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ABSTRACT

Background: Malignant Pleural Mesothelioma (MPM) is an aggressive disease related to asbestos expo-
sure, with no effective therapeutic options.

Methods: We undertook unsupervised analyses of RNA-sequencing data of 284 MPMs, with no assump-
tion of discreteness. Using immunohistochemistry, we performed an orthogonal validation on a subset of
103 samples and a biological replication in an independent series of 77 samples.

Findings: A continuum of molecular profiles explained the prognosis of the disease better than any
discrete model. The immune and vascular pathways were the major sources of molecular variation,
with strong differences in the expression of immune checkpoints and pro-angiogenic genes; the ex-
trema of this continuum had specific molecular profiles: a “hot” bad-prognosis profile, with high lym-
phocyte infiltration and high expression of immune checkpoints and pro-angiogenic genes; a “cold” bad-
prognosis profile, with low lymphocyte infiltration and high expression of pro-angiogenic genes; and a
“VEGFR2+/VISTA+" better-prognosis profile, with high expression of immune checkpoint VISTA and pro-
angiogenic gene VEGFR2. We validated the gene expression levels at the protein level for a subset of
five selected genes belonging to the immune and vascular pathways (CD8A, PDL1, VEGFR3, VEGFR2, and
VISTA), in the validation series, and replicated the molecular profiles as well as their prognostic value in
the replication series.

Interpretation: The prognosis of MPM is best explained by a continuous model, which extremes show

specific expression patterns of genes involved in angiogenesis and immune response.

© 2019 World Health Organization; licensee Elsevier.
This is an open access article under the CC BY-NC-ND IGO license.
(http://creativecommons.org/licenses/by-nc-nd/3.0/igo/)

Research in context

Evidence before this study

We searched for publically available genomic data of MPM
in public databases (European Genome-Phenome Archive, db-
GaP, TCGA data portal; last accessed in August 2019) associ-
ated with a peer-reviewed article, requiring a minimum of
20 samples with RNA-sequencing data per study. We found
two studies that matched our criteria, one by Bueno and col-
leagues including 211 samples and one by the TCGA consor-
tium including 73 samples. The two studies proposed discrete
molecular classifications of MPM that partially match the cur-
rent histological classification. These two studies were based
on the implicit assumption that MPM is subdivided into dis-
crete entities, potentially preventing the discovery of some
important aspects of the MPM molecular variation.

Added value of this stud

In this study we characterized the molecular variation of
MPM without any assumption of discreteness, to analyse the
molecular pathways underlying this variation, and to identify
novel candidate markers that could serve both for classifica-
tion and treatment of this disease. We provide a model that
explains the prognosis of MPM better than previous discrete
models, both based on histology and molecular data. The
continuous model also enabled to identify the immune and
vascular pathways as the major sources of molecular varia-
tion in MPM. Finally, we provide a validated panel of five pro-
teins that is sufficient to characterize the molecular profile of
MPM.

Implications of all the available evidence

Our findings provide novel insights into the combined im-
portance of angiogenesis and the immune response in MPM
prognosis and progression and inform future tumour classi-
fications. In addition, the five-protein panel that we provide
could be used in the clinic to characterize tumours and in-
form clinical management and treatment strategies.

1. Introduction

Malignant Pleural Mesothelioma (MPM) is a deadly disease,
with most patients dying within 2 years of diagnosis. MPM is re-
lated to asbestos exposure, with a long latency between the expo-
sure and the development of the disease [1]. Based on the 2015
WHO classification, there are three major MPM histopathological
types, with different prognoses: epithelioid, biphasic, and sarcoma-
toid [2]. The sarcomatoid component is the marker with the high-
est prognostic value; however, in the recent IASLC-EURACAN multi-
disciplinary workshop on mesothelioma classification held in Lyon
on the 6-7th July 2018 [3], pathologists agreed that a more precise
definition of what constitutes sarcomatoid features, in addition to a
more multidisciplinary classification, would be needed to improve
diagnosis reproducibility (currently with a kappa of 0.45) [4].

The histopathological classification also has a role in the clini-
cal decision-making but, ultimately, MPM becomes refractory to all
conventional treatment modalities, including surgery, chemother-
apy, and radiotherapy. Alternative therapeutic options have been
evaluated with limited success; for example, although strong pre-
clinical data support the role of angiogenesis in MPM, the avail-
able phase-II and phase-III clinical trials testing for anti-angiogenic
drugs have only shown modest activity [5,6]. Similarly, prelimi-
nary data from ongoing clinical trials suggested that immunother-
apy might be a promising approach for this disease [7]; however,
PD(L)1 expression measured by immunohistochemistry turned out
to be a poor predictive marker of response to PD(L)1 inhibitors,
while concerns have been raised about potential toxicities of im-
munotherapies in patients with mesothelioma [5,8-10]. In addi-
tion, the outcome of patients treated with systemic agents may be
variable across histopathological types: while chemotherapy seems
to be less effective in sarcomatoid tumours, antiangiogenic agents
and immune checkpoint inhibitors are associated with a lower
survival benefit in the epithelioid type. A recent study has high-
lighted the enormous heterogeneity of the microenvironment of
MPM, suggesting that a combination of immunotherapies might be
more effective than single-agent approaches [11].

Large-scale genomic studies aiming at characterizing MPM
have provided new insights into its classification. Bueno and col-
leagues [12] proposed a four-class molecular subdivision based on
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transcriptomic data, consisting of an “Epithelioid” group enriched
for epithelioid tumours, a “Biphasic-E” group enriched for bipha-
sic and epithelioid tumours, a “Biphasic-S” group enriched for
biphasic and sarcomatoid tumours, and a “Sarcomatoid” group en-
riched for sarcomatoid tumours. Similarly, Hmeljak and colleagues
[13] provided a subdivision into molecular groups based on in-
tegrated genomic, transcriptomic, and epigenomic data. Neverthe-
less, these attempts at classifications were all based on the implicit
assumption that MPM is subdivided into discrete entities, poten-
tially preventing the discovery of some important aspects of the
MPM molecular variation. Thus, in this study we characterized the
molecular variation of MPM without any assumption of discrete-
ness, to analyse the molecular pathways underlying this variation,
and to identify novel candidate markers that could serve both for
classification and treatment of this disease.

2. Materials and methods
2.1. Ethics

All methods were carried out in accordance with relevant
guidelines and regulations. This study is part of a larger study -
MESOMICS project- aiming at the comprehensive molecular char-
acterization of malignant pleural mesothelioma, approved by the
IARC Ethical Committee (Project No. 15-17). The samples used in
this study belong to the French MESOBANK [14], which guidelines
include obtaining the informed consent from all subjects.

