
Edited by  

Chiara Porta, Christophe Blanquart 

and Didier Jean

Published in

Frontiers in Immunology

Frontiers in Oncology

Focus on malignant 
pleural mesothelioma 
immunology and 
immunotherapy

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/38023/focus-on-malignant-pleural-mesothelioma-immunology-and-immunotherapy
https://www.frontiersin.org/research-topics/38023/focus-on-malignant-pleural-mesothelioma-immunology-and-immunotherapy
https://www.frontiersin.org/research-topics/38023/focus-on-malignant-pleural-mesothelioma-immunology-and-immunotherapy
https://www.frontiersin.org/research-topics/38023/focus-on-malignant-pleural-mesothelioma-immunology-and-immunotherapy
https://www.frontiersin.org/journals/oncology


August 2023

Frontiers in Immunology 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-3172-3 
DOI 10.3389/978-2-8325-3172-3

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


August 2023

Frontiers in Immunology 2 frontiersin.org

Focus on malignant pleural 
mesothelioma immunology and 
immunotherapy

Topic editors

Chiara Porta — University of Eastern Piedmont, Italy

Christophe Blanquart — Centre National de la Recherche Scientifique (CNRS), 

France

Didier Jean — Institut National de la Santé et de la Recherche Médicale (INSERM), 

France

Citation

Porta, C., Blanquart, C., Jean, D., eds. (2023). Focus on malignant pleural 

mesothelioma immunology and immunotherapy. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-8325-3172-3

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-3172-3


August 2023

Frontiers in Immunology 3 frontiersin.org

04 Editorial: Focus on malignant pleural mesothelioma 
immunology and immunotherapy
Chiara Porta, Didier Jean and Christophe Blanquart

06 Unraveling tumor microenvironment heterogeneity in 
malignant pleural mesothelioma identifies biologically 
distinct immune subtypes enabling prognosis determination
Kaidi Yang, Tongxin Yang, Tao Yang, Ye Yuan and Fang Li

20 Immune marker expression of irradiated mesothelioma cell 
lines
Faith Chang, Synat Keam, Tracy Seymour Hoang, Jenette Creaney, 
Suki Gill, Anna K. Nowak, Martin Ebert and Alistair M. Cook

32 Deep dive into the immune response against murine 
mesothelioma permits design of novel anti-mesothelioma 
therapeutics
Esther Stern, Stefano Caruso, Clément Meiller, Inbal Mishalian, 
Theo Z. Hirsch, Quentin Bayard, Carmit T. Tadmor, Hanna Wald, 
Didier Jean and Ori Wald

49 Immunotherapy with immune checkpoint inhibitors and 
predictive biomarkers in malignant mesothelioma: Work still 
in progress
Matteo Perrino, Fabio De Vincenzo, Nadia Cordua, Federica Borea, 
Marta Aliprandi, Armando Santoro and Paolo Andrea Zucali

64 Correlative analysis from a phase I clinical trial of intrapleural 
administration of oncolytic vaccinia virus (Olvi-vec) in 
patients with malignant pleural mesothelioma
Navin K. Chintala, Jennie K. Choe, Erin McGee, Rebecca Bellis, 
Jasmeen K. Saini, Srijita Banerjee, Andre L. Moreira, 
Marjorie G. Zauderer, Prasad S. Adusumilli and Valerie W. Rusch

83 Intratumor microbiota as a novel potential prognostic 
indicator in mesothelioma
Francesca Pentimalli, Marija Krstic-Demonacos, Caterina Costa, 
Luciano Mutti and Emyr Yosef Bakker

95 Excess of blood eosinophils prior to therapy correlates with 
worse prognosis in mesothelioma
Mégane Willems, Arnaud Scherpereel, Eric Wasielewski, Jo Raskin, 
Hélène Brossel, Alexis Fontaine, Mélanie Grégoire, Louise Halkin, 
Majeed Jamakhani, Vincent Heinen, Renaud Louis, Bernard Duysinx, 
Malik Hamaidia and Luc Willems

106 Damage-associated molecular patterns and sensing 
receptors based molecular subtypes in malignant pleural 
mesothelioma and implications for immunotherapy
Zheng Liu, Rui Wan, Hua Bai and Jie Wang

124 Important functional role of the protein osteopontin in the 
progression of malignant pleural mesothelioma
Elisabeth Digifico, Marco Erreni, Laura Mannarino, Sergio Marchini, 
Aldo Ummarino, Clément Anfray, Luca Bertola, Camilla Recordati, 
Daniela Pistillo, Massimo Roncalli, Paola Bossi, Paolo Andrea Zucali, 
Maurizio D’Incalci, Cristina Belgiovine and Paola Allavena

Table of
contents

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/


Frontiers in Immunology

OPEN ACCESS

EDITED AND REVIEWED BY

Barbara Rolfe,
The University of Queensland, Australia

*CORRESPONDENCE

Chiara Porta

chiara.porta@uniupo.it

RECEIVED 01 July 2023

ACCEPTED 11 July 2023
PUBLISHED 24 July 2023

CITATION

Porta C, Jean D and Blanquart C (2023)
Editorial: Focus on malignant pleural
mesothelioma immunology
and immunotherapy.
Front. Immunol. 14:1251384.
doi: 10.3389/fimmu.2023.1251384

COPYRIGHT

© 2023 Porta, Jean and Blanquart. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

TYPE Editorial

PUBLISHED 24 July 2023

DOI 10.3389/fimmu.2023.1251384
Editorial: Focus on
malignant pleural
mesothelioma immunology
and immunotherapy

Chiara Porta1,2*, Didier Jean3 and Christophe Blanquart4,5

1Department of Pharmaceutical Sciences, University of Eastern Piedmont, Novara, Italy, 2Center for
Translational Research on Autoimmune & Allergic Diseases (CAAD), University of Eastern Piedmont,
Novara, Italy, 3Centre de Recherche des Cordeliers, INSERM, Université Paris Cité, Sorbonne
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Editorial on the Research Topic

Focus on malignant pleural mesothelioma immunology
and immunotherapy
Malignant pleural mesothelioma (MPM) is a rare and aggressive thoracic cancer that

derives from the mesothelial cells of the pleura and is causally associated with exposure to

asbestos. Because of the poor specificity of the clinical symptoms, when it is diagnosed,

malignant cells, which are extremely resistant to therapies, have already spread throughout

the pleural layers, leading to a poor outcome. Although the recent approval of the

combination immunotherapy with anti-CTLA-4 and anti-PD-1 represents a breakthrough

for MPM, many patients are still refractory or relapsed after a few months of therapy.

