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Fibroblast-like cells in mesothelioma can derive from
tumor cells
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Pleural mesothelioma (PM) is an aggressive cancer that originates from mesothelial cells lining the pleura. To identify the different
cell types in mesothelioma and their relationships, we performed single-cell RNAseq analyses of non-malignant pleura biopsies, PM
biopsies and PM patient-derived organoids. Gene expression profiles of mesothelial and mesothelioma cells are very similar,
suggesting that mesothelioma cells retain most properties of mesothelial cells. Surprisingly, in PM patient-derived organoids
mesothelioma cells can acquire a fibroblast-like gene expression profile. Indeed, in most of the original PM biopsies a fraction of
cells within the cluster of cancer-associated fibroblasts (CAFs) appear derived from tumor cells, with which they share the same
genomic rearrangements. We confirmed by immunohistochemistry, and thus at the protein level, that cancer-derived fibroblast-like
cells (CDFs) express smooth muscle actin, as most CAFs do, but have lost the same tumor suppressor proteins as the cognate
mesothelioma cells. We propose that mesothelioma cells can become CDFs because they retain the ability of mesothelial cells to
differentiate into fibroblasts. CDFs are thus tumor cells with fibroblast-like gene expression associated to tumors, and fulfil the
definition of CAFs. CAFs generally support tumor progression, and in most tumors derive from resident fibroblasts or circulating
mesenchymal cells. Our finding that a subset of CAFs derive from tumor cells, at least in mesothelioma, challenges current
understanding of CAF origin. We suggest that interfering with the mesothelioma-to-CAF transition might offer an avenue to
moderate tumor progression and resistance to therapy.
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INTRODUCTION
Mesothelioma is a highly aggressive cancer arising frommesothelium,
mostly of the pleura [1]. Mesothelioma has three main histological
subtypes, epithelioid, sarcomatoid and biphasic, that are associated
with different prognoses, which overall remain dismal [2]. The
mutational burden of mesothelioma is low; mutations in tumor
suppressor genes such as BRCA-1-associated protein (BAP1), merlin
(NF2), p16/CDKN and p53 have been reported [3], but driver
mutations in oncogenes are rarely found [4].
Pleural mesothelioma (PM) is the most common subtype of

mesothelioma and is mainly caused by asbestos exposure [5].
Inflammation is associated to all stages of PM development. In
particular, upon asbestos injury, the release of the alarmin High
Mobility Group Box1 (HMGB1) in the extracellular space con-
tributes to the recruitment of macrophages that initiate the
inflammation driving MPM onset and progression [6, 7]. Both
because inflammation is a complex response involving many cell
types and their crosstalk, and because of the decade-long time
needed for PM development after asbestos exposure, relevant and
tractable in vitro models of PM are lacking. Indeed, the features at

the gene expression level of PM tumor cells and their relation to
the mesothelial cells of origin and to the tumor microenvironment
(TME) have been scarcely studied so far; a first atlas of
mesothelioma cells based on single-cell RNA sequencing
(scRNA-seq) appeared only recently [8].
Mesothelial cells have an epithelial morphology (cuboidal and

flat) and are arranged in a single layer –the mesothelium– lining
the body cavities (chest, abdomen and tunica vaginalis) [9].
Mesothelial cells express many epithelial markers such as
cytokeratins and cadherins; however, as they derive from the
embryonic mesodermal layer, they also express mesenchymal
markers like vimentin and desmin [10]. In general, mesothelial
cells show a high grade of plasticity and can differentiate in vitro
into adipocyte- and osteoblast-like cells [11]. Upon inflammatory
stimuli mesothelial cells can change their morphology and
function, and can differentiate to smooth muscle cells and
fibroblasts [12] in a process dubbed mesothelial to mesenchymal
transition (MMT) [13, 14]; MMT is related to Epithelial to
Mesenchimal Transition (EMT), whereby epithelial cells lose their
cell polarity and cell-cell adhesion and gain migratory and invasive
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properties characteristic of mesenchymal cells. Indeed, pancreatic
ductal adenocarcinomas (PDAC) and peritoneal metastases of
ovarian and colorectal carcinomas can induce the transition of
peritoneal mesothelial cells to various populations of cancer-
associated fibroblasts (CAFs) [15–17]. CAFs were thus of obvious
interest in defining the TME of PM.
In most tumors, CAFs are cancer-associated fibroblast-like cells

that derive from diverse populations of resident fibroblasts, from
other stromal cell types or from bone marrow derived mesench-
ymal cells [15]. CAFs have features of fibroblasts, and in scRNAseq
experiments their overall gene expression profile matches closely
that of “classical” fibroblasts, including the expression of collagens
and other matrix proteins. However, CAFs are diverse in different
tumors and different subpopulations can be recognized even
within the same tumor. In PM, the cross-talk between CAFs and
PM cells is only partially explored [16]; however, CAFs are reported
to instigate mesothelioma progression via secretion of a number
of cytokines [17] and to influence adversely patient survival [18].
Our approach was to define first the gene expression signature

of mesothelial cells, from which PM tumor cells originate, and then
use such signature to compare mesothelial to mesothelioma cells
in patient biopsies. We also set up patient-derived organoid (PDO)
models of mesothelioma and non-malignant pleura, and studied
the relation of the cells in the PDOs to the cells in patient biopsies.
Together with recent scRNAseq studies, our work offers a
comprehensive cell atlas of pleura and PM, highlighting intra-
and inter-tumor heterogeneity. Notably, we found that many
fibroblast-like cells in PDOs share copy number variations (CNVs)
with PM cells, indicating a tumor origin. This was confirmed in
patient biopsies, where a subset of fibroblast-like cells also derive
from mesothelioma cells. Thus, our study reveals that in
mesotheliomas tumor cells can differentiate into fibroblast-like
cells, that we call Cancer-Derived Fibroblast-like cells (CDFs). CDFs
express typical fibroblast genes, but carry the mutations and CNVs
that define tumor cells; thus, they are mesothelioma cells that
resemble fibroblast at the gene expression level. Since various
populations of fibroblast-like cells within a tumor are collectively
called CAFs, we argue that mesothelioma CAFs can include cells
that derive from the tumor itself. This discovery challenges
conventional understanding of CAF origin and highlights the need
for investigation into the role of cancer-derived fibroblasts in
mesothelioma pathogenesis and therapeutic targeting.