2.2. Molecular data

We combined the RNA-sequencing (RNA-seq) datasets from
Bueno and colleagues [12] (n=211) and the TCGA [13] (n=73).
Note that we excluded from the full TCGA-MESO cohort of 86 sam-
ples, the samples that were excluded in the final report (13 sam-
ples). Additionally, we conducted immunohistochemistry (IHC) on
two datasets: (1) Tissue MicroArrays (TMAs) of a subset of 106
samples from the Bueno and colleagues study [12], which acts as
an orthogonal technical validation; and (2) an independent cohort
of 77 samples from the French MESOBANK, which acts as a replica-
tion of our results. TMAs were done from 106 cases of MPM, three
cores per sample of 0.6 mm of diameter each were used to make
six recipient blocks of TMA. The replication dataset of 77 samples
come from the French MESOBANK, a multi-centric virtual and ex-
haustive repository of national data, biological samples, and stan-
dardized operational procedures for mesothelioma. This database
contains histopathological data for more than 10,000 specimens
[14]. The 77 samples were selected from three groups: a long-
survival epithelioid group (survival >30months), a short-survival
epithelioid group (survival <10 months), and a sarcomatoid group
(survival <10 months). The samples from the three groups were
matched for age (<6years difference) and sex, were all chemo-
naive at the time of sample collection but all underwent cis-
platin and/or pemetrexed chemotherapy afterwards. Although not
matched, we confirmed that smoking status and asbestos expo-
sure were balanced between the three groups (Fisher’s exact tests
p>0.05).

2.3. Pathological review and clinical data

Tumour grade, infiltration, and the presence of necrosis were
assessed for all 284 samples from digital H&E slides of FFPE. The
slides from the TCGA cohorts were visualized from the cancer
digital slide archive (http://cancer.digitalslidearchive.net/, accessed
in January and February 2018). The histopathological types based
on the 2015-WHO classification (epithelioid, biphasic, sarcomatoid)
and the clinical information (sex, age, survival, asbestos exposure,

pre-treatment, surgery) were retrieved from the supplementary ta-
bles of the corresponding manuscripts. The 77 samples from the
French MESOBANK replication cohort have all undergone a Cen-
tral Pathological Review (French standardized procedure of certifi-
cation of mesothelioma) and contained clinical information on the
same variables. For the replication cohort, we also assessed the
epithelioid histopathological characteristics (patterns and stromal
characteristics), which we subdivided into three subtypes, based on
the recent IASCL-EURACAN interdisciplinary meeting recommenda-
tions: [3] good-prognosis (regrouping the acinar and papillary sub-
types, and samples with abundant myxoid stroma), intermediate-
prognosis (trabecular subtype), and bad-prognosis (solid subtype).
We confirmed that the epithelioid subtypes were balanced be-
tween the long- and short-survival groups (Table 1; Fisher's exact
tests p=1).

2.4. Immunohistochemistry

For the 77 French MESOBANK samples, FFPE tissue sec-
tions were previously deparaffinised. All the TMA spots and the
MESOBANK samples were stained with the CD8 (ROCHE, cl SP57
Rabbit), PDL1 (ROCHE, cl SP263 Rabbit), VEGFR2 (Cell Signaling,
cl 55B11 Rabbit), VEGFR3 (R&D, Polyclonal goat), and VISTA (Cell
Signaling, cl D1L2G) assays using UltraView Universal DAB Detec-
tion Kit (Ventana Medical Systems) and Amplification Kit (Ventana
Medical Systems - Roche) on Benchmark ULTRA (Roche, Ventana
Meylan, France) individually. For CD8, PDL1 and VISTA, because the
available antibodies were all membranous for tumour cells, no dual
stainings were performed. For CD8, the percentage of tumour in-
filtrating lymphocytes (TILS) exhibiting a staining were reported.
For PDL1, the percentages of TILS cytoplasmic/membranous stain-
ing and tumour cells exhibiting a membranous staining were sep-
arately reported. For all other markers, the percentages of tumour
cells exhibiting a membranous staining were reported. CD8 and
VEGFR3 percentages have been reported as five levels of protein
expression: 0%, 25%, 50%, 75% and 100%, instead of a continuous
quantification as reported for all other markers, due to the lack of
resolution. For VEGFR3 we optimized the membranous staining by
adapting the dilution to the best staining of the internal control
(vessels), which could explain these difficulties. The percentage of
all markers was only reported when the average number of tumour
cells was more than 50%. When the slide or staining global quality
did not allow the protein level evaluation, the percentage of the
marker was not reported. For these reasons, only a subset of 103
out of the 106 samples initially planned was included in the tech-
nical validation cohort by IHC on TMA. Among the 77 MESOBANK
samples, there were three samples with missing data for CD8 ex-
pression, three for PDL1 expression in the tumour, four for PDL1 in
TILS, seven for VEGFR2, three for VEGFR3, and eight for VISTA. The
positive controls of the five antibodies used are reported in Fig. S1.
All THC photos have been scanned at 20x magnification. All the
[HC slides have been read and scored by FGS.

2.5. RNA-seq data processing

The 284 raw reads files were processed in three steps (bioinfor-
matic workflow freely available at https://github.com/IARCbioinfo/
RNAseq-nf): [15-17] (i) reads were scanned for Illumina adapter
sequence using software Trim Galore v0.4.2; (ii) reads were
mapped to reference genome GRCh38 (gencode version 24) using
software STAR v2.5.2b; and (iii) reads were counted for each gene
of the comprehensive gencode gene annotation file using software
htseq v0.8.0. We quantified the proportion of cells that belong to
different immune cell types from the RNA-seq data using soft-
ware quanTIseq [18] (Table S1). In a nutshell, quanTIseq performs
a supervised deconvolution based on the expression signature of a
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Table 1
Replication series baseline table.
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Characteristics Epithelioid long survival (n=26)

Epithelioid short survival (n=25)

Sarcomatoid (n=26)

Discrete variables No. (%)
Sex
Male 20 (77)
Female 6 (23)
Smoking status
Never 6 (30)
Former 12 (60)
Current 2 (10)
Asbestos exposure
No 5(19)
Possible 0 (0)
Probable 4 (15)
Yes 17 (65)
Survival censor (dead) 26 (100)

Epithelioid subtype?®

Good-prognosis 7 (6 acinar, 1 papillary)

Intermediate-prognosis 3

Bad-prognosis 15
Continuous variables Mean (sd)
Age at diagnostic (years) 74.9 (7.3)
Survival time (months) 42.2 (5.2)

No. (%) No. (%)
19 (76) 20 (77)

6 (24) 6 (23)

9 (45) 4 (29)

8 (40) 8 (57)

3 (15) 2 (14)

9 (36) 2(8)
1(4) 1(4)
3(12) 2(8)

12 (48) 20 (80)
25 (100) 26 (100)
7 (3 acinar, 2 myxoid stroma, 2 papillary) NA

3 NA

14 NA

Mean (sd) Mean (sd)
74.4 (7.3) 74.8 (6.8)
5.8 (2.8) 47 (2.4)

2 Good-prognosis subtypes: acinar, papillary, myxoid stroma; intermediate-prognosis subtype: trabecular; bad-prognosis subtype: solid.

reference panel of blood-derived immune cells from ten different
types. Among all the genes from the transcriptome, the quanTiseq
authors selected a panel using machine-learning techniques so as
to maximize specificity and discriminative power (see Additional
File 1 from Finotello et al. 2017 for the source datasets used and
the full list of genes included) [18].