Therefore, there is an urgent need of reliable biomarkers to improve patient selection for

immune checkpoint blockades (ICBs), as well as of new therapeutic strategies to boost anti-

tumor immunity. Recent insights into these unmet medical needs are discussed in this

Research Topic. Specifically, Perrino et al. review the clinical efficacy and the most promising

predictive biomarkers of response to ICBs in MPM. In addition to widely recognized

determinants - such as PD-L1 expression and tumor mutational burden (TMB) - and specific

prognostic factors for MPM (i.e. histological subtype), they discuss new elements, which

definitively warrant to be further investigated and prospectively validated. Particularly, it is

worth noting that in spite of the low TMB, MPM cells usually show multiple chromosomal

rearrangements, which can lead to the expression of neo-antigens, thereby predicting

response to ICBs.

Besides histological classification in epithelioid, sarcomatoid and biphasic MPM, a

growing number of studies have pointed out a striking molecular heterogeneity, which

suggests the existence of a range of molecular phenotypes associated with different

responsiveness to ICBs and outcome. Based on these premises, the studies of Yang et al.

and Liu et al. generate in-silico classification systems for MPM, which could be exploitable
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to guide immunotherapy strategies, provided that those results will

be validated in prospective studies and larger cohorts. Specifically,

Yang et al. provide a machine learning-based 12-gene classifier to

separate MPM in two immune-related subtypes. That one

associated with a better response to ICBs is the immune activated

subtype, which harbors an IFN-g dominant immune phenotype, a

consistent TCR and BCR diversity and the highest lymphocyte

infiltration. Conversely, Liu et al. elaborate a classification system

based on the expression of damage-associated molecular patterns

(DAMPs). In this regard, the “inflammatory DAMPs subtype”,

which is characterized by the enrichment of proinflammatory

cytokine signaling, is also associated with better outcome.

Alongside the analysis of tumor microenvironment (TME)

composition, liquid biopsy is emerging as an interesting research

area for predictive biomarkers of response to ICBs. Eosinophils can

support local anti-tumor response by producing cytotoxic molecules,

but they can also secrete cytokines promoting suppressive

macrophages, which are both the major component of the MPM

microenvironment and limit for ICB success. Willems et al.

demonstrate a correlation between a baseline absolute eosinophil

count (AEC) of ≥220/µL and a worse outcome of MPM patients

undergoing chemo- or immunotherapy. Thus, further prospective

studies are warranted to validate blood AEC as a potential predictive

biomarker for both therapies.

Microbiome is a key environmental determinant of ICB efficacy

for different types of cancers, but it is still a largely underexplored

facet of MPM. Through the analysis of TCGA data on 86 MPM

patients, Pentimalli et al. identify 107 genera signatures that are

significantly associated with patient’s survival, thereby suggesting

intratumor microbiota both as a novel potential prognostic

indicator for MPM and an actionable target for the development

of new strategies to improve the efficacy of immunotherapy. Up to

date, clinical trials conducted with MPM patients have provided

promising results with the combination of ICBs with stereotactic

body radiation and chemo-therapy. Along this line, the study of

Chang et al. aims to determine the ideal dosing and scheduling of

combined treatment with radiotherapy and ICBs. They observe that

irradiation of MPM cell lines modulates the expression of immune

markers and cytokines that are important for antitumor responses.

Consequently, in vivo studies should be pursued to gather the

mechanisms underlying the synergy between radiotherapy and

ICBs. In this regard, it is crucial that preclinical models of

mesothelioma improve the accuracy in predicting the response of

the human counterpart. For this purpose, Stern et al. characterize

the immunobiology of a biphasic mesothelioma model based on

intra-peritoneal growth of AB12 cells in immunocompetent mice.

Immunologic, transcriptomic, and survival analyses show that

intermediate- and advanced-tumors match with human immune

active and immunosuppressed MPM, respectively. Therefore, new

therapeutics - such as the anti-CTLA-4 + anti-PD-1 + cisplatin

triple therapy - showing efficacy at advanced phases, when anti-

tumor immune response has decayed, are the most promising

candidates to improve outcome in MPM patients.

Additionally, it is important that the research of novel targets and

approaches be carried on, in order to increase the number and the

efficacy of the therapeutic options for MPM. In this perspective,
Frontiers in Immunology 025
Digifico et al. find that the protein osteopontin (OPN) is more

expressed in human MPM tumors than in normal pleural tissues

and is a key promoter of tumor cell proliferation. Accordingly, either

the silencing of OPN gene in MPM cells or the blocking of its major

receptor CD44 by a specific antibody significantly reduce tumor

growth in vivo in an orthotopic model of MPM. Intriguingly,

Chintala et al. performed a phase I clinical trial to evaluate

intrapleural administration of oncolytic vaccinia virus, a promising

approach for the treatment of solid tumors, in a small cohort of patients

with MPM and metastatic disease. Besides being safe and feasible, the

study highlights that the genetically engineered vaccinia virus can infect

tumor cells and generate immune responses, leading to a decrease in

tumor cell density. These results foster further investigation of

immunomodulatory effects of oncolytic virus treatment, and their

potential clinical implications for combination therapy with ICBs,

chemo- or radio- therapy.

Finally, we would like to thank all the authors who have

contributed to this Research Topic and the reviewers for their

outstanding efforts. We hope that the insights discussed in this

Research Topic are not only inspirational for those who are already

working in the fields of mesothelioma and immuno oncology, but also

captivating and useful for those who are not deeply involved in this

Research Topic.
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Kaidi Yang1*, Tongxin Yang1, Tao Yang1, Ye Yuan2

and Fang Li1*
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Military Medical University (Army Medical University), Chongqing, China
Background: Malignant pleural mesothelioma (MPM) is a rare and intractable

disease exhibiting a remarkable intratumoral heterogeneity and dismal

prognosis. Although immunotherapy has reshaped the therapeutic strategies

for MPM, patients react with discrepant responsiveness.

Methods: Herein, we recruited 333 MPM patients from 5 various cohorts and

developed an in-silico classification system using unsupervised Non-negative

Matrix Factorization and Nearest Template Prediction algorithms. The genomic

alterations, immune signatures, and patient outcomes were systemically analyzed

across the external TCGA-MESO samples. Machine learning-based integrated

methodology was applied to identify a gene classifier for clinical application.

Results: The gene expression profiling-based classification algorithm identified

immune-related subtypes for MPMs. In comparison with the non-immune

subtype, we validated the existence of abundant immunocytes in the immune

subtype. Immune-suppressed MPMs were enriched with stroma fraction,

myeloid components, and immunosuppressive tumor-associated

macrophages (TAMs) as well exhibited increased TGF-b signature that

informs worse clinical outcomes and reduced efficacy of anti-PD-1

treatment. The immune-activated MPMs harbored the highest lymphocyte

infiltration, growing TCR and BCR diversity, and presented the pan-cancer

immune phenotype of IFN-g dominant, which confers these tumors with better

drug response when undergoing immune checkpoint inhibitor (ICI) treatment.

