering, and CIBERSORT
deconvolution on human DLBCL cases

GSEA [16] was performed on the GSE98588 dataset [4] using the
continuous expression level of NGFR gene to label the cases (ranked
by Pearson metric method). We then tested roughly 300 gene sets
extracted from widely used annotated databases (Kegg, Reactome,
MSigDB) including several cellular processes and MYC-related path-
ways.

Raw data from Chapuy et al [4]. were collected and used to gener-
ate expression profiles by RMAExpress (Robust Multi-Array Average).
Multiple probes were collapsed to unique genes by selecting the ones
with the maximal average expression for each gene. Expression val-
ues were log2 transformed. Heatmap and clustering analysis were
performed using R statistical software. For hierarchical clustering
analysis the Euclidian distances across samples were calculated and
used to applied complete cluster aggregation method within pheat-
map R package.

For CIBERSORT [9] analyses, we created a customized signature
matrix as previously reported [7]. Briefly, we used GEP from 24 differ-
ent purified cell types collected from published datasets, to generate
a microenvironment matrix specific for DLBCL [7]. The customized
signature featuring 990 genes characteristic of tumour samples of
both ABC and GCB COO categories, immune cells and stromal com-
partment, was applied to the 137 DLBCLs from Chapuy et al [4]. The
137 cases were divided into two groups according to the median
value of SPARC transcript expression from quantile normalized and
log2 transformed gene expression measurements.

Statistical analysis

Unless differently specified, data are presented as the mean §
standard error of the mean. Two classes comparisons were per-
formed according to either two-tailed Student’s T test or contingency
two-sided Fisher’s exact test for discrete variables. For multiple
classes comparisons, one-way analysis of variance (ANOVA) was per-
formed. A p<0.05 was considered significant and indicated with *;
p<0.01 was indicated as ** and p<0.001 as ***.

Results

A20 DLBCL infiltrates display different morphology and phenotype
depending on the tissue microenvironment

The tissue microenvironment-induced heterogeneity of A20 lym-
phomas was initially investigated by histomorphological and immu-
nophenotypical characterization of tissue infiltrates in different sites
upon i.v. injection of 5 £ 105 cells into BALB/c mice. Following 5
weeks of injection, mice were sacrificed and the A20 cells recovered
from the BM, LI, and SPL tissues through flow cytometry sorting
(Supplemental Fig. S1) and processed for total RNA-sequencing as
described in the Supplemental Methods section. BM, LI, and SPL from
5 other mice were collected for histopathology (Fig. 1A). To specifi-
cally assess the relevance of stromal SPARC-induced modifications in
A20 transcriptional programs, A20 cells were also injected into
Sparc�/� BALB/c hosts (Fig. 1A).

A20 cells formed diffuse infiltrates within the BM parenchyma,
which mostly consisted of monomorphic medium-sized cells with
hyperchromatic nuclei in WT and Sparc�/� hosts (Fig. 1B). In the LI,
A20 cells infiltrated the hepatocyte muralia, forming multiple nodu-
lar foci mostly composed by atypical large cells with a high degree of
pleiomorphism and scattered anaplastic figures (Fig. 1B). The SPL
architecture was almost completely effaced by the proliferation of
A20 atypical cells infiltrating the red pulp and also extending to white
pulp remnants, showing the highest degree of morphological atypia
and frequency of mitotic Fig.s with no relevant difference between
the WT and Sparc�/� genotypes (Fig. 1B, arrowheads). The observed
degree of morphological variation among BM LI and SPL in the A20
tumours was reminiscent of reports on human DLBCL with discor-
dant morphology between lymphoid tissue and BM foci, with BM
DLBCL infiltrates showing a lower degree of morphological atypia
and smaller cytology [17]. Moreover, it suggested that underlying dif-
ferences in biological features of the malignant clone could be
induced by tissue site-intrinsic adaptations.

To challenge this hypothesis, we assessed the proliferation of A20
cells in the different tissue sites, along with the expression of the key
transcription factor Myc, which is known to drive tumour aggres-
siveness in B-cell lymphomas [18]. Quantitative IHC analysis of the
proliferative index of A20 DLBCL infiltrates assessed as the percent-
age of Ki-67+ cells revealed no significant differences among BM SPL
and LI infiltrates in both the WT and Sparc�/� settings (Fig. 1C-D).
Notably, A20 DLBCL infiltrates showed consistent variation in the
extent of Myc expression, which was significantly higher in the SPL
infiltrates than in LI and BM, with a higher trend in WT as compared
with Sparc�/� hosts, excepted for the BM where Sparc�/� samples
showed a higher expression than WT (Fig. 1E-F). This finding indi-
cates that despite a comparable proliferative attitude, A20 lympho-
matous cells populating different tissue microenvironments could be
induced to modulate key transcriptional regulators, such as Myc.

Myc expression facilitates the acquisition of a mutated phenotype
in malignant B cells, by promoting DNA replicative stress and DNA
damage induction. We therefore investigated the expression of DNA
damage and replication stress markers phospho (p)�gH2ax and p-
Chk1 by in situ quantitative IHC analysis. Consistently with Myc
expression, p-gH2ax and p-Chk1 were significantly more expressed
within SPL infiltrates as compared with LI and BM and showed
a trend towards decrease in the Sparc�/� genotype excepted for
Sparc�/� BM infiltrates, which showed slightly higher expression
of the two markers (Fig. 1 G-J). Collectively these data point to the
selection of different DNA damage-prone phenotypes within differ-
ent tissue contextures.