2.6. Low-dimensional summary of expression data

The raw read counts of the 284 samples were normalized us-
ing the variance stabilization transform (R package DESeq2 v1.18.1)
[19]. The genes that displayed the largest variance (7145 genes rep-
resenting 50% of the total variance; Table S2) were then mean-
centered and selected to compute a low-dimensional summary us-
ing Principal Component Analysis (PCA; Table S1). Indeed, the vi-
sualization of the expression levels across samples for 7145 genes
theoretically requires a plot in 7145 dimensions, which would be
impossible to interpret. PCA overcomes this issue by reducing the
high-dimensional data to a few independent dimensions, each rep-
resenting groups of genes with correlated expression levels. One
limitation of PCA is that it assumes linear relationships between
the low-dimensional representation and original variables (gene
expression, in our case). Nevertheless, contrary to alternative non-
linear techniques, this linear relationship results in interpretable
dimensions [20]. In other words, PCA makes data easy to explore
and visualize by reducing the dimensionality of a data set consist-
ing of many variables correlated with each other, while retaining
as much as possible the variation present in the original dataset.
Note that we report the first two dimensions of the PCA in the
results section, because the other main dimensions (from three to
seven) explain each <5% of the gene expression variation among
the 7145 selected genes, they were not significantly associated
with the histopathological type (ANOVA g > 0.05), and none except
Dimension 5 were associated with survival (Wald test p > 0.05; Ta-
ble S3). Importantly, the samples with pre-treatment (31 samples
with pre-surgical chemotherapy from the Bueno et al. cohort) did
not have significant associations with any of the seven axes. Also
note that all 199 samples included in the survival studies under-
went similar treatments (chemotherapy plus surgery). Correlation
circles were constructed from the correlations of variables on each
dimension.

We performed a five-gene PCA following the same protocol, but
using only a subset of five genes highly correlated with PCA Di-
mensions 1 and 2, for which IHC-validated antibodies were avail-
able (CD8A, VEGFR2, VEGFR3, PDL1, and VISTA). We compared the
PCA performed on all genes (hereafter simply denoted “PCA”) to
that performed on the reduced gene set (denoted “five-gene PCA”)
using the Kabsch algorithm, which finds the rotation that mini-
mizes the deviation between two sets of points.

PCAs were independently conducted on the validation and
replication IHC datasets, after mean-centering expression levels.
We used hierarchical clustering on the replication IHC dataset
to ensure that the protein expression profiles of the short- and
long-survival epithelioid sets were not biased by misclassifica-
tions. Indeed, if misclassifications—which are common in MPM,
in particular biphasic samples misclassified into epithelioids and
sarcomatoids—disproportionately happened between sarcomatoids
and short-term survival epithelioids in our series, we would ex-
pect the protein expression of the epithelioid short-survival set to
be biased toward that of the sarcomatoid set. Using hierarchical
clustering analysis on the five-protein expression data (Fig. S2), we
found that most sarcomatoid and epithelioid samples had distinct
expression patterns, and that there were similar numbers of short-
and long-survival epithelioids that had an expression profile in-
between that of epithelioid and sarcomatoid samples (four and two
samples, respectively, possibly misclassified biphasics). This indi-
cates that misclassifications should impact the two epithelioid sets
similarly and thus should not induce a bias in the comparisons be-
tween epithelioid sets.

2.7. Interpretation of the PCA dimensions

We tested the association between each dimension and clin-
ical and histopathological variables using linear regression, with
sex, age, histopathological type, asbestos exposure, smoking sta-
tus, necrosis, and grade, as explanatory variables (Table S3). Be-
cause each dimension of the PCA summarizes sets of genes, we
can infer the main biological processes that correspond to each
dimension by looking at the biological functions of these sets
of genes. To do so, we computed Gene-Set Enrichment Analyses
(GSEA) on hallmarks of cancer gene sets (gene sets in Table S4;
results in Table S5) from the study of Kiefer and colleagues [21],
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after removing the duplicated genes from some hallmarks, using
the Principal Component Gene-Set Enrichment method [22]. PCGSE
uses t-tests to compare the mean correlation coefficient of non-
hallmark genes with that of genes from a focal hallmark. In ad-
dition, to test the robustness of GSEA the results to the choice
of database, we performed GSEA on the top correlated genes
with Dimensions 1 and 2 using the STRING database [23] v11
(Table S6). From the top 300 genes correlated with Dimension
1, 66 Biological Process GO terms were enriched with vascular
pathways, with the top 10 including: “regulation of vasculature
development” (GO:1901342), “positive regulation of angiogenesis”
(GO:0045766), and “artery development” (GO:0060840). Interest-
ingly, the “cell adhesion” (GO:0007155) and “regulation of cell mi-
gration” (GO:0030334) GO terms were also in this top 10, suggest-
ing that molecular pathways involved in the epithelial mesenchy-
mal transition are also captured by Dimension 1. We performed the
same analysis with the top 300 genes correlated with Dimension
2 coordinates and found 312 Biological Process GO terms enriched
for a large majority of pathways related to the immune system.
In fact, all nine most strongly associated pathways were directly
linked to the immune system. All the results are presented in Ta-
ble S6.

2.8. Survival analysis

Median survival times were estimated using the Kaplan-Meier
nonparametric estimator. Survival predictions were tested using
Cox proportional hazards models (R package survival v. 2.42-6)
[24]. Goodness of fit was assessed using three diagnoses (follow-
ing Bradburn and colleagues [25]): (i) to assess the proportional
hazards assumption, we computed the Schoenfeld residuals test for
each variable, using rank transformation for survival time (func-
tion cox.zph from package survival); (ii) to assess the leverage
of each observation, we computed the change in regression coef-
ficients when removing each observation (function ggdiagnostics
with option “dfbeta” from package survminer); and (iii) to assess
the general goodness of fit of the model, we plotted the deviance
residuals as a function of linear predictions (function ggdiagnostics
with option “deviance” from package survminer). We also assessed
the functional forms for continuous variables using plots of mar-
tingale residuals against the values of the focal variable; because
the percentage of sarcomatoid, PC1 and PC2 presented non-linear
functional forms, we modelled them using smoothing splines with
four degrees of freedom. Diagnostics and functional forms were as-
sessed using R package survminer, v. 0.4.3.