Genetically, BAP1 mutation was most commonly found in patients of immune-

activated MPMs and was associated with a favorable outcome in a subtype-
frontiersin.org01
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specific pattern. Finally, a robust 12-gene classifier was generated to classify

MPMs with high accuracy, holding promise value in predicting patient survival.

Conclusions: We demonstrate that the novel classification system can be

exploited to guide the identification of diverse immune subtypes, providing

critical biological insights into the mechanisms driving tumor heterogeneity

and responsible for cancer-related patient prognoses.
KEYWORDS

malignant pleural mesothelioma, immune subtypes, immunotherapy, prognosis,
machine learning-based gene classifier
Introduction

Malignant pleural mesothelioma (MPM) is a rare and lethal

cancer arising from the linings of the lungs, known as the pleura

(1). Due to its insidious onset and high local invasiveness, this

cancer is often diagnosed at an advanced stage, rendering it

incurable (2).

For a long time, platinum-based chemotherapy combined

with pemetrexed has been the state-of-the-art treatment for

advanced MPM (3). Drug development for this lethal cancer

has been slowly pushed over the last two decades until the recent

advances in immune checkpoint inhibition (4, 5). Immune

checkpoint inhibitors (ICIs) targeting PD-1 and CTLA4 have

shown encouraging clinical activity with good tolerability in

untreated, histologically confirmed unresectable MPMs relative

to standard first-line chemotherapy. Nonetheless, the median

life expectancy is only one and a half years, even with 4-months

extended survival benefits (6). The varying clinical responses to

ICIs and no credible biomarkers available emphasize a more

personalized regimen for MPMs (7).

Overexpression of PD-L1 has been confirmed as a predictor of

response to anti-PD1 therapy in multiple solid tumors, whereas

efficacy by PD-L1 status demonstrated no improvements in

survival benefits for MPM patients (7, 8). Emerging evidence

indicated the intra-tumoral CD8+ T cell infiltration, TGF-b
signaling, and Treg content were associated with curative

responses and outcomes (9–11), while for MPM, limited

research was available. MPM develops in a heterogeneous

immune microenvironment that dynamically interacts with

mesothelioma tumor cells to sustain cancer growth and

progression (12–14). We hypothesized that a deep dissection of

the immunological profiles within MPMs would provide a

framework for an in-depth understanding of the immune-

genomic mechanisms responsible for cancer-related prognosis

and maximize response to immune-based therapies. Lee et al.

recently profiled the intratumoral cellular networks within 12

MPMs using CyTOF and defined two immunologic subtypes
02
7

showing predictive value for ICI response (15). However so far,

there is no extensive cohort-based immunological classification

system for MPMs, and a robust gene classifier specific for

predicting prognosis and subtyping is still lacking.

In this work, we enrolled 333 MPM patients from five

independent cohorts as a large-sample MPM cohort, and 87

MPM patients came from TCGA dataset. Several unsupervised

classification methods, particularly the non-negative matrix

factorization (NMF) and nearest template prediction (NTP)

algorithms, were applied to distinguish distinct immunological

phenotypes and reveal the intratumoral heterogeneity of MPMs.

The predictive, reliable multi-gene classifier holds the value in

immune subtyping and prognostic determination and can be

used to guide immunotherapy strategies.
Methods

Malignant pleural mesothelioma
patient cohort

We enrolled the gene expression profiles and clinical

information of MPM datasets from Gene Expression Omnibus

(GEO) with the accession numbers GSE29354 (16), GSE2549

(17), GSE163722 (18), and GSE51024 (19). The expression files

of the MTAB-6877 dataset (20) were provided in ArrayExpress

(https://www.ebi.ac.uk/arrayexpress/). The ComBat method

came from sva package (R version 3.38.0) was used to remove

batch effects across different microarray platforms. As shown in

Figure S1A, the deviations of mean gene expression were

removed and the five datasets were thus comparable to each

other. Subsequently, a large MPM dataset including 333

qualified expression profiles was set as a training cohort, while

the RNA-seq v2 level-3 dataset of TCGA-MESO (Mesothelioma,

from UCSC-Xena) was used for external validation. Detailed

information on these datasets is shown in Supplementary Table

S1. To validate the finding in proteomic level, we performed
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extensive analysis of the Reverse Phase Protein Array (RPPA)

data from TCGA cohort on 63 human MPMs characterized with

a set of 219 protein features.
NMF classification

After reserving high-variance gene features ranked in the

top half of total samples, we performed subtype classification

with the mRNA expression profiles using the NMF algorithm

packed into the NMF package (R version 0.24.0). We plotted

the rank-changing trend diagram of the cophenetic coefficient

and determined the point that dropped the most along with the

rank-changing as the best rank (number of classification). To

functionally annotate each subclass/module, the gene

signatures were extracted using the extractfeatures function

and subsequently used for gene over-representation (ORA)

analysis utilizing the clusterProfiler package (R version 4.5.0).

MPMs conferred with the highest immune module score were

denoted as an immune-related subtype. Then, the top 200

exemplar genes in the immune module were identified as the

classifier genes to dichotomize samples into the immune and

non- immune subtypes , fu r ther opt imized by the

multidimensional scal ing random forest (MDS-RF)

algorithm. To sub-classify immune MPMs, a 26-immune

signature scoring file was generated from the IOBR package

(R version 0.99.0) as an input into the NTP module

(GenePattern platform, https://cloud.genepattern.org). The

molecular similarity between the two MPM cohorts was

estimated using Subclass Mapping (GenePattern).
Immune signature analysis

To delineate the tumor microenvironment (TME)

contexture, the IOBR package (https://github.com/IOBR/

IOBR) integrating eight published methodologies was used for

computing the single-sample gene set enrichment (ssGSEA)

score (21). Identifying TME signatures associated with ICI

response was performed using the iobr_cor_plot function.

Immune-related indices, previously defined by TCGA pan-

cancer programs, were incorporated into comparisons across

different subtypes. Also, Thorsson’s pan-cancer immune

phenotyping (22) was used for feature comparisons and

subtype correlations. Immune-related indices, including

Stroma fraction, Leukocyte fraction, TCR richness, and so on,

were obtained from supplementary material of Thorsson’s

research. Of note, the index has been adjusted for tumor

purity as demonstrated. Tumor immune proportions were

computed by CIBERSORT, which ran with mRNA profiles as

input and produced absolute abundances of 22 immune
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components. To predict the immunotherapy response of MPM

patients, we imported the tumor pre-treatment expression

profiles into TIDE (http://tide.dfci.harvard.edu), which

computed the response scores based on signatures of T-cell

dysfunction and exclusion, the two primary mechanisms of

tumor immune evasion (23). The cohort of human MPMs that

received anti-PD-1 immunotherapy (GSE99070) was considered

for investigating of association between immune subtypes and

immunotherapy response.
Pathway activity analysis

The dataset of pathway activity comprising 1387 constituent

pathways was downloaded from UCSC-Xena browser (http://

xena.ucsc.edu/). Pathway analysis was conducted using the

PARADIGM algorithm (24), and the top expressed pathways

were generated through differential expression analysis.
Genomic mutation analysis