https://github.com/ndaniel/fusioncatcher
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Fig. 1. A20 DLBCL tumours display morphological and phenotypical heterogeneity in different tissue sites. (a) Graphical scheme of the in vivo A20 injection and purification
experiment aimed at investigating the host tissue microenvironment effect on A20 morphology, phenotype and transcriptome. (b) Representative microphotographs of H&E-
stained sections from A20 DLBCL infiltrates showing the increasing degree of pleiomorphism and cytological atypia (arrowheads) of A20 cells from BM to LI and SPL tissues in WT
and Sparc�/� hosts. Original magnification x400 and x630. c-d, IHC for Ki-67 (c) and quantitative analysis (d) showing comparable proliferative fractions in BM, LI, and SPL tissue
infiltrates. (e-f) IHC for Myc (e) and quantitative analysis (f) highlighting significant differences in Myc nuclear expression among BM, LI, and SPL A20 infiltrates. G-J IHC for p-
gH2aX and p-Chk1 DNA damage response markers (g, i) and quantitative analysis (h, j) showing an increase fraction of immunoreactive nuclei in A20 SPL infiltrates as compared
with LI and, even more significantly, BM. Original magnifications x400.
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To validate the findings of A20 morphological and phenotyp-
ical variations upon infiltration of different tissue microenviron-
ments, at the same time taking into account the issue of
different immune pressures potentially influencing adaptation to
secondary lymphoid (SPL) versus primary hematopoietic (BM)
and non-lymphoid (LI) tissues, we extended histopathological
and quantitative IHC analyses on BM LI and SPL infiltrates of
two DLBCL-like cell lines, OPL239 and OPL241, derived from
Spp1�/�/Faslpr/lpr mice, injected into immunodeficient nude hosts
(Supplemental Fig. S2). We observed a comparable degree of
morphological variation between BM LI and SPL infiltrates, with
SPL lymphomas showing the highest degree of pleiomorphism
and atypia. Consistently, Myc and DDR markers were induced
in the SPL infiltrates as compared with BM and LI, while Ki-67
was comparably high in the three environments
(Supplemental Fig. S2).
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Diversified mesenchymal adaptations characterize human DLBCL nodal
lesions and A20 tissue infiltrates

On the basis of the observed morphological and phenotypic het-
erogeneity in the A20 lymphomas among different tissue sites, we
investigated whether host tissue-related features could contribute to
the diversification of the three microenvironments and/or of the two
Sparc genotypes.

In a small set of nodal DLBCL cases (n=12), comprising cases of GC
and non-GC phenotype according to Hans algorithm [19] and
selected according to the heterogeneous, focal/zonal, pattern of MYC
expression (Supplemental Table S1), we highlighted the presence of
different types of mesenchymal cell meshwork within distinct areas
of the same nodal lesions (Supplemental Fig. S3A). In these cases,
SMA+ myofibroblastic/reticular cells, NGFR+ (CD271) and CD146+
pericytic/mesenchymal stromal cells, and PDGFRb+ perivascular stro-
mal cells showed disconnected patterns (Supplemental Fig. S3A).
Moreover, mesenchymal markers including NGFR, SMA, PDGFRb,
and VCAM-1 that were either spatially associated or mutually exclu-
sive in the GC or peri-follicular areas of non-neoplastic lymph nodes,
were aberrantly splitted or focally associated in DLBCL infiltrates
(Supplemental Fig. S3B). Of note, within DLBCL nodal infiltrates,
prominent heterogeneity in the density and spatial segregation of
mesenchymal meshwork formed by different cell types was
observed. According to NGFR and SMA double-marker immunostain-
ings, DLBCL lesions showed dense, moderate or low NGFR and SMA
mesenchymal meshwork either spatially segregated or interweaved
(Fig. 2A).

Prompted by the evidence of an active and variably intense mes-
enchymal response to human DLBCL infiltration contributing to
intra-tumour heterogeneity, we tested the hypothesis that host tissue
adaptation to A20 lymphoma seeding could imply a diversified
remodelling of mesenchymal cell meshworks. We thus analysed the
density of Sma, Cd146, Ngfr, Pdgfrb and Nestin mesenchymal
markers in the BM, LI and SPL A20 infiltrates by quantitative immu-
nofluorescence. In the BM, a prominent induction in Cd146+ and Ngfr
+ elements characterized A20 lymphomas in both the WT and Sparc�/

� hosts, while Sma+ stromal cells were significantly induced only in
Sparc�/� infiltrates (Fig. 2B-D). In LI, A20 tumour microenvironment
was marked by a significant induction of Sma+, CD146+, and Pdgfrb+
mesenchymal elements in both genotypes (Fig. 2E-G), while the stro-
mal reaction of SPL foci was characterized by a significant expansion
of Sma+ and Nestin+ cells (Fig. 2H-J). Of note, mesenchymal modifica-
tions occurring in the BM, LI, and SPL of nude mice infiltrated by
OPL239 and OPL241 DLBCL-like lymphomas proved to be consistent
with those observed in A20 infiltrates (Supplemental Fig. S4), sug-
gesting that the nature of stromatogenesis is predominantly deter-
mined by tissue stromal characteristics. These results suggest that
different qualities of stromal adaptation to DLBCL infiltration provide
a microenvironment frame for diversification of the malignant clone
phenotype.

A20 lymphoma cells gene expression profile is influenced by the tissue
microenvironment

We then analysed by RNA-seq, the transcriptome of A20 cells
purified from the three environments of WT and Sparc�/� mice
(Supplemental Table S2). Principal component analysis of the sam-
ples showed a predominance of tissue site over Sparc genotype in
determining the clustering of the A20 lymphoma samples
(Supplemental Fig. S5A-B). Indeed, unsupervised clustering analysis
of A20 DLBCL transcriptome identified clusters on the basis of the tis-
sue environment (Fig. 3A).