We compared model fits using the time-dependant Area Un-
der the ROC Curve (AUC) and its integral (iAUC; Section 3.3 of
Chambless and Diao, 2006; R package survAUC, v. 1.0-5) [26], com-
puted using leave-one-out cross-validation [27] (Table S7). Time-
dependent AUC estimates the ability of a model to predict patients
with a survival higher or lower than a given threshold, and iAUC
integrates the results of time-dependent AUC over the threshold
value, providing an interpretation similar to that of classical AUC.

To assess the ability of the PCA to predict survival, we used the
first seven dimensions of the PCA as continuous explanatory vari-
ables, and included smoking, and asbestos exposure in the model,
and used sex as a stratification variable (Table S3). The use of a
stratification variable enables to adjust for the effect of sex, which
is in our case a nuisance factor that is not investigated. To assess
the ability of specific genes to predict survival, we used the ex-
pression of each gene as an explanatory variable, also including
age and asbestos exposure as covariables, and sex as a stratification
variable (Table S8). All models used the attained age scale, which
provides a control for age effects without needing to fit an addi-
tional age parameter compatible with the proportional hazards as-
sumption [28]. Because of the high proportion of missing smoking

status information and the lack of significant association between
this variable and the two first PCs, smoking was not included as a
covariable in the model.

2.9. Differential protein expression analysis from IHC data

We performed differential gene-expression analyses from RNA-
seq data on the discovery cohort (data from Bueno and colleagues
and the TCGA) using univariate independent two-sample Wilcoxon
U tests between a long-survival epithelioid group (47 samples from
the cohort with survival >30months), a short-survival epithelioid
group (58 samples with survival <10months), and a sarcoma-
toid group (eight samples with survival <10 months) as defined in
Section 2.2 of Materials and Methods; because we had no a pri-
ori hypotheses about the direction of the effects of the groups on
gene expression, we used two-sided tests in the discovery cohort.
For the replication cohort, we conducted both univariable tests of
differential protein expression between the matched sets (short-
survival epithelioids, long-survival epithelioids, and sarcomatoids;
paired two-sample Wilcoxon T-tests) and between epithelioid sub-
types (subtypes and stromal variants; Kruskal-Wallis tests). Note
that among the 77 samples of the replication cohort, due to miss-
ing data, the sample sizes were 74, 74, 73, 70, 74, and 69, re-
spectively for CD8, PDL1 expression in the tumour, PDL1 in TILS,
VEGFR2, VEGFR3, and VISTA. We used nonparametric tests because
[HC measures are discrete and thus violate the normality assump-
tion of linear models (linear regression and ANOVA), and we used
similar tests in the discovery cohort to maximize the homogene-
ity between the statistical treatment of discovery and replication
cohorts. We conducted Bivariable tests including both sets and ep-
ithelioid subtypes using conditional logistic regression. Because the
replication cohort was used to confirm the hypotheses generated
in the discovery cohort, including the direction of the effects, we
performed one-sided tests. See results in Table S9.

2.10. Multiple testing corrections

Whenever multiple tests were performed, we computed g-
values—p-values adjusted for a controlled false discovery rate—
using the Benjamini-Hochberg procedure [29]. For the remainder
of the text, “q” will denote such adjusted p-values and “p” will de-
note regular p-values.

2.11. Data sharing

TCGA RNA-seq data are available from the GDC portal (TCGA-
MESO cohort) and the RNA-seq data from the Bueno and col-
leagues cohort are available from the European Genome-phenome
Archive, EGA:EGAS00001001563. An interactive version of the PCA
in Fig. 1a is available for further exploration in https://tumormap.
ucsc.edu/ under the project MESOMICS.

3. Results
3.1. A continuous molecular classification of MPM

We computed a two-dimensional visual summary of the gene
expression variation of 284 MPMs using an unsupervised analy-
sis (Principal Component Analysis, PCA) (see Methods) (Fig. 1a,
left panel; Table S1). Each dimension of the PCA summarizes the
expression of sets of correlated genes, with the two first dimen-
sions explaining respectively, 11% and 8% of the molecular varia-
tion of the most variable genes (7145 genes representing 50% of
the total variance; Table S2, see Methods). The first dimension was
significantly associated with the reported histopathological type
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Fig. 1. Malignant Pleural Mesothelioma expression profiles follow a continuum model.

a) Two-dimensional summary of 284 transcriptomes using Principal Component Analysis (PCA). Point colours represent the three histopathological types, and the overlayed
blue-coloured rectangles represent the survival in nine regions; the filled shapes on the bottom panel correspond to the density of samples from each histopathological
type on Dimension 1, and the filled shapes on the right panel correspond to the RNA-seq-estimated mean proportion of immune cells from 10 cell types, in each sample,
as a function of Dimension 2 coordinates, computed using a moving average with a window size of 30 Dimension 2 units. b) Integral AUC (iAUC) of five Cox proportional
hazards survival models: (i) a model based on the three histological types; (ii) a model based on the percentage of sarcomatoid; (iii) a model based on the four molecular
clusters from the study of Bueno and colleagues [12]; (iv) a model based on the coordinates of samples on Dimension 1; (v) a model based on the coordinates of samples
on Dimensions 1 and 2. c¢) Gene-Set Enrichment Analysis (GSEA) of the genes most correlated with Dimensions 1 and 2, based on the hallmarks of cancer gene sets;
violin plots and boxplots represent the distribution of Pearson correlation coefficients between gene expression and Dimensions 1 (red) or 2 (blue); genes in parenthesis
are not part of the current hallmark annotation; only the three hallmarks with the highest correlation are represented; see Fig. S9 for the results of all hallmarks. In the
boxplot representation, centre line represents the median and box bounds represent the inter-quartile range (IQR). The whiskers span a 1.5-fold IQR or the highest and
lowest observation values if they extend no further than the 1.5-fold IQR. d) Correlation circle of the Principal Component Analysis (PCA) from panel (a) for 12 genes of
interest. Arrow lengths and direction correspond to the strength and sign of the correlation between the variable and Dimensions 1 and 2. e) Forest plot of hazard ratios for
overall survival with age, sex and asbestos exposure as covariables. The black boxes represent estimated hazard ratios and whiskers represent the associated 95% confidence
intervals. Wald test g-values are shown on the right. Only the markers significantly associated with survival are represented (Wald test q < 0.05); see Table S8 for the results
of all genes. Data used in (a) and (c) correspond to the n=211 samples from the study of Bueno and colleagues [12] and the n=73 transcriptomes from the TCGA MESO
cohort [13]. Data used in (b) correspond to the n=199 samples from the Bueno cohort [12] with RNA-seq data and available percentage of sarcomatoid component. Data
used in (e) correspond to n=205 samples from the Bueno cohort [12] and n=59 samples from the TCGA MESO cohort [13] with RNA-seq data and available asbestos
exposure annotations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(ANOVA q=3.0 x 10~29; Fig. 1a, bottom panel; Table S3), with sar-
comatoid samples mainly on the left (lowest coordinates on Di-
mension 1), biphasic samples mainly in the middle (intermedi-
ate coordinates on Dimension 1), and epithelioid samples mainly
on the right (greatest coordinates on Dimension 1; Fig. 1a, left
panel). Nevertheless, samples did not form discrete clusters, and