The mutation annotation format (MAF) file with aggregated

somatic mutation annotation of TCGA MPM cases was

deposited in the TCGA portal. For summarization, analyses,

and visualization of somatic genomic alterations, various

functions were provided by the maftools package (R version

2.7.40). The mafCompare function was applied to compare two

groups to identify and visualize differentially mutated genes. The

clinicalenrichment function was used for groupwise

comparisons, thus identifying enriched mutations or copy

number variations (CNVs) for each subtype. We ran

MutSigCV1.41 using the recommended default parameters on

GenePattern to identify the driven mutations highly relevant to

MPMs (q-value < 0.10).
Subtype classifier identification

First, we prefiltered genes by different feature selection

algorithms, including Chi2-algorithm, Fast correlation-

based filter, and Information gain using the Biocomb

package (R version 0.4). This set of gene candidates was

supplemented with gene features computed by machine-

learning models of Randomforest (RF), XGBoost, and

Brutal. Genes nominated by multiple algorithms were

ranked by the frequency of being selected by the six

methods. It resulted in a panel of 94 genes selected by at

least four algorithms. (Supplementary Table 2) Then, we

used the findCorrelation function packed in the Caret
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package 6.0-92 to remove highly correlated features. If two

features have a high correlation, the function looks at each

feature through pair-wise correlations and removes the

feature with the mean absolute correlation over 0.8. After

removing features showing high correlation, we adopted a

stepwise selection strategy to determine the optimal size of

the gene panel. Specifically, starting from the top-ranked

gene (ordered by count and index of mean decrease

accuracy), gene panels with incremental sizes (adding one

gene at a time) were evaluated for their ability to correctly

classify each case by RF with a cross-validation approach of

LOOCV (leave-one-out cross-validation). To identify the

best feature combination to improve classification accuracy,

especially for distinguishing immune-activated from

immune-suppressed subtype, we adopted the approach

similar to the multiple algorithms-based feature selection

method above, followed by removing features with high

pair-wise correlations. The two comparisons (immune

versus non-immune, immune-activated versus immune-

suppressed) respectively generate seven and nine genes

through the recursive feature elimination (RFE) algorithms

using rfeControl functions (from Caret package 6.0-92),

which was assisted by machine learning methods of RF-

LOOCV or RF-CV. The optimal features computed from

two classification systems were combined into a 16-gene

panel for the following filtering step. All the models metrics

of gene features filtering and selection process were stored in

Supplementary Table 3. Then, we apportion the data into

training and test sets, with 70-30 splits, and fit the models on

the training sets. By evaluating the performance of different

machine learning models (Linear discriminant analysis,

Naive Bayes, Bagged trees, and RF with LOOCV or CV) on

testing sets, we identified the best machine-learning model

(with the highest prediction accuracy) when undergoing the

RFE process, which generated the optimal gene features. The

selected gene classifier was evaluated for its predictive

efficiency in the external TCGA-MESO dataset.
Statistical analysis

When the dependent variable was continuous but not

normally distributed for two independent groups, the Mann-

Whitney U test was used for comparisons. In comparison,

normally distributed data were compared between two groups

via the Student t-test. We performed a Shapiro test to check

whether the considered data is normally distributed data or not

by the stats package (R version 4.0.4). Kaplan-Meier plot and

Log-rank test were used to estimate the survival curve and

compare the difference in survival curves between different

groups. The Chi-square test illustrated the correlations

between newly defined subtypes and proposed molecular

subtypes. The forest plot was used to visualize the prognostic
Frontiers in Oncology 04
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impact of individual variables of the multivariate Cox regression

model using the forestmodel package (R version 0.6.2). All

analyses were performed by Graphpad Prism 8.0 or R version

4.0.2, and a two-sided p-value less than 0.05 was considered

statistically significant.
Results

Identification of immune-associated
subtype for an integrated large-sample
MPM cohort

A total of 333 MPMs patients from five independent cohorts

were enrolled, along with their clinical information and

microarray-based expression profiles. After correcting batch

effects, an integrated large-sample MPM cohort were

established for subsequent analysis. To obtain a robust

classification system and distinct molecular patterns, we

applied the NMF algorithm to reduce data dimensionality by

decomposing it into several smaller non-negative factors with

physical interpretation for subclass discovery. As cophenetic

correlation coefficients from k = 2 to k = 10, we determined

k=4 as the parameter that yielded the most robust clustering

(Figures S1B, C). Among the four subclasses, we defined the one

characterized with high immune enrichment scores as an

immune-associated subtype, whereas the other three subclasses

were respectively termed as Cell cycle-, Epithelial/Interferon

(IFN) response-, and Extracellular matrix (ECM)-related

subtypes according to the results of ORA analysis (Figure 1A

and Figure S2). The top 200 weighted genes in the immune

module/subclass were defined as exemplar genes that reflect the

core features of immune components in MPM (Figure S1D). To

simplify the subtyping process for fast-recognition of immune

related subtypes, we performed consensus clustering analysis

using the exemplar genes, which classified MPM patients into

immune and non-immune subclasses (Figure 1B). Next, this

classification was further modified by the MDS-RF algorithm

(Figure 1C). The sorting result of multiple methods for the 333

MPM patients was shown in Figure 1D and Supplementary

Table 4. We presented that simplifying the classification process

using the top 200 weighted genes matched with the genome-

wide expression profiling-based NMF algorithm for identifying

immune-related subtypes for MPMs.
Sub-classification and dissection of MPM
immune microenvironment

Recent studies on the immunological microenvironment

revealed three representative phenotypes with general

applicability, including inflamed, excluded, and desert subtypes

(25). To further dissect the immunological heterogeneity for
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MPMs, scorings of 26 immune-related signatures were collected

to subdivide the immune-related MPMs into two subsets using

the NTP algorithm. One subset of 55 patients (16.5%, 55/333)

showed increased enrichment of immunocytes, cytolytic activity

(CYT) score, ooand IFN related signatures as compared with

other MPMs and hence, was termed an immune-activated

subtype (Figure 2A). Other indices like Wnt/b-catenin
signaling, TGF-b signaling, and the extracellular matrix (ECM)

have been shown to play an essential role in establishing

immunological tolerance (9, 26, 27). Likewise, the myeloid

components, including tumor-associated macrophages (TAMs)

and myeloid-derived suppressor cells (MDSCs), act as central

regulators of immune suppression and can secrete multiple

soluble cytokines and chemokines to deactivate the process of

immune activation (28). For these reasons, we defined the sub-

classified subtype with high stroma infiltration and immune-

suppressive components as immune-suppressed MPMs (21.0%,

70/333) (Figure 2A). The redefined three subtypes (immune-
Frontiers in Oncology 05
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activated, immune-suppressed and non-immune) were relatively

well distributed in different enrolled MPM cohorts

(Supplementary Table 5). Histologically, consistent with

previous finding (20), sarcomatoid MPMs was enriched in

immune-activated MPMs relative to other subtypes (27.3%

versus 3.9%, 12.1%). By contrast, greater proportions of

epithelioid and biphasic tumors were respectively present in

non-immune and immune-suppressed MPMs (Figure S3A).