RESULTS
Mesothelial cells and mesothelioma cells share similar
transcriptional profiles
We started our investigation of mesothelioma cell identity and
plasticity from the comparison of three samples of non-malignant
pleura and 5 biopsies from treatment-naïve mesothelioma
patients collected from the Thoracic Surgery Unit of San Raffaele
Hospital.
The three non-malignant pleural biopsies were collected from

patients with different conditions: one from a patient with pleurisy
caused by heart failure, representative of inflamed and reactive

mesothelium, one from a patient with lung adenocarcinoma (the
pleura sample was distant from the tumor area), and one from a
patient with pneumothorax. Macroscopic features of the samples
and H&E staining are shown in Supplementary Fig. S1A. Of note,
many inflammatory cells were adjacent to the monolayer of
mesothelial cells in the sample from the pleurisy patient
(Supplementary Fig. S1B).
The histological and clinical features of the PM patients and

samples are described in Table 1; four samples showed an
epithelioid histology, and one was biphasic (MOSR9). The
diagnosis of mesothelioma was made by expert pathologists
who evaluated 1) morphology 2) the invasion of cancer cell from
the parietal pleura into the adipose tissue and 3) a panel of IHC
markers. All biopsies were positive for CK5 and calretinin staining,
two markers used to diagnose PM [19] (Fig. 1). BAP1, the most
frequently mutated tumor suppressor gene in sporadic and
familiar PM [20], was absent in three cases and present in two.
CDKN2A is frequently lost in PM and CDKN2A homozygous
deletion determined by fluorescence in situ hybridization (FISH) is
diagnostic of malignancy in a mesothelial proliferation; recently,
immunohistochemistry for methylthioadenosine phosphorylase
(MTAP) has been adopted as a good surrogate of CDKN2A FISH
[21]. In our cohort MTAP was lost in 3 cases out of 5.
We used 10× Chromium droplet-based scRNAseq on the three

non-malignant pleural samples to define the cellular components
of pleura (Fig. 2A). After isolating vital and high-quality cells from
all samples (see Methods, Supplementary Figs. S2–5 and
Supplementary Tables 1, 2) we integrated cells form the 3
samples (n= 1075), identifying 7 main clusters of cells based on
their specific cell markers (Fig. 2B–E and Supplementary Fig. S6,
Supplementary Table 3). One cluster represented cells of
mesothelial origin, characterized by the expression of cytokeratin
18 (KRT18) and mesothelin (MSLN); the other clusters represented
myeloid cells (lysozyme, LYZ, and S100A9), B cells (CD79A), plasma
cells (antibody J chain, JCHAIN), T cells (CD3D), NK cells
(granulysin, GNLY) and erythroid cells (hemoglobin B, HBB). The
pleurisy sample contained the largest myeloid infiltrate while the
sample from the adenocarcinoma patient contained a high
number of B, T and NK cells (Fig. 2B–D). The pneumothorax
sample contained fewer cells than the former (83 vs ~600) but
showed the highest proportion of mesothelial cells ( ~ 66%), with
the rest representing myeloid, NK/T and erythroid cells (Fig. 2B–D).
Among the genes expressed by mesothelial cells, haptoglobin

(HP) was highly represented, in contrast to its low representation
in the other clusters (Supplementary Fig. S6I). Haptoglobin is a
glycoprotein that binds free hemoglobin, preventing it from
generating free oxygen species and thus exerting a deleterious
oxidative activity. Haptoglobin is predominantly produced in the
liver but has also been proposed as a potential biomarker for
mesothelioma [22, 23].
We then examined single-cell data from the 5 PM biopsies and

identified 14 main cell populations (Fig. 3A, B). Six clusters
represented myeloid, plasma, B, NK/T and endothelial cells (the
latter expressing CD37 and von Willebrand factor), and Cancer
Associated Fibroblasts (CAFs) identified using as reference the

Table 1. Clinical and pathological features of the first cohort of mesothelioma patients.

Patient Genders Age at
diagnosis

Histotype Asbestos
exposure

CK 5 Calretinin BAP1 MTAP Survival
(months)

MOSR3 M 76 Epithelioid No + + − + 3

MOSR8 M 77 Epithelioid Yes + + − − NA

MOSR9 M 62 Biphasic Yes + + + − 6

MOSR10 F 69 Epithelioid Yes + + − + 35

MOSR12 M 81 Epithelioid Yes + + + − 3

MOSR11 M 76 Epithelioid NA + + − + NA
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scRNA seq data of fibroblasts from mesothelioma samples [8]
(Supplementary Fig. S7A–E). Known mesothelioma markers
(cytokeratins KRT8, -18 and -19; secretory leukocyte peptide
inhibitor, SLPI) were expressed in each of the other eight cell
clusters (Fig. 3A; Supplementary Fig. S8, Supplementary Table 4).
One cluster (mesothelial/HP) was made up of cells of

mesothelial origin expressing the haptoglobin gene, like the
mesothelial cells from non-malignant samples; we thus tested
whether it comprised mesothelioma or mesothelial cells. To
genetically differentiate tumor from normal cells, we used
Numbat, an R package that detects the presence of copy number
variations (CNV) from scRNAseq data by combining differential
expression of contiguous genes with haplotype phasing [24].
Numbat identified as normal most of the stromal and immune
cells from the microenvironment and as tumor most cells of
mesothelial origin, except those in the mesothelial/HP cluster; we
concluded that the mesothelial/HP cluster represents genetically
normal mesothelial cells present in the tumor biopsies alongside
the tumor cells (Fig. 3C, Supplementary Fig. S7F).
The mesothelial cells in the other 7 clusters contained CNVs and

were scored as tumor (Supplementary Fig. S7F); we will henceforth
refer to them as mesothelioma. They were differentiated by the

expression of specific genes, some of them already identified
as enriched in mesothelial/mesothelioma cells: Mesothelioma/
UPK3B expressed the UPK3B gene (uroplakin); Mesothelioma/
SAA1 expressed Serum Amyloid A1; Mesothelioma/UBE2S
expressed Ubiquitin Conjugating Enzyme E2S. Remarkably, two
clusters (Mesothelioma/IFI6 and Mesothelioma/PPDF) expressed
genes related to IFN responses, while Mesothelioma/G2M and
Mesothelioma/S expressed cell-cycle genes (Fig. 3E). Most patient
biopsies contained cells from different mesothelioma clusters
(Fig. 3B–D).
Notably, CAFs, mesothelial cells (mesothelial/HP) and 2 clusters

of mesothelioma cells (Mesothelioma/SAA1 and Mesothelioma/
UPK3B) were enriched in DEGs belonging to the Epitelial-to-
Mesenchimal Transition (EMT) pathway (Fig. 3E).
Tumor cells were the most abundant in four out of five biopsies,

while the fraction of myeloid cells and CAFs was very variable, and
sometimes sizeable (Fig. 3D). Of note, tumor cells from different
biopsies clustered in separate albeit adjoining populations,
indicating that tumor cells were distinguishably different in
different patients; in contrast, myeloid cells from different patients
clustered together, as well as B, NK, T and plasma cells (Fig. 3B). In
brief, this clustering pattern underscores the heterogeneity in