rather conformed to a continuum of expression profiles (see den-
sity along Dimension 1 in Fig. S3). This first dimension was also
significantly correlated with the percentage of sarcomatoid com-
ponent in the tumour estimated by the pathologist from the H&E
stain (r=—0.74, Pearson correlation test p=38.4 x 10-36; Fig. S4),
presence of necrosis (ANOVA q=1.1 x 10~2; Table S3), and grade
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(ANOVA q=2.5 x 10~2; Table S3), with samples on the left present-
ing high sarcomatoid component, high grade and necrosis.

The prognostic value of the histopathological classification is
well known. In the PCA, samples in the top-right region (great-
est coordinates on Dimensions 1 and 2) presented the best sur-
vival (Kaplan-Meier median estimate of 36 months, dark blue rect-
angle in the PCA; Fig. 1a, left panel), and samples on the left, the
worst (Kapan-Meier median estimate of 10 months, light blue rect-
angles; see Table S7 for statistical tests and Fig. S5 for Kaplan-
Meier curves). In order to compare the ability of histopathological
and molecular data to predict survival, and to compare the rela-
tive benefit of using discrete versus continuous variables to predict
survival, we compared five survival models: (i) a model based on
the three histopathological types (epithelioid, biphasic, and sarco-
matoid); (ii) a model based on the sarcomatoid content estimated
by the pathologist (continuous phenotypic variable); (iii) a model
based on the four molecular groups described by Bueno and col-
leagues (Epithelioid, Biphasic-E, Biphasic-S, and Sarcomatoid) [12];
(iv) a model based on the one-dimensional summary of gene ex-
pression data (using Dimension 1 as a continuous variable); and
(v), a model based on the two-dimensional summary of gene ex-
pression data (using the two dimensions of the PCA as continuous
variables) (Fig. 1b). We found that the models based on molecular
(expression) data outperformed the models based on histopathol-
ogy (iAUC of 0.63, 0.62, 0.67, 0.68, and 0.70, respectively for models
i-v), with the continuous molecular models, and in particular, the
one based on both dimensions providing the most accurate sur-
vival predictions (Fig. 1b). In particular, the continuous molecular
model based on PC1 and PC2 provided better predictions for long-
term survivors (more than 15% increase in AUC for survival greater
than two years; Fig. S6). See Fig. S7 for diagnostics of the good-
ness of fit for each model, and Fig. S8 for assessments of the func-
tional form of continuous variables. All tests of the proportional
hazards assumption (Schoenfeld tests) were non-significant, and no
trends were observed in any plot, suggesting adequate models (Fig.
S7). One observation—a sarcomatoid tumour with large associated
survival (~four years)—displayed a large leverage in most models
(Fig. S7b); this observation had a particularly large leverage on the
estimate of the sarcomatoid coefficient of model (i) from Fig. 1b
(—0.59 change when the sample is removed), because of the very
small number of samples in the sarcomatoid group.

Because each dimension of the PCA summarizes the expression
of a large group of genes (1793 and 986 genes with an absolute
correlation greater than 0.5 with Dimensions 1 and 2, respectively),
we used gene-set enrichment analysis (GSEA) on the hallmarks of
cancer—10 biological capabilities acquired during the development
of tumours— [30] in order to reveal the cellular and molecular pro-
cesses underlying the two dimensions of the PCA, and to inform
their link with survival. We found that Dimension 1 was associated
with hallmark “inducing angiogenesis", with samples on the left
of the PCA (Fig. 1a, left panel) presenting higher expression lev-
els of genes from this hallmark (negative association with Dimen-
sion 1, Fig. 1c; t-test g=1.5 x 10~7). Dimension 2 was associated
with “avoiding immune destruction” and “tumour-promoting in-
flammation”, with samples at the top of the PCA presenting higher
expression levels of genes from these hallmarks (positive associa-
tions with Dimension 2; t-test g=1.7 x 10~10! and q=7.3 x 10~28,
respectively; Fig. 1c; Fig. S9). Of note, genes from eight out of the
10 hallmarks presented a higher expression level in samples on the
left of the PCA (t-tests g <0.05; Fig. S9), which is in line with the
worse prognosis of these samples (light blue areas).

Genes from the angiopoietins-tie pathway—which is critical for
tumour angiogenesis—and CD31 (PECAM1 in the gencode annota-
tion; which is also a marker of angiogenesis) [31,32] behave simi-
larly to the “inducing angiogenesis” hallmark. Indeed, many of the
genes in the angiopoietins-tie axis (including ANGPTL1, ANGPTL4-5,

ANGPTL7, ANGPT1-2, ANGPT4, and TIE1) belong to the genes with
the largest molecular variation across samples (Table S2). In ad-
dition, many of these genes also contribute to the “inducing an-
giogenesis” (e.g., ANGPT1-2 and ANGPT4, ANGPTL3-4, and CD31) and
the “tumour promoting inflammation” hallmarks (ANGPT1-2 and
ANGPT4 and CD31; Table S3). Finally, ANGPT1-7, TIE1, and CD31 ex-
pression are all significantly correlated with Dimension 1, support-
ing our claim that this first dimension represents an angiogenesis
axis (Table S5). We show in Table S6 that the association of vascu-
larization with Dimension 1, and immune processes with Dimen-
sion 2 are robust to the choice of gene sets, by using GO terms in-
stead of the hallmarks of cancer (see Methods). These results pro-
vide a biological interpretation of the dimensions, where Dimen-
sion 1 corresponds to an “angiogenesis” axis and Dimension 2 cor-
responds to an “immune response” and “inflammation” axis.