Next, we performed survival analysis and observed that

immune-suppressed MPM patients displayed shortened

survival relative to immune-activated or non-immune MPM

patients (Figure 2B), indicating the prognostic significance of the

immunological subtyping. The immune-related signature was a

good indicator of patient survival (29). Our multivariate analysis

by the Cox proportional hazards model on prognoses of patients

indicated that the Th2 cells, MDSC, and Pan-F-TBRs (Pan

fibroblast TGF-b response signature) informed poor outcome

(Figure S3B). To investigate whether the immunological
A

B

D

C

FIGURE 1

Identification of immune subtype for an integrated large-sample MPM cohort. (A) Non-negative matrix factorization (NMF) algorithms identified
four functional expression modules to classify the microarray-based expression profiles of 333 MPM samples. One expression module showed
the highest immune enrichment score and NMF module weight was marked red and recognized as an immune-associated subtype. IFN,
Interferon; ECM, Extracellular matrix. (B) Consensus clustering based on the top 200 exemplar genes expression identified two subclasses with
one subclass presenting enrichment of immune-related NMF module. (C) The multidimensional scaling random forest (MDS-RF) refined the
classification and divided whole MPM samples into immune and non-immune subtypes. (D) Heatmap shows the final classification results along
with various NMF modules, exemplar clustering subtypes, immune module weight, and immune enrichment score.
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subtyping can predict the treatment response of ICIs, the

pretreatment human MPMs (n=10) upon the immunotherapy

of anti-PD-1 were classified using the same approach

(GSE99070, Figure 2C). Intriguingly, although with only two

patients, immune-activated MPM patients show partial or

complete response to the treatment. By comparison, most of

the immune-suppressed and non-immune patients (2/3, 4/5)

were shown to be unresponsive when undergoing such therapy

(Figure 2C), highlighting the relevance of our immunological
Frontiers in Oncology 06
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subtyping to the therapeutic effects of ICI. Relative to the non-

response subgroup, the ICI response subgroup showed

prominent expressions of pathways regulating T-cell inflamed,

cytokines, and MHC class-II, along with decreased enrichments

of TGF-b signaling and tumor immune escape (Figure 2D).

Immune-activated MPMs were enriched with these signatures

and also highly expressed multiple immune checkpoint genes

(Figure 2A and Figure S4A), demonstrating that ICI therapy is

poised for clinical evaluation for them.
A

B

D

C

FIGURE 2

Sub-classification and dissection of MPM immune microenvironment. (A) The immune subtype was further subdivided into immune-activated
(70/125, 21.0%) and immune-suppressed (55/333, 16.5%) MPMs, using nearest template prediction (NTP) analysis with signatures covering 26
immune- and TME-related signatures. TAM, Tumor-associated macrophage; MDSC, Myeloid-derived suppressor cell; TLS, Tertiary lymphoid
structure; CYT, Cytolytic activity. pDCs, Plasmacytoid dendritic cell; Pan-F-TBRs, Pan fibroblast TGF-b response signature. (B) Kaplan-Meier
survival analyses of overall survival in the integrated MPM cohort with different immunological subtypes. **, p < 0.01; *, p < 0.05; n.s., Not
significant. (C) The heatmap showing the expressions of 26 immune- and TME-related signatures in the pretreatment human MPM cohort upon
the anti-PD-1 treatment. The dataset was classified using the same approach as previously shown in Figure 2A. Top column shows the
corresponding immune subtype and mRECIST response of each case. ICI, Immune checkpoint inhibitor. (D) The normalized signature score of
immune characteristics in anti-PD-1 response and non-response subgroups. CR, Complete response; PR, Partial response; PD, Progression
disease; SD, Stable disease.
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Validation of the novel immune-
subtyping in external TCGA-MPM cohort

To see whether the above classification system can be

reappeared, we explored the expression profiles from the

TCGA-MESO dataset containing 87 patients and performed

the same classification procedures (Figures S5A, B). The

classification results showed that 54.0% (47/87) of patients

were immune-related MPMs characterized with distinct

immune phenotypes. Among them, 24 patients (27.6%) were

defined as immune-activated MPMs, and other 23 patients

(26.4%) were regarded as immune-suppressed MPMs,

enriched with TAMs, Treg cells, MDSCs and, tumor immune

escape signatures, indicating that immune characteristics can

reappear in the validation cohort (Figure 3A). Subtypes of the

TCGA dataset showed high consistency with corresponding

subtypes of the large-sample MPM cohort through subclass

correlation analysis (Figure S5C), suggesting a good

reproducibility of the three-subgroup-clustering system for

identifying MPM immunological signatures. Kaplan-Meier

survival analyses confirmed that immune-activated MPMs

exhibited the most favourable outcome relative to the other

two subtypes (Figure 3B). By associating our immune subtyping

with Thorsson’s pan-cancer immune phenotyping (22), we

found that approximately 50% of immune-activated MPMs

pertained to the IFN-g-dominant (C2) phenotype. In contrast,

the wound healing (C1) phenotype occupied the most parts

(47.8%, 45%) for the other two subtypes. C6 phenotype, defined

as TGF-b dominant, showed the largest proportion in immune-

suppressed MPMs compared with other subtypes (21.7% versus

10%, 8.3%) (Figure 3C), supporting the previous findings of

TGF-b’s role in immunosuppression (30). Further profiling of

the immune milieu demonstrated that three MPM subtypes

manifested distinct immune-related signatures. Immune-

activated MPMs harbor the lowest genomic alteration fraction

and homologous recombination defects (HRDs), reflecting their

ability to repair DNA damage and maintain genomic stability.

The much more hypervariable and diverse TCR and BCR, and

highest lymphocyte infiltration score informed increased

probability of immune responsiveness to ICIs (Figure 3D),

consistent with the findings of ICI response estimated by

TIDE (Figure 3A). By contrast, immune-suppressed subtype

MPMs displayed the highest stroma and leukocyte fractions

(Figure 3D). Microsatellite instability (MSI) status and tumor

mutation burden (TMB) has been widely recognized as

biomarkers predicting the therapeutic efficacy of ICIs (31–33).