To gain insight into the transcriptional programs modulated
among different tissue environments irrespectively of the Sparc
genotype, we compared the transcriptome profiles of the A20 cells
isolated from different tissues by applying Quantitative Set Analysis
of Gene Expression (QuSAGE) [20]. The comparison between LI and
BM A20 lymphoma cell transcriptional profiles revealed differences
in the expression of programs related with metabolism and tran-
scription (Supplemental Table S3, Supplemental Fig. S5C), and a sig-
nificant enrichment in pathways related with B-cell survival and
activation of Nf-KB in B cells, as well as in pathways related with
DNA damage checkpoints (Fig. 3B) in A20 cells purified from LI. More-
over, LI versus BM A20 transcriptome showed enrichment in tran-
scriptional targets of Myc, including genes identified by ChIP as high-
affinity targets of Myc (Fig. 3B), pointing to a higher activation of Myc
in LI as compared with BM A20 cells. Similarly, the comparison
between SPL and BM A20 transcriptome revealed a significant posi-
tive enrichment in pathways involved in transcription, DNA damage
checkpoint and Myc transcriptional targets (Fig. 3C) in A20 cells puri-
fied from the SPL (Supplemental Table S3, Supplemental Fig. S5D). Of
note, SPL A20 transcriptome also proved to be enriched in genes
reported to be upregulated in DLBCL versus follicular lymphomas
[21] (Fig. 3C), which mainly comprised genes involved in glycolytic
metabolism, supporting a higher transcriptional activation of pro-
grams related with a more aggressive biology. In the comparison
between SPL and LI A20 transcriptome, differences in the transcrip-
tional activation of DNA damage-associated programs were observed,
with ATM- and ATR-related pathways being more active in SPL A20
infiltrates (Fig. 3D). SPL A20 profiles were also positively enriched in
Myc transcriptional targets suggesting that the SPL environment bet-
ter matched a mutator phenotype (Fig. 3D). At contrast, LI A20 tran-
scriptome showed a positive enrichment in B-cell survival programs,
which also characterized the comparison with the BM
(Supplemental Table S3, Supplemental Fig. S5E).

These results indicate that the BM LI and SPL microenvironment
that we found to be characterized by different stromal adaptations to
a same DLBCL infiltration variably promoted or restrained the expres-
sion of transcriptional profiles relevant to DLBCL cell biology.

As a control on the effect of transcripts potentially derived from
recipient host cells in the analyses, we considered fusion transcript
events as a proxy of A20 DLBCL cell specific gene expression. We thus
investigated whether a microenvironment-driven clustering of
expression data also occurred when only A20 lymphoma-cell specific
aberrant gene fusion transcripts were considered. To this aim, fusion
events were detected in RNA-seq data (see Supplemental Methods
section; Supplemental Table S4), and the distribution and frequency
of the fusion events among different sites in the WT and Sparc�/�

genotypes were analysed (Fig. 3E-F). Also in this setting, a tissue
microenvironment-driven clustering emerged, sporting fusion events
that were more or under-expressed in A20 transcriptome from
one tissue site and/or host Sparc genotype, and other fusion events
that were expressed at similar levels in all the microenvironments
(Fig. 3G).

Myc is modulated in DLBCL cells at mesenchymal interfaces

Given the observed heterogeneity in A20 lymphoma transcrip-
tional programs in microenvironments characterized by different
stromal adaptations, we investigated the relationship between A20
metabolic transcriptional programs, Myc expression, and the mesen-
chymal milieu. We focused on the A20 transcriptional modulation in
the BM and SPL tissue environments that were characterized by
divergent transcriptional hallmark gene sets related with Myc tran-
scriptional activity, oxidative phosphorylation and mTorc1 signaling,
DNA damage and replication checkpoints (programs upmodulated in
the SPL A20 transcriptomes), hypoxia and Kras signaling pathways
(positively enriched in the BM) (Supplemental Fig. S6). The two envi-
ronments implied different metabolic transcriptional imprints on
A20 cells, the SPL licensing glycolytic and ox-phos programs, the BM
driving hypoxia-related metabolic rewiring involving Kras signaling.



Fig. 2. Mesenchymal meshwork heterogeneity in human DLBCL nodal lesions and in A20 infiltrates at different tissue sites. (a) Double-marker IHC for SMA (brown signal) and
NGFR (purple signal) in the nodal infiltrates of six representative DLBCL cases (Supplemental Table S1) reflecting the variable degree (dense, moderate, low) of stromal reaction and
spatial segregation (segregated, interweaved) of the two mesenchymal meshwork, supporting the engendering of diversified tumour-stroma interfaces. Original magnifications
x200. (b-j) IF for Sma (cyan signal), Cd146 (violet signal), Ngfr (yellow signal), Pdgfrb (green signal), and Nestin (red signal) mesenchymal markers (b, e, h), quantitative analysis (his-
tograms, c, f, i) and average relative fractions (pie charts, d, g, j) of uninvolved (CTRL) or infiltrated BM (b-d), LI (e-g), and SPL (h-j) from WT and Sparc�/� hosts, detailing that differ-
ent combinations of mesenchymal markers are variably induced across the three tissue sites. Original magnifications x200.
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To validate the actual translation of transcriptional modulations at
the protein level, we selected six targets among the top 50 up- or
down-modulated transcripts in the BM vs SPL comparison
(Supplemental Table S5) to be validated by IHC in the A20 and OPL
lymphoma infiltrates. The targets included Eif6, a key regulator of
cell metabolism and Myc signaling enforcer, which has been demon-
strated to stimulate glycolitic programs, acting as a limiting factor in
Myc-driven lymphomagenesis [22], the modulator of Rho family