To assess the importance of tumour infiltrating lymphocytes in
driving the gene expression differences across samples captured
by the second dimension, we quantified the proportion of im-
mune cells per sample using RNA-seq data [18]. We found that the
estimated proportions of B cells, macrophages M2, CD8+ T cells,
CD4+ regulatory T cells, and dendritic cells were significantly as-
sociated with this second dimension (permutation test g <0.05;
Fig. S10a). In particular, the proportion of CD8+ T cells presented
the strongest variation across samples, with samples enriched for
these cells being overrepresented in the top-left region of the
PCA (Fig. 1a, right panel; Fig. S10). Concordantly, we found that
for both Bueno and colleagues [12] and TCGA [13] cohorts, the
amount of tumour infiltration estimated by the pathologists from
the H&E stains was significantly correlated with the amount esti-
mated from the matched expression data (Pearson correlation tests
p=93x10"7 and p=2.8 x 1074, respectively; Fig. S11).

3.2. Potential markers for classification and therapy

We then focused on finding candidate markers that could have
dual roles: classification—accurately representing the continuum
of molecular profiles of MPM—and therapy—being associated with
possible therapeutic options. Among the 85 “inducing angiogen-
esis” genes significantly correlated with the first dimension, we
found all the members of the vascular endothelial growth factor
receptor (VEGFR) family of genes—FLT1 (VEGFR1), KDR (VEGFR2),
and FLT4 (VEGFR3)—as well as the VEGFR3 and PDGFRB ligands
VEGFC and PDGFB, respectively. Indeed, samples on the right of
the PCA presented higher expression of VEGFR2 (Pearson corre-
lation with Dimension 1: r=0.59, q=2.9 x 10-25; Fig. 1c-d) and
samples on the left presented higher expression of genes PDGFRB,
VEGFR1, VEGFR3, and VEGFC (respective correlations with Dimen-
sion 1: r=-0.72, —0.65, —0.65, and —0.56, and q=3.4 x 10~%4,
1.2 x 10733, 5.7 x 10733, and 9.4 x 10-23; Fig. 1c-d; Table S5). Genes
VEGFR1 and VEGFC were also in the “tumour promoting inflam-
mation” hallmark, highlighting their dual pro-angiogenic and pro-
inflammatory role (Fig. 1c). The region with the largest amount of
CD8+ T cells included samples with a low-survival profile (top-
left region of the PCA), also harbouring overexpression of genes
from the “avoiding immune destruction” hallmark (Fig. 1c). To
gain some insights into this observation, we further investigated
the 458 genes from the “avoiding immune destruction” hallmark
showing significant correlations with the two dimensions and we
found, among them, the CD8+ T-cell marker CD8A, and the im-
mune checkpoints (IC) CTLA4, TIM3 (HAVCR2), PD1 (PDCD1), and
PDL1 (CD274, Fig. 1c-d; Table S5). Similarly, other well-known ICs
that were not annotated in the hallmarks of cancer list from Kiefer
and colleagues [21], such as VISTA (C10orf54) and LAG3 [33], were
also significantly correlated with Dimensions 1 and 2 (g <0.05;
Table S5). Interestingly, these data point to an immunosuppres-
sive environment in these samples. The expression levels of six
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(PDGFRB, VEGFR1, VEGFR2, VEGFR3, VEGFC,VISTA) out of the 12 pro-
angiogenic and IC genes above-mentioned, were individually asso-
ciated with survival differences across samples (Fig. 1e). These as-
sociations still held significant for VISTA, VEGFR1 and VEGFC (at the
10% false discovery rate threshold) when restricting the analyses
to epithelioid samples (Table S8), suggesting that this association
is not only driven by histopathological types. See Fig. S12 for diag-
nostics of the goodness of fit for each survival model. All tests of
the proportional hazards assumption (Schoenfeld tests) were non-
significant, and no trends were observed in any plot, suggesting
adequate models.

3.3. Technical orthogonal validation and independent replication

We validated the gene expression levels (from RNA-seq data) at
the protein level using immunohistochemistry (IHC) on tissue mi-
croarrays (TMAs) generated for a subset of 103 out of the 284 sam-
ples included in this study. For this technical orthogonal validation,
we selected five genes (out of the 12 genes above-mentioned) for
which [HC-validated antibodies were available: CD8, PDL1, VEGFR3,
VEGFR2 and VISTA. In order to test if these five genes provided
a good approximation of the behaviour of the entire transcrip-
tome, we computed a two-dimensional visual summary of these
five genes (five-gene PCA; Fig. S13a) that we contrasted with the
two-dimensional summary from the main PCA (Fig. 1a, left panel),
based on the entire transcriptome (hereafter simply denoted as
PCA). We found that the five-gene PCA provided a good approxi-
mation of the PCA: the first two dimensions of the five-gene PCA
were significantly correlated with those of the PCA (Pearson cor-
relation test p <6.2 x 10739; Fig. S13b-c). In addition, the overall

structure (direction and strength) of the correlations between the
protein levels and the two dimensions matched that identified us-
ing the whole transcriptome (Fig. 2a, left panel versus Fig. 1d; Ta-
ble S5). The protein levels of the five genes were significantly posi-
tively correlated with the gene-expression levels (green diagonal in
Fig. 2a, right panel). Interestingly, despite the background detected
for the VEGFR3 marker (see Methods), we still found a signifi-
cant positive correlation with the gene expression. We also val-
idated the correlation structure observed at the RNA-seq level—
positive correlations between PDL1 and CD8, and between VEGFR2
and VISTA (upper triangular part in Fig. 2a, right panel)—at the pro-
tein expression level (lower triangular part in Fig. 2a, right panel).
These observations further support the value of the five markers
in explaining the continuum model of MPM, and support the ex-
istence of two dimensions in the protein expression of MPM—one
associated with angiogenesis and the other one associated with the
immune response. Examples of positive and negative samples for
the above-mentioned markers are shown in Fig. 2b.