As the ICI therapeutic effects estimated by TIDE (Figure 3A), the

decreased MSI scores in immune-suppressed MPMs also

informs poor ICI efficacy (Figure S5D). In comparison, as we

observed, there was no significant difference in TMB levels

across the three groups (Figure S5D).
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Then, we investigated the oncogenic pathways mediating

the distinct phenotype of each subtype. Interestingly, immune-

activated MPMs displayed the most intense T cell-mediated

antitumor response, with high scorings of the T-cell receptor,

JAK-STAT, and interferon-g. Stromal-enriched immune-

suppressed MPMs were associated with high activities of

MAPK, TNFa-NF-kB, and IL-7 signalings, while non-

immune MPMs were characterized by abundant intracellular

signals of N-cadherin, FGF, EphA2, EGFR, and hypoxia

(Figure S6A).
Genomic landscape of the three MPM
immune subtypes

Gene- or pathway-level somatic mutations were shown to

affect the immune microenvironment. With the implementation

of well-established statistical and computational methods in the

maftools package, we presented the genomic landscape of

mutational alterations and copy number variations across the

three immunological subtypes. It is illustrated that the three

immunological subtypes displayed distinct genomic

characteristics (Figure 4A and Figures S7A, B). Of note,

immune-suppressed MPMs had the highest genomic alteration

rate of SETDB1 and NF2 (18%, 45%) relative to immune-

activated (0%, 25%) and non-immune (2%, 28%) MPMs

(Figures 4A, B). BAP1 alteration was most commonly found in

patients with immune-activated MPMs (Figure 4A) and was

specifically associated with a favorable outcome for these

patients (Figure 4D and Figure S7C), indicating subtype-

specific prognostic value. MTAP loss is a reliable surrogate for

CDKN2A (p16) homozygous deletion in mesothelioma

diagnosis (34, 35). These two highly specific markers for

malignancy lesions of mesothelioma have lower copy number

deletion rates in immune-activated MPMs than other MPMs

(Figure 4C and Figure S7A). LATS2mutation or inactivation is a

positive regulator of mesothelioma proliferation via

constitutively activating YAP and Hippo signaling pathways

(36). Herein, we demonstrated that LATS2 genomic alteration

was an indicator of adverse prognosis for both immune-

activated and immune-suppressed MPMs (Figure 4D), while

the same finding was not observed in non-immune MPMs

(Figure S7D). To support the findings at the proteomic level,

we determined the phosphorylation levels of the residues serine

127 (S127) of YAP, together with a common CDKN2A encoding

tumor suppressor, p16 (INK4A) (37), across the three subtypes

using TCGA-RPPA dataset. As expected, immune-activated

MPMs exhibited compromised phospho-YAP (S127) levels

and upregulated p16 (INK4A) levels relative to non-immune

MPMs with statistical significance, which would be a partial

interpretation of the optimistic outcomes (Figure S7E).
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FIGURE 3

Validation of the novel immune-subtyping in external MPM cohort. (A) The TCGA-MPM cases were subdivided into non-immune (40/87, 46.0%),
immune-suppressed (23/87, 26.4%), and immune-activated (24/87, 27.6%) MPMs using methods of consensus clustering, MDS-RF modification,
and NTP division with signatures covering 26 immune- and TME-related signatures which were shown in the heatmap. Top column shows the
predicted ICI response estimated by IOBR and corresponding immune subtype of each case. (B) Kaplan-Meier survival analyses of overall
survival in MPMs with different immunological subtypes using TCGA RNA-seq cohort. **, p < 0.01; *, p < 0.05; n.s., Not significant.
(C) Percentage column plots showing the distribution of predicted Thorsson’s pan-cancer immune phenotyping across the three immune
subtypes. ***, p > 0.001; **, p > 0.01; *, p > 0.05; n.s., Not significant. (D) Scoring or fraction of immune cell components and indices in different
immune subtypes.
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FIGURE 4

Genomic landscape of the three MPM immune subtypes. (A) Oncoplot representation of the distribution of genomic alterations (mutations and
copy number variations) in driven genes identified by Mutsig across the three MPM immune subtypes, with the significance of mutations (Log10
transformation of MutSig q-value) shown at the left panel. Genomic alterations frequency of all MPM samples stratified by immunological
subtypes were listed on the right side of the Oncoplot. The top column illustrates the overall counts of genomic alterations per sample with
Log10 transformation, and the column at the bottom presents the mutation spectrum of base substitutions. NOS, Not otherwise specified. Del,
Deletion. (B, C) Identification of significantly enriched mutations (B), p < 0.05) or CNAs (copy number alterations) (C), p < 0.01) of genes for each
subtype by pairwise comparisons. The upper and bottom columns indicate the alteration rate in enriched subtype and the other subtypes
respectively. (D) Kaplan-Meier curves of the overall survival in the corresponding subtype of MPM patients stratified by BAP1 or LATS2 genomic
alteration status. WT, Wild-type.
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Development and validation of robust
classifiers for distinguishing three
subtypes of MPMs

To simplify a biomarker set classifying MPMs for molecular

diagnosis and clinical practice, we set out to develop a robust

panel of classifier genes with the application of machine-learning

algorithms. The workflow is shown in Figure 5A. To identify

non-redundant and uncorrelated marker genes, we assembled

multiple variable feature-selection algorithms to select the most

informative features and ranked the candidates in order of

feature importance (Supplementary Table 2, see Materials and

Methods for details). To determine the optimal gene panel size,

we iteratively trained the RF-LOOCV model by adding one gene

in one run. We noticed that classifier performance was almost no

more improved for panels larger than 20 genes (Figure S8A).

Although the average overall accuracy of classification reaches a

maximum around 0.850, the capability of this model for

distinguishing immune-activated MPMs from immune-

suppressed MPMs is still far from satisfactory (Figure S8A).

Therefore, we adopted a two-step feature selection process

accompanied by an RFE algorithm to obtain the optimum

gene combinations for improving the separating capacity of

two comparisons, including immune v.s. non-immune and

immune-suppressed v.s. immune-activated (Figure S8B). Using

the combined 16-gene panel as an input for multiple machine

learning training procedures, we identified the RF plus cross-

validation (CV) algorithm as the best one in terms of

classification accuracy. In this setting, a 12-gene classifier

showed the highest discriminant performance (93.6%) with

RFE process on the training set and was thus identified as the

best optimal set (Figure 5B). The efficiency of this 12-gene

classifier was confirmed using a testing set and external TCGA

dataset with accuracies of 90.9% and 79.4% (Figure 5D). More

importantly, using the 12-gene classifier, each immune subtype

can be efficiently diagnosed with no bias (Figure 5C). The

summarization of the feature selection process was shown in

Supplementary Table 3. The classification accuracy was no

longer improved by increasing the panel size that incorporated

additional clinical covariates, including histology, tumor stage,

lymph node stage, metastasis stage, etc. (Figure S8C).