Fig. 1 Immunohistochemistry of primary pleural mesothelioma biopsies. Sections from PM patients were stained with H&E.
Immunohistochemistry for markers CK5, Calretinin (CALR), BAP1 and MTAP (among others) was used in all patients for the diagnosis of
mesothelioma. Scale bar, 200 μm for H&E, CK5, CALR; 100 µm for BAP1 and MTAP.
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mesothelioma cell populations as opposed to the relative
homogeneity of immune cells from different patients.
We next investigated the relationship between mesothelioma

and mesothelial cells, excluding all other cells (Fig. 4). We
represented the cells from the various samples in a new UMAP
space by applying the anchoring procedure included in Seurat.
Unsupervised analysis identified just 2 major clusters. Cluster 0
contained cells from non-malignant and mesothelioma samples,
namely the cell populations identified as Mesothelioma/UPK3B,
Mesothelioma/UBE2S, Mesothelioma/SAA1 and mesothelial/HP, in
addition to most mesothelial cells from the non-malignant
samples. Notably, mesothelioma and mesothelial cells are inter-
mingled in Cluster 0 (Fig. 4A, B), suggesting that they overlap
substantially in gene expression patterns. Cluster 1 mainly
contained tumor cells from patient MOSR12 (Fig. 4A, Supplemen-
tary Table 5), but also cells from clusters Mesothelioma/IFI6,
Mesothelioma/G2M, Mesothelioma/S and Mesothelioma/PPDPF
(Fig. 4B, C). In cluster 1, differentially expressed genes are enriched
in pathways of the IFN response and the cell cycle (Supplementary
Fig. S9); these differences relate largely to inflammation and cell
proliferation, and not to cell identity. Differential gene expression
between mesothelial cells in cluster 0 and mesothelioma cells in
the other clusters indicated that mesothelioma cells have
increased expression of known mesothelioma markers (KRT19
and SAA1, including C15orf48 MOCCI [25]) and are enriched in
mTOR signaling [26–28], oxidative phosphorylation and EMT
pathways (Supplementary Fig. S10, Supplementary Table 6).

Mesothelioma patient biopsies can be cultured as patient
derived organoids
Using the procedure described in the Methods section and
summarized in Supplementary Fig. S11, we generated PDOs from
tumoral and non-tumoral biopsies. All biopsies gave rise to
organoids in Matrigel that grew for 3 weeks before needing re-
isolation, fragmentation and re-culturing in Matrigel. We mon-
itored daily organoid size and shape (Fig. 5A–D), observing an
heterogenous growth rate; organoids from non-tumoral pleura
transitioned from round aggregates to flat structures resembling
the pleural lining (Fig. 5B). Histological and immunophenotypic
analysis of formalin fixed tumoral PDOs showed that they were
roundish in shape with an acellular matrix core (H&E staining;
Fig. 5E) and are positive for the expression of CK5 and WT1.
We then analyzed by scRNAseq the cells coming from 3 PM

organoids (PDO.MOSR9, PDO.MOSR11 and PDO.MOSR12, filtered
for vitality and highest sequencing quality) (Fig. 6, Supplementary
Fig. S12). We identified 5 different cell populations (Fig. 6A);
macrophages, plasma cells and endothelial cells (identified by
their signature and specifically indicated by triangles) were
present mainly in PDO.MOSR9 (Fig. 6A, B, Supplementary
Fig. S12D–F), and overall were heavily depleted relative to the
original biopsies.
Mesothelioma cells, identified using the transcriptomic signa-

ture defined in MM biopsies (Supplementary Table 2), represented
about half of all cells and were present in all PDOs (Fig. 6A,
Supplementary Fig S12B). Most of the remaining cells showed a

Fig. 2 Single-cell expression profiling of non-malignant pleural specimens. A Study pipeline: samples obtained by video-assisted thoracic
surgery were mechanically disaggregated to single cells. Viable cells were collected and processed by 10× Chromium Controller. B Uniform
manifold approximation and projection (UMAP) of scRNA-seq data from n= 1 075 cells clustering in seven scRNA-seq groups, represented by
different colors. C UMAP colored by sample origin. D Cell proportions in the 3 different samples of non-malignant pleura. E Heat map of
expression of the top 5 marker genes for each of the 7 groups. Yellow: high expression; Purple: low/no expression. Each row represents a
gene, and each column represents a single cell.
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Fig. 3 Single-cell expression profiling of human mesothelioma. A UMAP visualization of n= 8 005 cells (median nGene= 1153, nUMI= 3
472) clustering into 14 different populations. B Sample origins. C Normal or Tumor identification of cells based on scRNA-Seq CNV calls by
Numbat. D Cell fractions in each of the 5 different samples. E Dot plot of the top 10 significant Hallmark Pathways enriched in specific clusters.
The number of Differentially Expressed Genes in clusters (FDR < 0.05, log2FC > 1) is indicated under the name of the clusters.
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fibroblastic signature, and they too were present in all PDOs
(Fig. 6A; Supplementary Fig. S12C; Supplementary Table 7).
We first focused on identifying the differences between the

tumor cells in the mesothelioma biopsies and those in the PDOs.
To compare them, we overlayed mesothelial/mesothelioma cells
from the tissue samples and the cells in the PDOs in the same
transcriptomic space after applying batch correction and cluster-
ing. We identified five clusters (from 0 to 4) that reflected globally
the same signatures found in the the biopsies, including
mesothelioma cells with high epithelial to mesenchymal signature
(EMT), plus one cluster comprising the organoid cells with the
fibroblast signature (Fig. 6C, D; Supplementary Fig. S13; Supple-
mentary Table 8).
In cluster 0, comprising mainly mesothelioma cells from the

MOSR12 biopsy and the corresponding PDOs (Supplementary
Table 9), tumor PDO cells downregulate relative to biopsy cells the
expression of genes in the IFN response, MM markers such as
KRT19 and ITLN1, and genes related to metabolism, immune
system and antigen presentation, while they upregulate markers
of fibrotic transformation and EMT, such as COL1A1, COL1A2, MGP
and LUM (Fig. 6F; Supplementary Fig. S14A, B; Supplementary
Tables 9, 10).
In cluster 1, comprising cells mainly from PDO.MOSR9 and its

biopsy of origin, PDO cells upregulated genes involved in EMT
(TFPI2, TIMP1) (Supplementary Fig. S14C), IL-1 regulation of
extracellular matrix (CXCL6, IL1B, CCL2) and inflammatory
response (IL6, CXCL8, CXCL1, CCL2) with a specific TNF-α/NF-κB
signaling signature, while they downregulated cytokeratins
(KRT19, KRT18, KRT7) (Supplementary Fig. S14C), TGFβ regulation
of extracellular matrix (LUM, S100A10, TGFBI) and hypoxia (PTGIS,
LDHA, NDRG1) (Fig. 6G; Supplementary Tables 9, 11).
We next focused on the cluster of PDO cells with fibroblast

signature. These cells were in much higher proportion than in
the original tumor biopsies, and we reasoned that they could
derive either from an expansion of non-tumor fibroblasts
present in the original tumor or from mesothelioma cells in
the organoids. Using Numbat, we assessed the presence of CNVs
in pooled PDO cells and confirmed the tumor origin of both
mesothelioma and fibroblast-like cells. As a negative control,
Numbat identified immune and stromal cells as non-malignant
(Fig. 6H, Supplementary Fig. S12E). This indicates that mesothe-
lioma cells in PDOs can adopt the gene expression signature of
fibroblasts.
In brief, we could obtain and propagate PDOs from patient

biopsies, and these retained the histological markers of the

biopsies. scRNAseq highlighted a significant reduction of stromal
and immune cell populations within the PDOs. The PDO cells with
a mesothelial signature mirrored the transcriptomic signatures of
mesothelioma cells in the original biopsy, but with a significant
upregulation of fibrosis and EMT pathways and downregulation of
the other pathways. Surprisingly, about half of the cells in the
PDOs acquired a definite fibroblast signature even though they
carry the CNVs of mesothelioma cells.