Fig. 3. Diversified tissue microenvironment imprints on A20 transcriptional activity. (a) Unsupervised hierarchical clustering of the samples according to the expression of the
500 most variable genes among the samples, showing the tissue imprint on clustering. (b-d) Circular layout visualization of the modulation of selected pathways in LI vs. BM (b),
SPL vs. BM (c) and SPL vs. LI (d). The height of the bars of the inner ring represents the significance of the term calculated as -log(p-val). The number within each bar refers to the
logFC of the gene set. The outer ring displays scatterplots of the logFC for the genes of the pathway. (e-f) Circular layout visualization of the genomic location of the predicted gene
fusions (see Supplemental Methods) in WT (e) and Sparc-/- (f) mice. The 19 autosomal and the two sexual mouse chromosomes are shown with the relative chromosome bands.
Each colored line represents a fusion event. The number of fusion events is reported under each plot. (g) Unsupervised hierarchical clustering of the gene fusion fraction calculated
among all the samples of each genetic background and tissue localization showing a tissue-based imprint on clustering of fusion transcripts (see Supplemental Table S4).
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gtpases Tiam2, intervening in B-cell proliferation and DLBCL survival
[23], and the DNA ligase I (Lig1) involved in DNA replication, recom-
bination and repair. Along with these three targets upmodulated in
the transcriptome of A20 cells isolated from SPL, three targets up-
modulated in BM A20 transcriptomes were selected, which included
the salt-inducible kinase Sik2, which has been reported to control
glucose uptake via Glut4 regulation and response to nutrient depriva-
tion [24], the Pi3k regulatory subunit Pik3r2 cooperating with Pi3kb
nuclear activity and promoting tumor progression [25], and the ATP-
dependent RNA helicase Ddx39, playing a role in transcription and
translation control and associated with Wnt/b�catenin activation
[26]. On IHC analysis, the in situ expression of the differential targets
in A20 infiltrates proved to be consistent with the RNA-seq data, and
also showed consistency in OPL239/241 line infiltrates
(Supplemental Fig. S7). On these bases, to functionally test whether
DLBCL cells could be influenced by different mesenchymal interactors
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in their metabolic asset prototypically represented byMyc expression
levels, A20 cells were cultured in the presence of total BM- and SPL-
derived MSCs (CD45-CD34-Cd31-Ter119-cKit-Cd29+Sca-1+Cd44+) or
BM-derived An2+ pericytes (Fig. 4A). In line with the in situ results,
BM-MSCs and pericytes significantly down-modulated Myc expres-
sion in A20 cells in comparison to splenic MSCs (Fig. 4B). Since GSEA
of A20 cells sorted from the BM and SPL showed positive enrichment
of hypoxia programs in the BM (Supplemental Fig. S6), we considered
that through Hif1a, hypoxia could act as a major direct regulator of
Myc activity and expression [27]. Considering the constitutive hyp-
oxic condition of the BM microenvironment [28] to determine the
impact of hypoxia on Myc expression in the presence or absence of
BM-MSCs and An2+MSCs or SPL-MSCs, we repeated the co-culture
experiments under hypoxic conditions (5% of O2). A20 cell co-cul-
tured with all types of MSCs under hypoxic conditions showed a sig-
nificant down-modulation of Myc (Fig. 4C). However, only in the case
of SPL-MSCs we found the correspondent Hif1a upregulation
(Supplemental Fig. S8). On the contrary in BM-MSCs or pericytic An2
+MSCs co-cultures, Hif1a was not up-modulated by the low oxygen
conditions (Supplemental Fig. S8). This suggests that BM mesenchy-
mal cells can restrain Myc expression, at the same time controlling
the hypoxic response. This finding hinted to a complex influence of
stromal neighbours over the expression of Myc in such high-grade
lymphomatous cells.

Prompted by the observed Myc modulation in in vitro co-culture
experiments, we investigated whether the intra-tumour mesenchy-
mal heterogeneity that we highlighted in the small cohort of human
nodal DLBCLs could relate with in situ MYC expression. To this aim,
we applied an ad-hoc-developed software tool for multiresolution
spatial analysis (see Supplemental Methods section) to immunos-
tained sections for the myofibroblastic/reticular cell marker SMA and
for the MSC/pericytic marker NGFR in combination with MYC, and
evaluated the degree of spatial association between the two mesen-
chymal phenotypes and MYC expression in lymphomatous infiltrates.
Interestingly, while SMA+ stroma distribution did not show a signifi-
cant degree of association with MYC, NGFR+ mesenchymal foci were
negatively associated with MYC expression, suggesting that a topo-
graphic compartmentalization relative to mesenchymal cell distribu-
tion and/or phenotype acquisition could occur (Fig. 4D,
Supplemental Fig. S9). Indeed, in MYC-expressing DLBCLs, areas char-
acterized by an NGFR-rich meshwork showed a significantly lower
MYC expression as compared with areas lacking NGFR but still show-
ing a dense stromal meshwork as highlighted by VCAM-1 (Fig. 4E).
Remarkably, in cases in which the nodal DLBCL proliferation
extended to the peri-nodal adipose tissue highly rich in NGFR+ peri-
vascular mesenchymal elements, a neat downmodulation of MYC
expression was observed, which provided an insight into the dynam-
ical switch of MYC expression under specific stromal microenviron-
ment conditions (Fig. 4E). We further extended the combined
analysis of MYC and SMA/NGFR stroma association by evaluating the
same areas of 6 DLBCL cases classified as MYC expressors (average
expression >40% MYC by quantitative IHC software analysis) or non-
expressors (average expression <40% MYC), and observed that the
NGFR meshwork was more represented in the non-expressor condi-
tion (Fig. 4F-G).