Intriguingly, the predicted immune-activated MPMs showed

a better prognosis than the predicted non-immune MPMs

(Figure 5E), demonstrating that the 12-gene classifier is a good

predictor of survival. Multivariate Cox regression analysis

confirmed that the 12-gene classifier was a promising and

independent biomarker set for predicting patient survival

(Figure S9A). To assess the expression patterns of 12 genes, we

correlated their expression levels with immune cell infiltrates

estimated by CIBERSORT. Hence, two gene categories were

identified with distinct expression patterns: genes within

category one (GZMA, APOBEC3G, BTN3A2, TRAT1, HCK,
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BIN2, and SLAMF8) showed a positive relationship with the

abundance of various types of T cells, while category two (TNC,

TNFAIP6, HAS2, SH2B3, and ITGA4) was associated with

myeloid components (Figure S10A).
Discussion

The recently published result of Checkmate743 has

established the position of dual-target immunotherapy in first-

line treatment for MPMs (6). This new therapy pattern raises

demands for predicting patients capable of benefiting from ICIs.

TMB and PD-L1 are two well-recognized biomarkers for

predicting the efficiency of immunotherapy with a wide

application (38, 39). Although KEYNOTE-158 has confirmed

the clinical efficacy of Keytrude in tumors harboring a TMB≥10

across multiple solid tumors including mesothelioma (40), our

analyses revealed a deficiency of TMB with an average

expression around 0.5 (Figure S5D). By contrast, expression of

PD-L1 ranged from 22 to 42% in MPM patients with a variety of

assessment methods (41–43). High PD-L1 expression seemed to

be correlated with adverse clinical outcomes for MPMs (43).

However, the optimal cutoff score used for predicting prognosis

or ICI response remains to be determined. Moreover, there is no

consensus regarding PD-L1’s predictive value in recognizing

potential beneficial patients upon immunotherapy. As a single

biomarker, TMB or PD-L1 is insufficient to cover all the intrinsic

and environmental factors driving immune heterogeneity of

MPMs, and thus has its limitation in being applied to

clinical practice.

From this, we speculate that proposing a subtyping system

for MPM can promote our understanding of TME heterogeneity

and is critical for improving the efficacy of current

immunotherapeutic strategies . Previously , c lassical

classification patterns were defined to stratify the immune

microenvironment of solid tumors into four types based on

the presence or absence of tumor-infiltrating lymphocytes

(TILs) and PD-L1 expression, including Type I cancers (PD-

L1+ TILs+), Type II cancers (PD-L1− TILs−), Type III cancers

(PD-L1+ TILs−), Type IV cancers (PD-L1−TILs+) (44).

Correlating this stratification system with our classification

identified immune-activated MPMs as Type I cancers, which

were more likely to benefit from anti-PD1/anti-PD-L1 therapy.

Similar to previous findings (45), PD-L1 showed greater

expression in immune-activated MPMs accompanied by

infiltration of cytotoxic T-cells (Figure S4A). For the

explanations, the persistent involvement of T cells in tumor

immunity was balanced by PD-L1 engagement, which is induced

by IFN-g as an adaptive mechanism and thus exactly appropriate

for anti-PD1/PD-L1 therapy (46).

Meanwhile, we observed patients within immune-

suppressed MPMs contained substantial myeloid components
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(MDSCs, TAMs) and Tregs responsible for mediating immune

tolerance. To take control of this predicted Type IV cancers-

associated MPMs, we deemed that simple using combination

regiments containing antibodies against PD-L1, CTLA-4, and

other immune checkpoints may not be enough considering the

immune-suppressive status. TAMs can suppress T cell activity

via upregulating checkpoint molecules, indirectly crosstalk with

Tregs, and secreting immunosuppressive cytokines (47), which

eventually results in ICI treatment failure. Thus, immune-
Frontiers in Oncology 11
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suppressed MPMs may benefit from inhibiting the CSF1/

CSF1R pathway, a key participant in the proliferation,

differentiation, and recruitment of macrophages (48). The

efficacy of the CSF1/CSF1R antibody, Cabiralizumab,

combined with nivolumab in advanced solid tumors, is

currently being investigated in a phase 2 trial (NCT02526017).

The remaining non-immuneMPMs accounted for a large part

and held the characteristics of Type II (PD-L1 negative with no

TIL indicating immune ignorance) or Type III cancers (PD-L1
A

B

D E

C

FIGURE 5

Development and validation of robust classifiers for distinguishing three subtypes of MPMs. (A) The workflow of a multi-step procedure for
identifying classifiers to distinguish three immune subtypes of MPMs. LDA, Linear discriminant analysis; CV, Cross-validation; LOOCV, Leave-
one-out cross-validation; ML, Machine learning. (B) Line graphs illustrate the variation trend of classification accuracy computed by multiple
feature selection algorithms plus stepwise recursive feature elimination (RFE) process. The x-axis suggested a different number of variable
combinations. (C) Receiver operating characteristic (ROC) curves of the 12-gene classifier for classifying each immune subtype separately. The
scores of the area under curve (AUC) are presented in the plot. (D) Percentage of correctly classified samples using the 12-gene classifier in
different MPM datasets. (E) Kaplan-Meier analysis of overall survival of TCGA MPM patients based on classification predicted by the 12-gene
classifier. *, p < 0.05; n.s., Not significant.
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positive with no TIL indicating intrinsic induction). For these

“cold” tumors, enhancing the immunogenicity of tumor cells to

attract more T cell infiltration should be prioritized. To achieve it,

developing therapies to induce exposure to tumor antigens would

be a primary measure to take. As an ideal way to cause

immunogenic cell death and liberate neo-antigens, radiotherapy

has been combined with immunotherapy to enhance CD8 T-cell

responses (49). For the consideration of inducing vascular

normalization, anti-angiogenic therapy allows more TILs to

access the TME and thus improves the efficiency of ICI through

augmenting immune recognition (50). Some treatment guidelines

recommended the addition of the anti-angiogenic agent

bevacizumab to platinum plus pemetrexed chemotherapy as

first-line treatment for selected MPM patients (51, 52). Given

the durable survival benefit seen in CheckMate 743, combining

nivolumab plus ipilimumab with other therapies, including anti-

angiogenic agents, merits further investigation to determine

whether tumor response can be enhanced.

Clinical survival is one of our primary concerns for this

classification scheme. Our work identified that immune-

activated MPM patients exhibited more favourable prognoses

relative to immune-suppressed MPM patients in both two

cohorts, while conflicting data exist regarding the patient

surv iva l of non- immune MPMs. Those seemingly

contradictory data might be attributed to different sample

properties, including TMN staging, histology, and sample size.

For the non-immune MPMs, delineating molecular features

using the NMF algorithm (Figure 1A) has summarized three

distinct functional modules/subclasses: Cell cycle, Epithelial/IFN

response, and ECM subtypes. Further work should investigate

these heterogeneous molecular patterns and their associations

with immune reprogramming and clinical outcome.