The two main findings of this study [(i) the existence of two
dimensions of variation in protein expression in MPM respectively
linked to angiogenesis and the immune response, and (ii) the prog-
nostic value of the above-mentioned five-marker panel] were in-
dependently replicated in a series of 77 additional MPMs from the
French MESOBANK [14], on which we performed IHC for the five-
gene panel and estimated the percentage of tumour infiltration
from the H&E slides. This series was composed of three age- and
sex-matched sets of 26 samples each, based on their histopatho-
logical type and survival characteristics: a short-survival epithelioid
group, a long-survival epithelioid group, and a sarcomatoid group
(Table 1). For the epithelioid samples, we also obtained a balanced



N. Alcala, L. Mangiante and N. Le-Stang et al./ EBioMedicine 48 (2019) 191-202 199

representation of the different histopathological categories (epithe-
lioid subtypes and stromal characteristics) across the matched sets
(Table 1; see details in Methods); in addition, using hierarchical
clustering analyses of the IHC data, we confirmed that histopatho-
logical type misclassifications are unlikely to bias the analyses (Fig.
S2; see details in Methods). The protein levels in this independent
series of samples allowed reproducing the two-dimensional sum-
mary resulting from the entire transcriptome (denoted IHC PCA
and PCA, respectively; Fig. 3a). Indeed, as in the PCA (Fig. 3a, upper
panel), a first dimension in the IHC PCA mainly separated sarco-
matoid samples from epithelioid samples (Fig. 3a, bottom panel),
and was negatively correlated with the expression of PDL1 and
CD8 and positively correlated with the expression of VISTA and
VEGFR2 (Fig. 3b). A second dimension was mostly orthogonal to
the histopathological types, and positively correlated with the ex-
pression of PDL1, CD8, VEGFR2, and VISTA, and negatively corre-
lated with the expression of VEGFR3 (Fig. 3b). Concordantly, the
correlation structure of the protein expression in this replication
series matched that of the discovery series based on RNA-seq data
(Fig. 3b versus Fig. 2a).

In this independent series, we also validated the prognostic
value of the markers. Indeed, the second dimension (IHC PCA Di-
mension 2) was associated with survival, with the region of high
expression of VISTA and VEGFR2 (top-right region in Fig. 3a, bot-
tom panel) enriched for long-survival epithelioids (median sur-
vival of 35months). In terms of distinguishing long- and short-
survival epithelioids, VISTA seems to be a promising individual
marker since both gene expression and protein levels were sig-
nificantly different between the two groups as shown in the dis-
covery and replication series, respectively (Wilcoxon tests q < 0.01;
Fig. 3c). In addition, the IHC also allowed differentiating the ex-
pression of PDL1 in tumour cells and in lymphocytes (Fig. 3d); the
fact that the tumour cells express PDL1 further supports the sug-
gested immunosuppressive phenotype. VISTA was the only protein
with significant expression differences between epithelioid sub-
types (Kruskal-Wallis test q=0.066; Fig. 3e left panel; Table S9).
Surprisingly, despite the overall good-prognosis of VISTA expres-
sion that we identified, VISTA was overexpressed in the epithelioid
subtypes usually associated with intermediate-prognosis (trabec-
ular) and bad-prognosis (solid), compared to those usually asso-
ciated with good-prognosis (acinar, papillary, and myxoid stroma;
Fig. S14). In fact, stratifying by epithelioid subtype revealed larger
VISTA expression differences between the short- and long-survival
sets (Fig. 3e, right panel; Fig. S14).

4. Discussion

The molecular profile and the prognosis of malignant pleural
mesothelioma (MPM) appears to be better explained by a con-
tinuous model, with strong differences in the expression of pro-
angiogenic and immune checkpoint (IC) genes across samples,
pointing to the immune and vascular systems as the major sources
of variation. This continuous model can be thought as a refinement
of the four-class molecular subdivision from Bueno and colleagues
[12] as follows: firstly, we showed that its continuity better cap-
tures the molecular variation and provides better prediction than
a discrete classification; and secondly, we showed that the contin-
uous model captured a second dimension that was independent
of the histopathological classification and that was also associated
with survival. This second dimension was not captured by pre-
vious molecular classification studies [12,13], presumably because
of their focus on discrete groups correlated with histopathologi-
cal types. Importantly, we find that this two-dimensional contin-
uous model enables in particular better predictions of long-term
survival, which is coherent with the identification of a region of

better prognosis (36 months) for high values of both Dimensions
1 and 2. The discovery of a two-dimensional summary of molec-
ular variation uncovered important associations with the 10 cur-
rently accepted hallmarks of cancer. In particular, genes of eight
hallmarks showed general upregulation in the region enriched for
sarcomatoid and biphasic tumours, including the hallmark “acti-
vating invasion motility” that encompasses pathways involved in
the epithelial-mesenchymal transition, which is known to play an
important role in MPM [34,35]. This could explain the increased
aggressiveness reported for these two tumour types, as well as the
diverse responses to anti-angiogenic agents and immunotherapies.
In addition, among genes from these eight hallmarks that are sig-
nificantly correlated with the first dimension and upregulated in
the region with sarcomatoid and biphasic tumours, there are two
well-known indexes used in the clinic: MKI67, which is a well-
known proliferation index and which is in the “sustaining prolifer-
ative signaling” hallmark, and CASP3, which is a well-known apop-
totic index which is in the “evading growth suppressors”, “deregu-
lating cellular energetics”, and “resisting cell death” hallmarks (Ta-
ble S4). Because our results for these two genes only correspond
to gene expression estimates from RNA-seq data, additional studies
are warrantied to confirm the correlation between gene and pro-
tein expression in this group of tumours.

At the extremes of the above-mentioned two dimensions, we
could define three molecular profiles with prognostic and thera-
peutic implications (Fig. 4). The first profile (hot/IC+/Angio+) would
correspond to “hot” tumours (highly infiltrated with T lympho-
cytes), enriched for non-epithelioid types (biphasic and sarcoma-
toid), and characterized by the high expression of pro-angiogenic
genes (VEGFR1, VEGFR3, and PDGFRB) and ICs (PD(L)1, CTLA4,
TIM3, and LAG3). Patients developing tumours with this profile
are expected to show a short median survival (7 months). These
characteristics are in line with published data suggesting that
PD(L)1 expression by immunohistochemistry is correlated with
non-epithelioid histology and poor survival [36].

The second profile (VEGFR2+/VISTA+) would correspond to tu-
mours with high expression levels of VEGFR2 and VISTA, enriched
for the epithelioid type. Patients carrying tumours with this pro-
file are expected to show the best median survival (36 months).
Despite its suggested immunosuppressive role [37], VISTA expres-
sion in tumour cells has been associated with increased tumour-
infiltrating lymphocytes, PD-1, a favourable immune microenviron-
ment, and with better overall survival in hepatocellular carcinoma
[38] and non-small cell lung cancer [39]. Although also associated
with better survival, we found that VISTA expression is associated
with VEGFR2 expression, further supporting the possible interac-
tion of these two pathways in MPM. Interestingly, VISTA was the
only protein with significant expression differences between ep-
ithelioid subtypes, suggesting a potential diagnostic value.