scRNAseq of mesothelioma biopsies reveals that some tumor
cells have a fibroblast-like gene expression profile
Having found that fibroblast-like cells in PDOs derived from
mesothelioma cells, we wondered whether CAFs in the original
PM biopsies were derived from normal fibroblasts or if they were
tumor cells acquiring a fibroblast-like gene expression profile.
Tumor cells in biopsy MOSR9 had a CNV pattern (Fig. 7A) that

included a copy-neutral Loss of Heterozygosity (CNLoH) in
chromosome 9p13 spanning genes CDKN2A, CDKN2B and MTAP
(Fig. 7B), which are frequently altered in PM. We then used this
patient-specific chromosome 9 LoH to call normal and tumor cells
in the original biopsy; Fig. 7C represents the cells deriving from
MOSR9 in the same UMAP space as Fig. 3A. For each individual cell
in the MOSR9 patient, an integrated probabilistic estimate can be
computed of the presence of the chromosome 9-specific LoH
(posterior probability); Fig. 7D shows that all mesothelioma cells
have a high probability of bearing the LoH and mesothelial cells
have a low probability; 28 CAFs have a low probability and 67 a
high probability of bearing the LoH.
Tumor cells from biopsy MOSR12 and its cognate PDO shared a

similar profile of CNVs (Supplementary Fig. S15A, B), confirming
that PDO cells (including fibroblast-like cells) derive from tumor
cells. From the scRNAseq data from the original biopsy, we
determined that 7 out of 7 CAFs had the tumor CNVs.
Most CAFs (47 out of 49) in biopsy MOSR10 were scored as

lacking CNVs. Fibroblast-like cells identified in biopsy MOSR3
mostly had tumor CNVs (24 out of 29). In the biopsy from patient
MOSR8 we could identify two fibroblast-like cells, but none of
them with tumor CNVs.
Notably, a trail of cells expressing the EMT signature appears to

connect in the transcriptomic UMAP space the mesothelioma
clusters to the CAF cluster (Fig. 7E, Supplementary Fig. 7B),
suggesting that some CAFs derive from mesothelioma cells
undergoing EMT.
To replicate our analysis, we examined a recently published set

of scRNAseq data obtained from 13 PM patients (Table 2). Starting
from the geneXcell matrix, we confirmed all the cell types
originally identified in the 13 patients. In one of the patients (P10)
no mesothelioma cells were detected (neither by the authors of
the study nor by us), and this patient was considered non-
informative. Three biopsies (patients P2, P6 and P9) did not
contain identifiable fibroblast-like cells and one (P12) contained
only 9; we did not reanalyze these scRNAseq data for the presence
of CNVs. In the remaining 8 biopsies, we did detect tumor CNVs; in
biopsy P11 Numbat actually recognized 2 different tumor clones,
one that had lost BAP1 and one that had lost MTAP. Overall, of 12
informative patients, we found 6 with fibroblast-like cells with
CNVs of the cognate tumor cells.
Interestingly, the ratio of fibroblast-like cells to mesothelioma

cells is extremely variable, from 0 to 10 (i.e. ten times more
fibroblast-like cells than tumor cells); however, the 2 samples
that contain more fibroblasts than tumor cells (P1, ratio of 10,
and P13, ratio of 5) are both sarcomatoid, while in epithelioid
and biphasic samples the ratios of fibroblast-like to tumor cells
ranges from 0 to 0.8 in both our patients and Giotti’s [8]
(Table 2).
In brief, we found fibroblast-like cells with tumor CNVs in 10

out of 17 informative mesothelioma patients belonging to two
independent cohorts. Because these fibroblasts are not only

Fig. 4 Comparison of malignant and non-malignant
mesothelial cells. A UMAP representation of unbiased clusters in
normal mesothelial cells and mesothelioma cells integrated from all
biopsies. B Sample origins. C Percentage of cells of the different
samples (left) and different mesothelioma and mesothelial clusters
(right) within the two unbiased clusters in panels (A) and (B).
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cancer-associated, but appear to be cancer-derived, we
will henceforth call them Cancer-Derived Fibroblast-like cells
(CDFs).

Protein-level analysis of mesothelioma biopsies confirms the
existence of cancer-derived fibroblast-like cells
To further prove the presence within patient biopsies of tumor
cells with fibroblast-like gene expression, we performed on MOSR
biopsies a double immunohistochemistry staining for αSMA

(present in activated fibroblasts, pericytes and smooth muscle
cells) and for the tumor suppressor (TS) protein absent in the
specific patient (BAP1 or MTAP as a proxy of CDKN2A/B).
In patient MOSR9, MTAP is absent in tumor cells, as seen in the

IHC performed for diagnosis and the chromosome 9 LoH. In the
double IHC for αSMA and MTAP (Fig. 7F) vascular cells (pericytes
and smooth muscle cells) are double-positive for αSMA (red color,
cytoplasmic) and MTAP (brown color, nuclear and cytoplasmic),
mesothelioma cells are double-negative, infiltrating immune cells

Fig. 5 Characterization of organoids from non-malignant pleura and PM. A Representative bright-field images of PDOs derived from MPM
biopsies. Organoid growth was monitored and measured at the indicated time. B Representative bright-field images of PDOs from a non-
tumor pleura sample. C Growth curves of 4 PDOs from mesothelioma MOSR9. D Growth curves of 27 PDOs from non-tumor pleura NOSR1.
E H&E and IHC staining for CK5 and WT1 of one representative MPM PDO. Scale bar, 200 µm.
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are positive for MTAP and negative for αSMA. CDFs were readily
identifiable as negative for MTAP and positive for αSMA,
confirming at the protein level the scRNAseq analysis.
In biopsies MOSR10 and MOSR3 we did detect by IHC rare cells

that were negative for BAP1 and positive for αSMA (Supplemen-
tary Fig. S15C).
Thus, double IHC provides confirmation of the existence of CDFs

in mesothelioma patients. However, it is difficult to obtain
quantitative results from classical double IHC. We then analyzed
archival biopsies of MOSR3 and 4 additional MP specimens
collected from both Maggiore della Carità and San Raffaele
Hospital (Supplementary Table 1).
We used two different multiplex IHC (mIHC) protocols using

fluorescently labeled secondary antibodies to CD45, αSMA and
MTAP or BAP1 (see Materials and Methods). The five mIHC
stainings were comparable in quality and each enabled us to

analyze several Regions of Interest (ROI) with high tumor burden
(corresponding to the areas with more MTAP-negative or BAP1-
negative cells) (Fig. 7G and Supplementary Fig. S16). The absolute
number of CAFs (αSMA-positive cells) in MOSR3 ROIs was 174, of
which the majority (n= 97) were CDFs (αSMA-positive BAP1-
negative) (Table 2); the proportion of CDFs was fully in line with
the scRNAseq data from the same patient. In the other four
patients diagnosed with sarcomatoid or biphasic mesothelioma
(MOSR85, MOSR86, MOMC1, MOMC2), the number of CDFs was
substantive, ranging from 63 to 1827, and represented from 20 to
86% of cells expressing αSMA. CDFs also accounted for a variable
but sizeable fraction (4–41%) of the tumor (TS-negative) cells in
the four patients.
To investigate the extent of variation of CDF abundance in

different areas of a single tumor, we compared each ROI in patient
MOSR85 (Fig. 7G). We found high variability in different ROIs