Consistently with the observed negative association between
NGFR+ stroma and MYC expression, GSEA for MYC transcriptional
targets on 137 DLBCL cases [4] categorized according to NGFR expres-
sion levels into NGFR-high and -low showed a significant enrichment
of upregulated MYC targets in NGFR-low cases (NES=-1.88, FDR=0.01,
Fig. 4H). Hierarchical clustering of the 137 cases [4] according to the
same gene set showed that the two clusters delineated by different
MYC target expression showed different NGFR expression levels
(Fig. 4I). Moreover, zooming out on whole transcriptome, we per-
formed hierarchical clustering analysis of 30 stromal genes previ-
ously described as specific of the mesenchymal compartment in
DLBCL [7] and observed a significantly different distribution of cases
stratified by MYC median expression between the two clusters char-
acterized by high or low levels of the 30-gene mesenchymal signa-
ture (Fisher's exact test, p=0.01, Fig. 4J), which pointed to clear-cut
differences in the mesenchymal milieu of cases with divergent MYC
expression levels.

Altogether these data point to topographic influences over rele-
vant DLBCL phenotypes such as MYC expression, related with mesen-
chymal determinants, the mechanisms of which deserve to be
thoroughly dissected.

Digital Spatial Profiling of SMA- and NGFR-rich mesenchymal foci
highlights immune/stromal intra-lesional heterogeneity of human DLBCL

To experimentally investigate the actual intra-lesional variations
in the stromal and immune microenvironment composition of DLBCL
infiltrates according to the presence of different mesenchymal mesh-
works, we selected eight nodal DLBCL cases, which included 4 ABC-
DLBCL (three of which MYC/BCL2 double-expressors) and 4 GCB-
DLBCL (two of which MYC/BCL2 double-hit). Based on multispectral
immunofluorescence for CD20, NGFR, SMA and DNA, we selected
four different Regions of Interest (ROIs) for each DLBCL lesion based
on the prevalent expression of either NGFR+ or SMA+ stromal mesh-
works. The selected ROIs were segmented for profiling of the stromal
(i.e. CD20-) subcompartments according to the expression of a cus-
tomized version of the Human Immuno-Oncology RNA Panel includ-
ing 87 immune and stromal genes using a Nanostring GeoMx [15]
(Fig. 5A-B). A list of the 87 genes and of their main biological path-
ways according to Gene Ontology Annotation (https://www.ebi.ac.
uk/GOA/) is reported in Supplemental Table S6. According to DSP, we
found 26 genes differentially expressed between SMA-rich and
NGFR-rich stromal ROIs (Fig. 5C, Supplemental Table S7). Interest-
ingly, the 26 differentially expressed genes included genes related
with negative control of T-cell activation by immune checkpoints
such as PDL2, B7-H3, and VISTA, myeloid-derived suppressor and M2
hallmarks IDO-1, ARG1, CSF1R, VEGF-A, and mesenchymal and ECM
markers SPARC, DKK2, ITGAV, CLU, PECAM1. From this analysis, SMA-
rich stromal foci emerged as strikingly enriched in immunoregula-
tory and vascular stroma-associated transcripts, as compared with
NGFR-rich foci characterized by higher expression of the FDC-related
marker CLU. Notably, from the unsupervised hierarchical clustering
analysis according to the 26 differentially expressed genes ROIs pre-
dominantly clustered according to the SMA or NGFR status rather
than sample ID, COO or DE/DH status, which indicated that intra-
lesional heterogeneity in immune and stromal programs prevailed
over inter-case variations.

Stromal Sparc proficiency tunes the immune pressure on A20
lymphomas

Following the analyses of transcriptional and phenotypic hetero-
geneity related with tissue microenvironment-intrinsic determi-
nants, we finally investigated whether Sparc proficiency could also
play a role in modulating lymphoma dynamics. The transcriptional
differences between A20 cells from WT and Sparc�/� hosts were
mostly contributed by genes differentially expressed between the
WT and Sparc�/� BM samples (Fig. 6A), consistently with the promi-
nent expression of Sparc in the BM stroma [29]. We performed QuS-
AGE analysis by comparing A20 transcriptomes from WT and Sparc�/

� infiltrates including all tissue sites (Supplemental Table S3,
Supplemental Fig. S10A). In the Sparc�/� host, a significantly higher
activation of the Ras and Rhoa GTPase pathways was detected in
association with increased activity of Foxo and Glycogenolysis
pathways (Fig. 6B), suggesting a different type of metabolic adap-
tation to environment sensing. Moreover, A20 transcriptome in
the Sparc-deficient environment harboured a positive enrichment

https://www.ebi.ac.uk/GOA/
https://www.ebi.ac.uk/GOA/


Fig. 4. Different mesenchymal contextures correlate with Myc modulation and spatial heterogeneity. (a) Graphical scheme of the in vitro co-culturing experiment with A20
cells and either WT or Sparc�/� total BM-derived MSCs or peri-vascular An2+MSCs (see Methods section for MSC purification and phenotyping). (b) Myc gene expression by Real-
time PCR on total RNA isolated from A20 cells at basal conditions and following 4 days co-culture with BM-MSCs, Spl-MSCs or pericytes, showing the significant downmodulation
of Myc in the presence of BM-derived MSCs and pericytes but not in co-culture with Spl-derived MSCs. (c) The same co-culture experiment was repeated under hypoxic conditions
(5%O2), where Myc downmodulation resulted more marked and detectable also in the presence of Spl-MSCs. (d) Double-marker IHC for SMA (blue signal, top panels) and MYC
(brown signal) or NGFR (blue signal bottom panel) and MYC (brown signal) on human DLBCL lymph node infiltrates (Supplemental Table S1) indicating that no MYC expression gra-
dient is evident between SMA-high and SMA-low areas, while an inverse distribution of MYC and NGFR density emerges. Original magnifications x50 and x400 (insets). (e) Repre-
sentative multiplexed chromogenic and fluorescence immunostainings for MYC (brown signal), NGFR (cyan signal), and VCAM-1 (violet signal) on human DLBCL samples
(Supplemental Table S1) showing the different expression of MYC among areas with higher or lower NGFR expression. VCAM-1 highlights the presence of a stromal cell network
also in areas devoid of NGFR. Original magnification x200. (f) Representative double-marker IHC (left panels) for SMA (brown signal) and NGFR (purple signal) in infiltrated areas
from six MYC-expressor (average expression >40%) or non-expressor (<40%) DLBCL cases. In the same areas MYC expression is shown (right panels). (g) Quantitative IHC analysis
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Fig. 5. Digital Spatial Profiling for immune and stromal genes in SMA- and NGFR-rich foci of eight human DLBCL cases.
Identification of differentially expressed genes by digital spatial profiling on nodal DLBCL SMA-rich and NGFR-rich stromal ROIs. (a) Representative multiplexed immunofluores-