The third and last profile (cold/Angio+) would be represented
by “cold” tumours (devoid of immune effector cells) enriched
for the non-epithelioid types, and with high expression of pro-
angiogenic genes (VEGFR1, VEGFR3, and PDGFRB). Patients with tu-
mours with this profile are expected to show a bad survival (me-
dian of 10 months). Of note, when stratifying the analysis by tu-
mour type, we also found that patients with epithelioid tumours
of the first and third profiles have a worse survival (median of
10 and 17 months) than those with the second profile (median
of 27 months). Tumours in this group also show high levels of
VEGFC. Upon activation by VEGFRC, VEGFR3 has a role in lym-
phangiogenesis, which is an important feature in MPM [40]. It has
been shown in cellular models that activation of VEGFR3 on natu-
ral killer cells by VEGFC can lead to immunosuppression and that
the treatment with the VEGFR3-selective tyrosine-kinase inhibitor
MAZ51 counterbalanced this effect [41]. It has also been proven by
immunohistochemistry that VEGFR3 is expressed in MPM of differ-
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Fig. 3. Diagnostic and prognostic value of the expression level of the five-protein panel in the replication series of 77 MPMs, determined by immunohistochemistry.

a) Top panel: two-dimensional summary of the gene expression in the discovery cohort (n=284) (PCA; subset of Fig. 1a). Bottom panel: two-dimensional summary of the
protein expression of the five genes in the replication cohort (n=77) (IHC PCA). Point colours correspond to the three sample sets from Table 1. b) Top panel: correlation
circle of the IHC PCA (n=77) from (a) bottom panel, where arrow lengths and direction correspond to the strength and sign of the correlation between the variable and
Dimensions 1 and 2. Bottom panel: correlation matrix of the protein expression of the 77 MPMs from the replication cohort, where colours correspond to the magnitude and
sign of the correlations; the dendrogram represents a hierarchical clustering of protein expression. Significant correlations are surrounded by a black box. c) Left panel: gene
expression levels (normalized read counts) in the discovery cohort between long-survival epithelioid, long-survival epithelioid, and sarcomatoid groups, resulting in n=_82
samples from the study of Bueno and colleagues [12] and the n=31 transcriptomes from the TCGA MESO cohort [13], for the three sets; each row presents violin plots
and boxplots for a gene, with stars representing the significance level of pairwise comparisons between groups (gq-values from two-sided independent Wilcoxon U tests).
Right panel: Protein expression levels (% of cells where the protein is expressed) in the replication cohort, for the three sets; each row presents violin plots and boxplots
for a protein, with stars representing the significance level of pairwise comparisons between groups (q-values from one-sided paired Wilcoxon T-tests). Sample sizes were
74, 74, 73, 70, 74, and 69, for CD8, PDL1 in the tumour, PDL1 in TILS, VEGFR2, VEGFR3, and VISTA, respectively. In the boxplot representation, centre line represents the
median and box bounds represent the inter-quartile range (IQR). The whiskers span a 1.5-fold IQR or the highest and lowest observation values if they extend no further
than the 1.5-fold IQR. d) PDL1 immunohistochemistry of two MPM cases from the replication cohort (left panel: short-survival epithelioid sample; right panel: sarcomatoid
sample), both PDL1+ and PDL1 TILS+. Upper panels: Hematoxylin Eosin Saffron (HE) stain at 7x magnification, where white and black arrows show tumour cells and TILS,
respectively. Lower panels: corresponding staining with PDL1 rabbit monoclonal antibody (cl SP263; VENTANA) at 7x magnification, where white and black arrows show
positive staining of tumour cells and TILS, respectively. e) Protein expression level of VISTA in the replication cohort when considering epithelioid subtypes, independently of
the sample set (upper panel) and in addition to the sample set (bottom panel). Data used correspond to n=63 samples from the replication cohort with available data for
all protein markers. In the boxplot representation, centre line represents the median and box bounds represent the inter-quartile range (IQR). The whiskers span a 1.5-fold
IQR or the highest and lowest observation values if they extend no further than the 1.5-fold IQR.

ent histopathological types, supporting its putative role as a poten- especially for the sarcomatoid and biphasic types. Considering the
tial therapeutic target in this disease [42]. known role of the VEGF/VEGFR axis and the immune response as

MPM being refractory to chemotherapy and radiotherapy, there driving forces in MPM [11,43], drugs against these pathways have
is an urgent need to identify novel and promising candidate ther- been developed to treat this disease; unfortunately, anti-angiogenic

apeutic options as well as the best candidates for those options, therapies for mesothelioma patients have shown modest activity
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Fig. 4. Characteristics of the three Malignant Pleural Mesothelioma transcriptomic profiles.

The schematic position of samples harbouring a given profile in the two-dimensional summary from Fig. 1a (n=284) is represented in the bottom right panel. For each
profile, the hallmarks of cancer generally upregulated are indicated by pictograms in the upper left part, the histological type composition is represented by a pie chart in
the upper right part, the proportion of tumour infiltrating lymphocytes estimated from the RNA-seq data (Figs. 1 and S10) is represented by a bar plot in the bottom left
part, and the expression of representative genes is represented by a radar plot in the bottom right part. Tissue MicroArray (TMA) IHC staining from the technical validation
series, with 0.6 mm core diameter at 5.2x magnification, for the five-gene panel, are presented above each panel.

in clinical trials [6], and recent data from ongoing clinical tri-
als pointed that, while immunotherapy remains promising in the
treatment of a subset of mesothelioma patients, better predictive
markers of response are needed [44]. Several recent reviews have
nicely summarized how the tumour-associated blood and lym-
phatic vasculature play an important role in avoiding tumour de-
struction, as well as the therapeutic opportunities to overcome
this immune blockage [45-48], pointing to combinations of anti-
angiogenic drugs and immunotherapy as promising options for the
management of many cancers. In this study we found a role for the
immune and vascular systems in MPM that might not only have
a prognostic value, but also allow stratification of patients for the
most relevant therapeutic options.

Contrary to already published studies, on which the authors
have made an implicit assumption of discreteness by focusing
their analyses on (discrete) histopathological types, or on (discrete)
molecular clusters (identified using consensuscluster+ or iCluster+),
in this study we have made no such assumption. This agnostic
characterization of the molecular diversity of these tumours al-
lowed observing an inherent continuity of the tumour phenotypes
in MPM that helped uncover clinically relevant pathway interac-
tions that have not been identified in the published studies, pre-
sumably because of this implicit assumption of discreteness. Over-
all, the role of angiogenesis and the heterogeneous microenviron-
ment of MPM could be used as Achilles’ heel for this disease; how-
ever, the success of future treatments will strongly rely on a deep
understanding of the biology of the disease and the interactions
that may occur between the most frequently altered pathways.
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