Fig. 6 Identification of cell subpopulations in PDOs and comparison to PM cells from original biopsies. A UMAP visualization of PDO cells
assigned using specific gene signatures and markers. B UMAP visualization of PDO cells highlighting sample origin. C UMAP plot of PM cells
from patient biopsies and PDOs colored by unbiased clustering showing different transcriptional signatures. Clusters are numbered, and their
signature is shown beside each cluster. D UMAP plot of PM cells colored by their sample of origin. E Cell subpopulation proportions of the
different clusters in each of the samples. F Volcano plot of the DGE between cluster0 cells in tumor MOSR12 and cluster0 cells in PDO
MORS12. G Volcano plot of the DGE between cluster1 in MOSR9 biopsy and PDOs. H Normal or Tumor identification of cells in biopsies based
on scRNA-Seq CNV calls.
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(Fig. 7H), suggesting that biopsy location in a tumor could by itself
account for a high variability of CDF abundance from patient to
patient. In any event, CDFs represented a sizeable proportion of all
CAFs in every patient (Fig. 7I). We counted as CAFs all cells that
were αSMA positive, but some of these might be pericytes or

smooth muscle cells associated to vessels; on the other side, while
most CAFs express αSMA, not all do. However, these uncertainties
do not impact much on CAF and CDF prevalence in our samples.
In brief, using mIHC we did identify CDFs in all patients

analyzed. CDFs were abundant and represented a variable but
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sizeable fraction of both tumor cells and CAFs; however, their
distribution in different tumor areas is uneven.

DISCUSSION
The understanding of the cell composition of the tumor
microenvironment is essential to elucidate the biology of a tumor
and to find and optimize therapies. Pleural mesothelioma (PM) is a
highly aggressive tumor and current treatments are not curative
and improve 3-year survival rates for only a fraction of patients.
Here, we report the identification in PM patients of fibroblast-like
cells that share the same CNVs as cancer cells, that we named
Cancer-Derived Fibroblast-like cells (CDFs). The fibroblast-like gene
expression of CDFs was proven both by scRNAseq and by
immunohistochemistry, and thus both at the RNA and protein
level. CDFs co-cluster with classically defined CAFs in transcrip-
tomic UMAP space, which is indicative of shared gene expression
profiles; at the same time, they lack the same tumor suppressor
proteins that are lost in cancer cells. Thus, CDFs are tumor cells
with a fibroblast-like gene expression.
We started our analysis by identifying by scRNAseq mesothelial

cells from non-malignant patients (one patient with pleurisy, one
with lung adenocarcinoma, and one with pneumothorax). None of
those samples is fully representative of normal pleura, but the very
diversity of the medical conditions of these patients offered the
opportunity to identify the commonalities among them. Overall,
we found 12 357 cells that we could define as mesothelial based
on the expression of cytokeratin 18 and mesothelin genes. The
mesothelial cells from the 3 patients actually intermingled in the
same cluster, which was clearly separated from the clusters of the
various blood cells. Our identification of cell types and associated
gene expression signatures in non-malignant pleuras broadly
agree with those reported in a recent paper analyzing parietal
pleural biopsies of pneumothorax patients [29]. Notably, we did
not find any cluster for endothelial cells; correspondingly, the
blood cells in the various samples do not appear to derive from
blood circulating within blood vessels but rather represent
abundant inflammatory infiltrate. Such blood cells may be absent
or nearly absent from truly normal pleura from healthy patients.
Likewise, we did not identify a cluster representing fibroblasts; we
did find cells expressing collagens, but the same cells also
expressed mesothelial markers.
We then analyzed by scRNAseq 5 biopsies deriving from PM

patients. The transcriptomic pattern observed in mesothelial cells
in non-malignant pleuras was instrumental in identifying
mesothelial and mesothelioma cells in tumor samples, which
were clearly separated from a cluster of CAFs (Fig. 3). Mesothe-
lioma cells shared with mesothelial cells the same markers (MSLN,
CXCL14, SLPI, ILTN1 and KRT18), as would be expected if
mesothelioma cells derive from mesothelial cells. Indeed, markers
of mesothelioma are also markers of mesothelial cells, and the

difference between normal and tumor samples is mainly due to
the number of cells expressing these markers: normal pleuras
contain few mesothelial cells arranged in a monocellular layer and
mesothelioma biopsies contain extensive 3D masses of
mesothelioma cells.
Notably, the mesothelioma cells from different patients were

different in abundance, possibly depending on the variable tumor
burden in the biopsy, and clustered in transcriptomic UMAP space
somewhat differently from each other, consistent with the notion
that each patient might have a different constellation of
mutations and epigenetic events driving tumoral (de)differentia-
tion and tumor cell identity. Interestingly, mesothelial and
mesothelioma cells distributed in 9 clusters. One of the clusters,
which we called mesothelial/HP because of the expression of the
haptoglobin gene (HP), comprises mesothelial cells from MM and
non-malignant patients. The bioinformatic tool Numbat confirmed
their identity of normal mesothelial cells by the absence of copy-
number variations (CNVs). Thus, Mesothelial/HP cells are normal
mesothelial cells even if they come from a MM patient.
When considering only mesothelial and mesothelioma cells we

found two clusters: one cluster comprised both mesothelial and
mesothelioma cells with several different signatures; the other
comprised mainly mesothelioma cells with the interferon (IFN)
signature. These results further underscore that mesothelioma and
mesothelial cells are very similar in gene expression; this is not
necessarily the case for the relation of tumor cells (i.e. in anaplastic
carcinomas or high-grade serous ovarian carcinoma, HGSOC [30])
to their cells of origin. Tellingly, cells from the same patient
distribute to different clusters, consistent with the possibility that
subclones might be present, or that the TME is locally different in
the same biopsy.
In our analyses, the most limiting factor was the physical size of

the biopsy and therefore the number of recoverable cells. For this
reason, and to obtain reliable in vitro models of PM, we
established patient-derived organoids (PDOs) from biopsies of
PM and non-tumor patients by adapting a protocol for the growth
of prostate-derived organoids [31]. All samples gave rise to PDOs
that grew for 3 weeks in Matrigel before needing re-isolation and
re-culturing. When analyzed by scRNAseq, PDOs appeared
depleted in inflammatory cells and enriched in mesothelioma
and fibroblast-like cells. In principle, the fibroblast like-cells could
derive either from CAFs or from the cancer cells present in the
original biopsy. Interestingly, both mesothelioma and fibroblast-
like cells in the same organoid showed the same pattern of CNVs;
cells that have the same genome rearrangements are considered
to have same clonal origin.
Most importantly, we could demonstrate that the original biopsies

from which the PDOs derive also contain tumor cells that have a
fibroblast-like gene expression profile. Since these fibroblast-like cells
have tumor CNVs, they must derive clonally from mesothelioma cells
in the same patient. Diverse populations of fibroblast-like cells within