cence for CD20 (cyan signal), NGFR/CD271 (red signal), SMA (green signal) and Syto83 (blue signal) on a human DLBCL case (out of the eight profiled, see Methods Section) showing
the selection of ROIs corresponding to SMA-rich and NGFR-rich stromal (CD20-) foci, for segmentation and gene expression analysis. (b) Unsupervised hierarchical clustering of
SMA-rich and NGFR-rich segmented ROIs from eight human nodal DLBCL samples with different cell of origin (COO) and MYC/BCL2 status, according to a custom immune and stro-
mal mRNA panel (see Methods Section), showing the distribution of 26 differentially expressed genes. SMA-rich stromal ROIs emerge as positively enriched in immunoregulatory
and vascular stroma-associated transcripts, as compared with NGFR-rich ROIs.
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in genes involved in Complement activation (Fig. 6B), which is in
line with our previous demonstration of defective stromal Sparc
enhancing the expression of cell-intrinsic innate immune/inflam-
matory programs also involved in tumour-stroma interactions
[30,31]. Consistently with an environment more prone to immune
activation, A20 infiltrates in Sparc�/� hosts showed a higher den-
sity of infiltrating T cells assessed by CD3 and CD8 quantitative
IHC, as compared with the WT counterpart (Fig. 6C-D). The differ-
ence was particularly prominent in the BM microenvironment,
suggesting a more profound alteration of the BM immune contex-
ture in the absence of Sparc. To evaluate whether the differences
observed in the T cell infiltration of Sparc�/� and WT BM environ-
ment could result in a different immune pressure on lymphoma-
tous cells, A20 (GFP+) cells were injected intravenously into WT
of SMA, NGFR and MYC in five medium-power (x200) microscopic fields of the six cases dich
nificantly vary in the two conditions, NGFR+ stroma was significantly more represented in no
gulated target genes, in human DLBCL cases characterized by lower (above median) NGFR
discovery rate). (i) Heatmap depicting hierarchical clustering analysis on 36 MYC-upregulate
(blue) to lowest (yellow) are indicated as row z-score. On the top, information including clu
the expression of the 30 genes characteristic of stromal compartment in DLBCL from GSE9858
as row z-score. On the top, information including clusters (derived from hierarchical cluster
that stromal gene-based clustering of the 137 cases into two groups determines differential e
and Sparc�/� hosts and then recovered from the BM for serial i.v.
transplants into either WT or Sparc�/� syngeneic hosts according
to the donor genotype (Fig. 6E). After 4 passages, A20 cells condi-
tioned by either WT or Sparc�/� microenvironment were com-
pared for growth into both WT and Sparc�/� recipients, through
FACS analysis of A20 cells in the BM and SPL (Fig. 6E). Moreover,
the expression of MHC class-I and class-II on A20 cell surface and
the frequency and activation of CD8+ infiltrating T cells, were
analysed. We observed an increased take of A20 cells conditioned
within the Sparc-deficient BM environment (A20-BMSparc�/�)
regardless their final transplant into WT or Sparc�/� recipients
(Fig. 6F). This was associated with a significant down-modulation
of MHC-I, but not of MHC-II, on the cell surface of A20-BMSparc�/

� compared to A20-BMWT (Fig. 6G-H). Although the frequency of
otomized according to MYC average expressions, showing that while SMA did not sig-
n-expressor infiltrates. (h) GSEA output showing the positive enrichment of MYC-upre-
expression, using GSE98588 dataset (NES, normalized enrichment score; FDR, false

d target genes extracted from GSE98588 dataset. Signal intensities ranked from highest
sters and NGFR expression (greenscale) as continuous variable. (j) Heatmap related to
8 dataset. Signal intensities ranked from highest (blue) to lowest (yellow) are indicated
ing analysis), cell of origin (COO) and MYC expression are depicted. The analysis shows
nrichment of MYC-high and -low cases.