Fig. 7 Single-cell CNV detection and multiplex immunohistochemistry reveal the existence of cancer-derived fibroblasts. A CNV profile of
MOSR9 cells; log(FC) log expression fold-change, pHF parental haplotype frequency, NEU neutral, CNLoH copy-neutral Loss of Heterozigosity,
DEL deletion, AMP amplification. Gray vertical bars represent centromeres and gap regions. The upper profile is of myeloid cells, the lower
profile is of mesothelioma cells. B CNVs in chromosome 9 in MOSR9 normal (upper profile) and tumor cells (lower profile). The LoHs detected
in these tumor cells involve the chr9p13 region, which encompasses the CDKN2A, CDKN2B and MTAP genes. C UMAP plot of MOSR9 cell types
as in Fig. 3A. D Violin plot of posterior probabilities associated to individual cells from MOSR9, computed on the basis of chr9 LoHs. Each dot
represents one cell. E UMAP plot of cells in Fig. 3A with expression of the EMT signature (Supplementary Table 2). F Double
immunohistochemistry of MOSR9 biopsy. αSMA is red and cytoplasmic, MTAP is brown and mostly nuclear. The blue arrow points to one
double-negative cell (mesothelioma tumor cell), the brown arrow to one αSMA-negative MTAP-positive cell (infiltrating immune cell), the
black arrow to one double-positive cell (vascular smooth cell or pericyte) and the green arrows to two αSMA-positive MTAP-negative cells
(tumor CAFs). G Multiplex immunohistochemistry of MOSR85 biopsy. Left: image scan with ROIs (red rectangles) used for quantification. MTAP
is green, CD45 is yellow, αSMA is red and nuclei are blue. Scale bar: 1 mm. Right panel: detail of the selected ROI. A MTAP+ CD45+ cell
(immune cell) is indicated by the yellow arrow, a MTAP- cell (mesothelioma cell) by the blue arrow, a αSMA+MTAP+ cell (non-tumor CAF) by
the gray arrow and a αSMA+MTAP- cell (CDF) by the green arrow. Scale bar: 20 μm. H Intra-patient variation of the percentage of CDFs within
total CAFs. Bars represent different ROIs in the MOSR85 sample. I Inter-patient variation of the percentage of CDFs within total CAFs.
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a tumor are collectively called CAFs, and by this measure CDFs are a
subset of CAFs. It is important to note that our definition of CAFs does
not depend on morphological features or the expression of a single
marker protein, but from clustering of data points representing the
global transcriptome of individual cells after dimensionality reduction
with Uniform Manifold Approximation and Projection (UMAP). The co-
clustering in scRNAseq of CDFs and other CAFs might to some extent
depend on dimensionality reduction performed in UMAP; however,
we think this unlikely because the difference between mesothelial
cells and mesothelioma cells is clearly apparent at the same level of
clustering resolution. Importantly, we confirmed the existence of
CDFs, i.e. of cells clustering with CAFs but with tumor CNVs, in a
recently published atlas of mesothelioma cells and their TME [8].
We further substantiated the existence of CDFs by classical

double histochemistry: in biopsies from the mesothelioma
patients analyzed by scRNAseq we found cells expressing αSMA
(present in activated fibroblasts including most CAFs, pericytes
and smooth muscle cells) and lacking MTAP or BAP1 (absent in
tumor cells of specific patients). Multiplex IHC also identified a
large number of cells fulfilling our operational definition of CDFs
(αSMA-positive, TS-negative) in one patient previously analyzed by
scRNAseq and four additional patients. Notably, in sarcomatoid
patients three cell types (tumor cells, non-tumor CAFs and CDFs)
have a spindle-shaped morphology.
Thus, two orthogonal approaches at the RNA and protein level

allow us to conclude that mesothelioma samples taken from
patients contain CAFs that derive from mesothelioma cells and
not from classical fibroblasts or mesenchymal cells. The pre-
valence of CAFs, and of CDFs among CAFs, is widely variable
among patients and even in different regions of a biopsy from a
single patient. However, CDFs were present in substantial
numbers in most patients of the 3 PM histotypes –epitheliod,
biphasic and sarcomatoid. Mesothelioma is a rare cancer, and a
specific effort to recruit a larger number of patients will be
required to determine whether CAFs and CDFs are significantly
more prevalent in sarcomatoid as opposed to epithelioid patients.
In most tumors, CAFs derive from diverse populations of

resident fibroblasts, from other stromal cell types or from bone
marrow derived cells [15]. To our knowledge, this is the first time
that a fraction of CAFs in tumor patients have been shown to
derive from the malignant cells in the tumor. While transitions
from normal to tumor cells are conceptually obliged and have
been identified in numerous studies, we show here that tumor
cells can adopt an “almost normal” cellular identity. In principle, it
is possible that driver genetic and epigenetic events first occur in
fibroblasts and then fibroblasts become tumor cells, but this
appears unlikely and in conflict with the finding that gene
expression in mesothelioma cells resembles that of mesothelial
cells, not of fibroblasts. Indeed, tumors arising from fibroblast-like
cells are classified as sarcomas, and while sarcomas occasionally
appear in pleura, these are rare events, while we find CDFs in most
PM patients.
Possibly, CDFs had not been recognized so far because most

pipelines for scRNAseq analysis of the TME classify any cell with
CNVs as tumor, irrespective of their gene expression profile.
However, we favor the idea that CDFs exist in PM because i)
mesothelioma cells have a gene expression profile very similar to
that of mesothelial cells, and ii) mesothelial cells can transdiffer-
entiate into CAFs, for example in pancreatic cancer and in
peritoneal metastases of ovarian and colorectal carcinomas
[32–34]. In peritoneal metastases of intestinal adenocarcinomas,
mesothelial cells become CAFs via Mesothelial-to-Mesenchimal
Transition (MMT) [35]. The derivation of CAFs from adenocarci-
noma cells was explicitly excluded in this study [35] based on the
absence of simultaneous staining for adenocarcinoma and
fibroblast protein markers, but these CAFs might have lost the
expression of adenocarcinoma proteins while retaining the
mutations and genomic rearrangements of adenocarcinoma cells.

In conclusion, we have compared by single-cell RNA sequencing
the identity of cells in samples of non-malignant pleura, confirmed
mesotheliomas and patient-derived organoids. We show that
mesothelioma cells can differentiate within the tumor into CAFs,
or more specifically into Cancer-Derived Fibroblast-like cells. From
a practical point of view, we expect the occurrence and
quantitative prevalence of CDFs to affect the prognosis of
mesothelioma patients, and perhaps their response to treatments,
but this must be proven by future clinical studies.

METHODS
Patient samples
We collected 9 pleural mesothelioma (PM) samples and 3 samples of non-
malignant pleura from the Thoracic Surgery units of IRCCS Ospedale San
Raffaele and Maggiore della Carita’ hospital; 3 samples of normal pleura
were obtained from pleurisy, pneumothorax, and adenocarcinoma
patients. The use of all human samples was approved by the ethical
committee of IRCCS Ospedale San Raffaele. All patients provided informed
consent prior to sample acquisition.

Generation and culture of human pleural and mesothelioma
organoids
For the establishment of patient derived organoids fresh mesothelioma
biopsies were collected, immediately frozen in 90% FCS, 10% DMSO and
stored in liquid nitrogen. Biopsies were then thawed and minced using
scalpels into small pieces (1–5mm3). The small tissue fragments were collected
and mashed through a 70 μm cell strainer until cell aggregates were obtained.
If necessary, red blood cells were removed using a red blood lysis buffer
(eBioscence). After washing and filtering though the 70 µm mesh, cell
aggregates generated by mechanical disaggregation were embedded in
melted Matrigel® Growth Factor Reduced basement membrane matrix, phenol
red-free, 10mL (#356231, Corning) and plated into ultra-low attachment
bottom 24-well plates (Corning Costar CLS3473). The culture plates with just-
seeded cell aggregates enclosed in matrigel were placed at 37°C in a 5% CO2

incubator for 20–30min to allow Matrigel solidification. The medium contained
adDMEM/F12 (#12634-034, Life technologies) supplemented with HEPES
(#15630-056, Life technologies), L-Glutamine, Pen/Strep and 10 µM Y-27632
dihydrochloride, plus B27 supplement (#17504-044, Life technologies, Gibco),
N2 supplement (#17502, Life technologies), 100 ng/ml Noggin (#120-10 C,
Peprotech), 50 ng/ml rhEGF (#AF-100-15, Peprotech), 10 ng/ml of recombinant
human basic FGF (#100-18B, Peprotech), 10% R-Spondin conditioned medium,
and 50%Wnt conditioned medium. We refreshed the medium every 2–3 days.
We monitored organoid growth daily and we acquired images with an
inverted microscope (Axio Observer.Z1, Zeiss) every 2 days post-seeding. The
organoids were subcultured after 3 weeks by using the harvesting solution of
Trevigen (#3700-100-01, Cultrex). The final pellet of cell aggregates was
resuspended in Matrigel and replated, splitting each organoid culture at a
1:2–1:4 ratio (the variability of ratio splitting is due to the quantity of organoids
obtained and growth after day 0 of plating). Again, we replaced the medium
every 2–3 days of culture. The workflow for the development of organoid
cultures is summarized in Supplementary Fig. S2.

Formalin-fixed, paraffin-embedded blocks of PM organoids
The PM organoids maintained in culture were collected after washing 2–3
times with ice-cold HBSS, scraping the Matrigel, pipetting up and down
using cold 1000 μl tips and incubating for 1 h at 4°C to remove Matrigel
from organoids. The organoid pellets obtained were washed, resuspended
and fixed in 4% formalin for 90min at room temperature. After formalin
removal the pellet was washed once with PBS; the supernatant was
removed and replaced with 10ml of 80% ethanol with eosin. Eosin (a red
dye) is added to allow the detection of the pellet during the embedding
process and when cutting the blocks. We prepared a 3% agarose solution
in PBS for embedding; the agar was melted and kept warm in the
microwave and gently added (200–300 μl) with gentle flicking of the tube
to fully resuspend the organoids. The tube containing the organoids in
agar was kept for 15–20min at −20°C to harden. The pellet-containing
agar was removed and placed in IHC cassettes that were immersed in 80%
ethanol overnight. The samples were processed and paraffin embedded
according to standard cytological protocols of Anatomic Pathology Unit,
Novara Hospital. Three-μm slices were used for IHC staining of
mesothelioma markers and 5-μm slices for hematoxylin and eosin staining.
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Immunohistochemistry
Sections of formalin-fixed, paraffin embedded organoids and tissues were used
for histopathological analysis. Hematoxylin and Eosin staining and Sirius Red
staining were performed according to a standard protocol. For immunohis-
tochemistry, rabbit monoclonal antibodies against calretinin (Abcam, ab92341,
dilution 1:100), vimentin (EPR3776, abcam ab92547, dilution 1:200), WT-1
(abcam, ab216646, dilution 1:100), mesothelin (abcam, ab93620, dilution 1:50),
mouse monoclonal cytokeratin 5/6 (D5/16 B4 abcam, ab 17133), MTAP (abcam
ab126760, dilution 1:100) and rabbit polyclonal BAP-1 (abcam, ab199396) were
used. Different antigen retrieval buffers were used to perform manual IHC
staining according to manufacturers’ protocols.

Multiplex IHC (mIHC)
mIHC was performed on 3 μm thick formalin-fixed, paraffin-embedded
(FFPE) sections from PM samples (3 sarcomatoid, 1 biphasic and 1
epithelioid), using two different protocols.

Akoya protocol. Following deparaffinization and rehydration, antigen
retrieval was carried out by heating the slides for 40min at 95°C in ER2
buffer (BOND Epitope Retrieval Solution 2, Leica). Primary antibody incubation
was conducted for 30min at 36°C using a panel of four antibodies against
MTAP (42-T, Santa Cruz, dilution 1:100), CD45 (X16/99, Leica, ready-to-use) and
αSMA (ASM-1, Leica, ready-to-use). Nuclei were counterstained with DAPI.
Image acquisition was performed using the Akoya Vectra Polaris imaging
system (Imager 2.0). Slides were scanned at 40× magnification.

SignalStar protocol. Following deparaffinization and rehydration, antigen
retrieval was carried out in boiling EDTA solution (#14747, Cell Signaling)
for 5 min. Slides were first incubated with anti-MTAP antibody (clone E5R1I,
#74683) O/N at 4 C, followed by incubation for 40min at room temperature
with 150 µL of SignalStar Imaging Round 1 for antibodies against αSMA
(clone D4K9N + CO-0024-594, #25040) and CD45 (clone D9M8I + CO-0013-
750, #56180). For MTAP staining we used complementary oligo #0055-647.
After slides were rinsed in TBST for 30 s, tissues were fixed in 10% neutral
buffered formalin for 5 min, rinsed in distilled water, and subjected to eight
sequential rounds of amplification using Amplification Solutions 1 and 2
(each applied for 8 min and followed by a distilled water rinse). Ligation
was performed by incubating the slides in 150 µL of SignalStar Ligation
Buffer for 20min at room temperature, followed by a rinse in distilled
water. Nuclei were counterstained using DAPI. Slides were mounted with
ProLong Gold Antifade Reagent (Cell Signaling #9071). Images were
acquired using a SP8 laser scanning confocal microscope (Leica).

mIHC image analysis. Individual projects were created in QuPath for each
tissue section. Regions of interest (ROI) were selected while visualizing
solely the DAPI channel to prevent bias. Cell segmentation based on the
DAPI channel was carried out in all selected ROIs using the “cell detection”
function in QuPath. Subsequently, positivity thresholding was set for all
markers of interest (MTAP, αSMA, and CD45). To minimize the number of
false positives and negatives, the MTAP threshold was set based on MTAP-
positive regions identified by classical IHC. Alternatively, the MTAP
threshold was set so that all CD45-positive cells were also positive for MTAP.
The selected thresholds were maintained for all images analyzed, which

was ensured by importing the same classifications into the project for each
individual image. Once classifications had been set, we quantified the
following: 1) Total number of cells per ROI (nuclei stained with DAPI), 2)
Total number of MTAP+ cells, 3) Total number of αSMA+ cells, 4) Total
number of CD45+ cells, 5) Number of MTAP+ αSMA− CD45− cells, 6)
Number of αSMA+ MTAP− CD45− cells, 7) Number of MTAP+ αSMA+
CD45− cells, and 8) Number of MTAP+ αSMA+ CD45+ cells. Cancer-derived
fibroblasts (CDFs) were defined as αSMA+ MTAP− CD45− cells, normal
CAFs were defined as MTAP+ αSMA+ CD45− cells, and tumor cells were
defined as the total number of cells minus MTAP+ cells.