Fig. 6. Stromal Sparc status conditions immune pressure and escape. (a) Heat map showing the unsupervised hierarchical clustering of the samples according to the top 500
deregulated genes between A20 lymphoma cells injected in WT and Sparc�/� mice. Genes were ranked according to absolute value of their log2FC between cells isolated from WT
and Sparc�/� tissues. The heatmap highlights the prominent contribution of BM samples to WT vs. Sparc�/� differential gene expression. (b) Circular layout visualization of the differ-
ences in the activities of genes belonging to gene sets involved in Ras, Rhoa, Foxo signalling pathways, glycogenolysis, and Complement cascade, between A20 cells isolated fromWT
and Sparc�/� mice as assessed by QuSAGE. The height of the bars of the inner ring represents the significance of the term calculated as -log(p-val). The number within each bar refers
to the logFC of the gene set. The outer ring displays scatterplots of the logFC for the genes of the pathway. (c) IHC for CD3 (upper panels) and CD8 (lower panels) in BM LI and SPL A20
DLBCL infiltrates of WT and Sparc�/� mice, highlighting significant differences in the density of infiltrating T cells in the two stromal settings. Original magnification x400. (d) quanti-
tative analysis of CD3 and CD8 IHC in BM, LI, and SPL A20 DLBCL infiltrates in WT and Sparc�/� mice. (e) Graphical scheme of the in vivo experiment of A20 injection, BM purification
and re-transplantation into WT and Sparc�/� hosts, aimed at investigating the effects of immune priming by WT and Sparc�/� BM microenvironment on A20 lymphomas. (f-k) Flow
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total CD8+ T cells only barely differed among BM samples infil-
trated by A20-BMSparc�/� and A20-BMWT (Fig. 6I), the frequency
of activated proliferating CD8+PD-1+Tim-3-Ki-67+ T cells was
lower in the presence of A20-BMSparc�/� cells (Fig. 6J), indicating
a lower degree of effector T cell activation in samples with lower
MHC-I levels. Notably, in the same samples, a lower frequency of
CD4+CD25+Foxp3+ regulatory T cells was detected (Fig. 6K), fur-
ther supporting the selection of a less immunogenic profile in the
Sparc�/� BM microenvironment. The extremely low fractions of
GFP+ A20 cells detected in the SPL of the same hosts
(Supplemental Fig. S10B) indicated that BM microenvironment
priming of A20 cells mainly fostered BM infiltration, as also indi-
cated by the progressive gain in BM homing by BM-sorted A20-
GFP cells along passages (Supplemental Fig. S10C), in line with
the centrality of tissue environment-specific determinants in the
stromal/immune adaptation to lymphoma growth.

The observed stronger immune pressure exerted on A20 lympho-
matous infiltrates when in a Sparc-defective stromal setting
prompted us to extend the analysis of SPARC intra- and inter-tumor
heterogeneity to human DLBCL setting. We took advantage of the
DSP experiment on the stromal SMA- and NGFR-rich ROIs of nodal
DLBCL lesions, which showed that SPARC was listed among differen-
tially expressed genes. We performed unsupervised hierarchical clus-
tering analysis of the stromal ROIs according to immune and stromal
genes that were significantly associated with SPARC expression
(Fig. 6L, Supplemental Table S8). The analysis identified two main
clusters characterized by SPARC-high and �low expression, respec-
tively. The clusters differed for the expression of the immune check-
points PDL1, PDL2 and B7-H3, for the M2 receptor CSF1R, and for the
expression of the stromal markers ITGAV, ICAM1 and PDGFRA, all
upregulated in SPARC-high ROIs. Moreover, CTNNB1 positively corre-
lated with SPARC, in line with the consolidated role of SPARC in
enforcing beta-catenin signaling in stromal cells [32]. This result indi-
cated that intra-lesional foci characterized by different SPARC expres-
sion levels showed different immunological and stromal milieus. We
finally investigated whether human DLBCL cases characterized by dif-
ferent SPARC expression levels could display signs of a different T cell
infiltration. We applied the CIBERSORT deconvolution algorithm (see
Methods section) to the transcriptome of the 137 DLBCL dataset
adopted for MYC GSEA analysis [4], using a customized gene signa-
ture matrix generated as previously reported [7] and detailed in the
Methods section. The CIBERSORT output revealed that CD8 T cells,
activated NK cells and Dendritic cells frequencies were significantly
higher in low-SPARC, as compared with high-SPARC DLBCL cases
(Fig. 6M, Supplemental Table S9). Altogether, these evidences further
underline the relationship between the control of immune activation
and SPARC expression in the DLBCL microenvironment, which out-
lines the engendering of immune editing dynamics that may be influ-
enced by SPARC at both the intra- and inter-tumor heterogeneity
level.
Discussion

The recent focus on the integration among mutational landscape
and gene expression profiles identified DLBCL subsets independent
from the cell of origin, with distinct mutational trajectories and drug-
gable pathways, including clusters identified by recurrent EZH2 and
cytometry analyses of the infiltrating A20 (GFP+) cell fraction (f); MHC class-I (g) and class�
proliferating CD8+ T cell effectors and regulatory T cells (k), in the BM of WT and Sparc�/�

fi

Unsupervised hierarchical clustering of SMA-rich and NGFR-rich segmented stromal ROIs fr
categorized as SPARC-high and -low, showing the distribution of 13 differentially expressed
enrichment in transcripts involved in regulation of T-cell activation, M2 polarization, and vas
quencies of immune and stromal cell populations according to the levels of SPARC expressio
cantly enriched in CD8, activated NK, and Dendritic cell populations, as compared with SPAR
other chromatin modifier gene mutations or by genetic lesions in
JAK/STAT and NF-kB pathways [4,5]. Yet, these achievements did not
shed light on the possible transcriptional and/or phenotypic hetero-
geneity that is coded at the topographic level.

We described here, in a syngeneic model of DLBCL, that the
expression of biologically relevant features, such as Myc and its target
genes, and the modulation of DNA damage-associated programs are
consistently influenced by the tissue microenvironment. This is in
line with the recently reported evidence of diversified subclonal com-
plexity within lymphoid and non-lymphoid tissues in spontaneous
Myc-driven lymphomas, as a result of immune editing [33]. The dif-
ferences in the stromatogenesis observed in the BM, LI, and SPL A20
DLBCL tumours, which were validated in two independent cell-line-
based DLBCL-like models, point to a still neglected contribution of
resident mesenchymal populations to the intra-tumour diversifica-
tion of these high-grade malignancies. In solid cancers, specifically in
pancreatic adenocarcinoma, cancer-associated fibroblasts have been
recently demonstrated to modulate the acquisition of proliferative
and/or epithelial-to-mesenchymal transition phenotypes in malig-
nant cells, shaping intra-tumour heterogeneity within the glandular
component [34].