Preparation of single cell suspensions from mesothelioma
biopsies and non-malignant pleura
The PM and non-malignant pleura biopsies were thawed and minced
mechanically into small pieces of 1 cm2 using scalpels in sterile conditions.
Further tissue dissociation into single-cell suspension was performed using
Multi Tissue Dissociation Kit 2 (#130-110-203) combining mechanical with
enzymatic dissociation, according to the manufacturer´s datasheet.
GentleMACS Dissociators were used for the mechanical dissociation steps.
After dissociation, each sample was applied to a filter supplied in the kit to

remove any remaining larger particles from the single-cell suspension.
Cells were finally suspended in 100 µl of PBS containing 0.04% BSA in
1.5 ml tubes and processed immediately for scRNAseq; cell density was 400
cells/µl for a total cell number of 3000 cells.

Preparation of single cell suspension from patient derived
organoids
The organoid medium was removed and the Matrigel plug was washed for
3 times with cold HBSS. Matrigel was dissolved using the harvesting
solution of Trevigen Culturex following the manufacturer’s protocol. The
organoid pellet was transferred into 15ml tubes on ice and centrifuged to
remove the remaining Matrigel. Organoid pellets were dissociated into
single-cell suspensions by pipetting up and down several times with P100
tips; the cell suspension was checking under the microscope and filtered
with 40 μm filters if necessary. Finally, the cell suspension was transferred
to 1.5 ml tubes and processed as indicated for the preparation of single-
cell suspensions from biopsies.

Library construction using the GemCode platform
Cell suspensions of 10,000 cells from 8 patients and 5 patient derived
organoids were prepared and vitality was assessed for each individual
scRNA-seq experiment. Approximately 5000 cells were loaded onto a
single-cell chip for GEM generation using the 10x Genomics Chromium
Controller (10× Genomics, Pleasanton, CA). 3′mRNA-seq gene expression
libraries were constructed using the Chromium Single Cell 3′ Library & Gel
Bead Kit v2 (10× Genomics) according to the manufacturer’s guidelines.
Briefly, cell suspensions were diluted in PBS with 0.04% BSA to a final
concentration of 1×106 cells/mL. Five thousand cells were loaded into each
chip well to obtain a target output of 2 500 cells per sample. All reactions
were performed in a C1000 Touch Thermal Cycler (Bio-Rad Laboratories,
Hercules, CA). Twelve cycles were used for cDNA amplification, while the
number of total cycles for the sample index PCR was calculated based on
the cDNA concentration. Amplified cDNA and final libraries were evaluated
using a Tape Station 4200 (Agilent Technologies, Santa Clara, CA) with a
high sensitivity chip. scRNAseq libraries were sequenced on an Illumina
Nextseq 500 with the standard sequencing protocol of R1 26; I1 8; I2 0; R2 98
nt read length to obtain 100,000 reads per cell.
Single cell encapsulation, cDNA amplification, library preparation and

sequencing were performed by COSR (Center for Omic Sciences) at IRCCS
Ospedale San Raffaele, and by IGATech.

scRNA-Seq analyses
Single cell gene-count matrices were obtained with CellRanger (v6) and
analyzed in R with Seurat. Briefly, matrices of single samples were filtered
using quality parameters, i.e. cells with less than 200 genes expressed and
genes expressed in less than 5 cells were excluded. Each sample dataset
was further filtered by applying sample-specific filters regarding maximum
number of genes per cell and mitochondrial percentage. After preproces-
sing steps with NormalizationData, FindVariablesFeatures and ScaleData
regressing out nFeatures and percentage of mitochondrial genes, a
variable number of principal components was chosen based on the
ElbowPlot and clustering, and UMAP was performed to qualitatively
evaluate single samples prior to integration. Unsupervised clustering using
the Leiden algorithm was performed with a resolution level of 0.8 and
UMAP clustering was used for 2-D frame viewing of clusters. The whole
dataset contained 12,357 single cells at a median read depth of 56,000
reads/cell). Dead and low-quality cells were filtered out from each sample
(Supplementary Figs. S2–5, Supplementary Tables 1, 2).
Integration of datasets was performed using FindIntegrationAnchors

and IntegratedData Seurat functions with default parameters. Gene
specific markers for clusters were obtained with FindAllMarkers function
applying with a Wilcoxon rank-sum test on genes expressed in at least 10%
of cells of either cluster and only.pos=T parameter. The Differential Gene
Expression of genes between clusters and between samples was
performed using FindMarkers function with the same parameters but
with only.pos=F parameter to obtain also downregulated differentially
expressed genes. Both Differentially Expressed Genes and specific cluster
markers analyses were performed on RNA assay of scaled data.
EnrichR web based was used to identify pathways (MSigDB_hallmark_2020)

significantly enriched (adjusted P< 0.05) using cluster specific marker genes.
Genes with an adjusted P< 0.05 were considered significant. An additional
absolute log(fold change) > 1 or 0.75 was used to consider significantly
differentially expressed genes between clusters and/or samples. The
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identification of Cancer Associated Fibroblasts in our 5 biopsies integrated
datasets (Supplementary Fig. 7B) was performed by using data in Giotti et al.
[8] and the label transfer procedure in Seurat Package.
For the re-analysis of Giotti’s dataset (GSE190597), we downloaded and

re-analyze with CellRanger the raw fastq files and used the same Seurat
analysis as for our samples to identify all the different cell types present in
the TME. GeneXcell matrices were used to identify both mesothelioma and
fibroblastic cells before the CNV identification.

CNV identification
Tumor vs Normal identification was performed by detecting copy number
variations (CNVs) in single cells using the R package Numbat [24]. Numbat
is a computational tool used to detect CNVs starting from single-cell
RNAseq data; it combines several types of information to infer which cells
carry genomic alterations typical of cancer. Specifically, Numbat detects
expression changes of contiguous genes across the genome, as these can
be due to amplifications or deletions of DNA segments. It also looks at the
expression balance between maternal and paternal alleles at heterozygous
sites, since shifts in this balance can indicate a CNV or a loss of
heterozygosity. To increase sensitivity and reliability, Numbat uses
haplotype information from population genetics data to link alleles across
longer genomic stretches. Numbat first groups cells with similar expression
and allele patterns and then identifies shared CNVs at the group level.
Finally, it refines the analysis by assigning CNV profiles to individual cells.
In our analysis, the gene-cell integer UMI count matrix from Cell Ranger

was given as input to the run_numbat function and the pileup_and_-
phase.R script provided with the package. Numbat identifies tumor cells by
combining evidence from all CNVs; it then derives the aneuploidy
probability for each cell to distinguish tumor versus normal cells.

Statistics
Differentially expressed genes between clusters were identified by
applying a Mann–Whitney non parametrical test using FindMarkers
function in Seurat package. For functional enrichment with Enrichr, the
p-value is calculated with the Fisher’s exact test, The q-value is an adjusted
p-value calculated using the Benjamini–Hochberg method [36].

DATA AVAILABILITY
Single-cell data have been deposited at the NCBI GEO data repository under
accession number GSE253973.
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