Along with the tissue-site-related modulations of A20 transcrip-
tome and phenotypic features, we herein also identified heteroge-
neous mesenchymal foci within the same human DLBCL nodal
lesions, which related differently to MYC expression in lymphoma-
tous cells. Within secondary lymphoid organs, resident mesenchymal
cells represent a highly diversified constellation of non-hematopoi-
etic elements that finely tune the functional differentiation and activ-
ity of the immune cells taking part into the on-going immune
responses [35]. Among these populations, FDCs and perivascular stro-
mal cells display high phenotypical homology with bone marrow-
derived mesenchymal stromal cells expressing NGFR and CD146 MSC
markers [30,36]. We found that DLBCL infiltrates characterized by the
presence of NGFR+ mesenchymal foci displayed MYC downregulated
expression within the same areas, as compared with areas character-
ized by a predominance of other mesenchymal phenotypes such as
SMA+ and/or VCAM-1+ reticular elements. The finding that the MYC
heterogeneous expression may associate with diversified stromal
interfaces claims for a consideration regarding the actual accuracy of
the determination of MYC expression in the diagnostic algorithm of
DLBCL [37] and allows speculating on the possibility of different
paces in the disease progression and/or treatment response influ-
enced by topographic stroma determinants. Our Digital Spatial Profil-
ing experiment probing the immune and stromal profile of DLBCL
ROIs characterized by different SMA- or NGFR-rich meshworks
clearly indicated that a conspicuous extent of variation exists at the
intra-tumor heterogeneity level, which has been so far unrecognized
in studies focusing on DLBCL microenvironment. Indeed, our findings
may have interesting clinical/therapeutic implications as they
advance the hypothesis that the outcome of immunomodulatory
treatments, immune checkpoint inhibitors or anti-angiogenic strate-
gies may determine and be affected by intra-lesional selection
events.

In our experiments we also adopted Sparc�/� hosts in the
attempt to gain insight into the biological bases of the reported
stromal Sparc prognostic influence in DLBCL. Indeed, within a
signature of 30 stromal genes correlated with prognosis in
haematological malignancies [9], SPARC showed the strongest
II (h) mean fluorescence intensity (MFI) on A20 (GFP+) cells; total (i) and activated (j)
nal recipients of A20 cells conditioned by three passages into WT and Sparc�/� BM. (l)
om eight human nodal DLBCL samples as shown in Fig. 5A (see and Methods Section),
genes. SPARC-high ROIs are largely overlapping with SMA-rich ROIs and show positive
cular stromatogenesis. (m) CIBERSORT deconvolution analysis output of the relative fre-
n in the GSE98588 dataset of human DLBCLs, showing that SPARC-low cases are signifi-
C-high cases.
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association with a favourable prognosis in the DLBCL setting
(Supplemental Table S10). The positive prognostic influence cast
by SPARC has been correlated with its myeloid cell-intrinsic
expression [38] and related with the ABC setting, in which onco-
genic activation of inflammatory pathways has been described
[39]. Consistently with SPARC influencing the tumour inflamma-
tory microenvironment through a myeloid cell-related function,
we have previously demonstrated that the abundance of Sparc in
the stromal milieu of cancer dictates the pro-inflammatory or sup-
pressive phenotype of infiltrating myeloid cells [39]. In the present
A20 model, we observed that lymphomatous cells residing in
Sparc-defective environment showed transcriptional activation of
pathways related with complement cascade triggering and activa-
tion. This finding is consistent with the preferential induction of
complement recognition factor C1q and C5a effector expression in
the BM microenvironment of mice with genetically driven myelo-
proliferation in the absence of stromal Sparc [40]. Among other
pathways induced in A20 transcriptome in the Sparc�/� setting,
were those associated with Ras, Rhoa and Foxo activity, which
have been implicated in the pathogenesis of ABC-DLBCL [41,42].
Modulation of Ras, Rhoa, and Foxo1 signalling is strongly impli-
cated in BCR activity [43,44], which has been reported to crucially
influence the fitness of Myc-driven high grade B-cell clones [45].
The observed difference in the transcriptional activity of these key
pathways could indicate different assets of environment sensing
and response by A20 cells embedded in WT and Sparc�/� stroma.
Further corroborating the hypothesis of a tumour/stroma interface
altered by Sparc deficiency, A20 infiltrates in the Sparc�/� setting
showed a denser degree of T-cell infiltration. These results found
correlative evidence in the spatial profiling of 87 immune and
stromal genes in human DLBCL foci characterized by different
mesenchymal composition and classified according to SPARC-high
or �low expression. The expression of SPARC, which proved to be
significantly higher in foci with a SMA-rich mesenchymal mesh-
work, as compared with NGFR-rich foci, was correlated with the
expression of the major immune checkpoints PDL1 and PDL2 and
with the M2 receptor CSF1R, extending the concept of a different
immune control over T-cell activation to SPARC-related intra-
tumor heterogeneity. Moreover, at the inter-tumor variation level,
human DLBCL transcriptional deconvolution analyses by CIBER-
SORT indicated a significant enrichment in CD8 and NK activated
effectors in the setting of low SPARC expression. Finally, upon mul-
tiple passages in Sparc�/� or WT BM, A20 cells were differently
enriched in MHC-I-negative populations in a way that was depen-
dent on the genotype of the priming environment, indicating that
a stronger selective pressure towards immune escape was exerted
by the Sparc�/� microenvironment. This evidence adds a piece of
information to the recent characterization of the genetic landscape
of MHC deficiency in DLBCL [46], suggesting that a level of regula-
tion exerted by the stromal microenvironment may intervene
determining topographic biases in MHC-negativity selection.

In conclusion, our study provides experimental evidence that
stromal microenvironment generates topological determinants of
intra-tumour heterogeneity in DLBCL that involve key transcriptional
pathways potentially conferring spatial segregation to prognostically
relevant features, such as Myc expression and/or DDR programs. We
envisage the upcoming emergence of new classification/prognostica-
tion efforts based on the representation of spatially resolved mesen-
chymal-immune ecosystems.
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