The limitation of the current study is the lack of histology

evaluation for each sample. In particular, all the analyses were

solely based on bulk transcriptome and cell type deconvolution.

The recent finding suggested that some SCLC (small cell lung

cancer) cases do contain not low immune cells that were more

immunological sequestrated (53). A tumor-immune

microenvironment is well-organized and structured from

compartmentalized to mixed patterns relating to survival (54).

With the advances in the spatial transcriptome, future work

should pay more attention to the spatial distribution of immune

cells in MPMs, which can help choose appropriate patients to

receive the immunotherapy. Besides, the ability of our immune

subtypes to predict responses to different immunotherapeutic

approaches is worth exploring in clinical trials or real-

world studies.

To sum up, we developed a novel and feasible subtype

classification system for delineating MPM immune features.

We demonstrate that this classification system can be

exploited to guide immunotherapy strategies, providing critical

biological insights into the mechanisms driving tumor
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heterogeneity. A machine learning-based 12-gene classifier was

exploited to simplify classified procedures, holding promise in

clinical translation and prognostic determination.
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Background: Though immune checkpoint inhibition has recently shown

encouraging clinical efficacy in mesothelioma, most patients do not respond.

Combining immune checkpoint inhibition with radiotherapy presents an

attractive option for improving treatment responses owing to the various

immunomodulatory effects of radiation on tumors. However, the ideal

dosing and scheduling of combined treatment remains elusive, as it is poorly

studied in mesothelioma. The present study characterizes the dose- and time-

dependent changes to expression of various immune markers and cytokines

important to antitumor responses following irradiation of mesothelioma

cell lines.

Methods: Two murine (AB1, AE17) and two human (BYE, JU77) mesothelioma

cell lines were treated with titrated gamma-radiation doses (1-8 Gy) and the

expression of MHC class-I, MHC class-II and PD-L1 was measured over a series

of post-irradiation timepoints (1-72 hours) by flow cytometry. Levels of

cytokines IL-1a, IL-1b, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1,

IFN-b, IFN-g, TNF-a, and GM-CSF were measured by multiplex immunoassay

in murine cell lines following 8 Gy radiation.

Results: Following irradiation, a dose-dependent upregulation of MHC-I and

PD-L1 was observed on three of the four cell lines studied to varying extents.

For all cell lines, the increase in marker expression was most pronounced 72

hours after radiation. At this timepoint, increases in levels of cytokines IFN-b,
MCP-1 and IL-6 were observed following irradiation with 8 Gy in AB1 but not

AE17, reflecting patterns in marker expression.

Conclusions: Overall, this study establishes the dose- and time-dependent

changes in immune marker expression of commonly studied mesothelioma
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cell lines following radiation and will inform future study into optimal dosing

and scheduling of combined radiotherapy and immune checkpoint inhibition

for mesothelioma.
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Introduction

Mesothelioma is an aggressive, incurable cancer in urgent

need of more effective therapies. Mesothelioma may develop in

any mesothelial surface of the body, but most commonly it arises

in the lung pleura following inhalation of asbestos, which acts as

a carcinogen (1). The long average latency of 40 years, as well as

insidious and non-specific onset of symptoms of this disease,

mean that diagnosis usually occurs at an advanced stage

where tumor removal is impossible, and treatment options are

limited (1). For this reason, mesothelioma remains one of the

deadliest cancers, with an untreated median overall survival

(mOS) of nine months (2). For several decades, treatment

has largely been limited to cytotoxic chemotherapy with

cisplatin and pemetrexed, which only slightly improves mOS

to twelve months (2). However, immune checkpoint inhibition

(ICI) has recently shown encouraging clinical benefit in

mesothelioma (3).

Immune checkpoints such as cytotoxic T-lymphocyte-

associated protein-4 (CTLA-4), and the programmed death

protein-1 (PD-1)/programmed death ligand-1 (PD-L1)

signaling axis are co-inhibitory pathways that physiologically

prevent inappropriate activation of immune responses, but are

often upregulated by cancers to prevent or dampen T-cell

activation and thus suppress antitumor activity (4). Inhibition

of these checkpoints by ICI can restore or enhance tumor

immunogenicity and T-cell activity against cancer (4). The

recent phase 3 Checkmate 743 trial found that combined PD-1

and CTLA-4 blockade meaningfully improved survival rates

over pemetrexed and platinum chemotherapy in the first-line

setting for malignant pleural mesothelioma – leading to approval

of this treatment strategy for clinical use (3). However, successful

treatment occurred predominantly in the rarer, non-epithelioid

mesothelioma subtypes that are often refractory to

chemotherapy. The majority of patients either do not respond

or acquire resistance to treatment, highlighting the need to find

strategies to sensitize a greater proportion of patients to ICI.

The administration of other treatment modalities in

conjunction with ICI, such as radiotherapy (RT), may increase

both the rate and durability of responses. In mesothelioma, RT is

used routinely during surgical resection as well as palliatively to
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assist in symptoms of pain and dyspnoea (5). Though

conventionally exploited for its ability to effect DNA damage

and cell death (6), recently RT has been found to produce a host

of immunomodulatory effects on tumors through altering the

tumor microenvironment (7, 8), initiating immunogenic cell

death (9, 10), and altering the surface expression of immune

markers, such as major histocompatibility complex (MHC)

molecules and PD-L1, on cancer cells (11–14). These effects, as

well as the relatively limited systemic toxicities of RT compared

to other treatments such as chemotherapy, provide strong

rationale for investigating how RT might boost ICI

responses (15).

Preclinical studies in some cancers have shown improved

efficacy of combined RT and ICI over either treatment alone

(16–20), and combined RT and ICI is gradually being translated

into the clinical setting (21). At present, however, preclinical

studies combining RT and ICI in mesothelioma are limited. In

one study using the AB12 murine mesothelioma model, hypo-

fractionated RT (5 Gy x 3) followed by anti-CTLA-4 antibody

led to abscopal effects, increased T cell infiltration, and increases

in immune-related gene expression and cytokine production

(22). Another study assessing a similar schedule of 5 Gy x 3

followed by anti-CTLA-4 in the AE17 model of mesothelioma

found significantly smaller tumors following combined

treatment compared to either treatment alone (23). Though

such results are encouraging, more work is needed to assess a

larger range of doses and sequences, to gain a more

comprehensive understanding of the mechanisms by which

combined RT and ICI can augment antitumor immune

responses. To our knowledge, the immunomodulatory effects

of radiation on mesothelioma cells over time and in the context

of carefully titrated doses have not previously been investigated.

Such information is essential to inform the design of future

preclinical and clinical studies in mesothelioma. The present

study therefore aimed to measure the changes to the surface

expression of several immune markers relevant to ICI; namely,

MHC class-I (MHC-I), MHC class-II (MHC-II) and PD-L1,

following irradiation of both murine and human mesothelioma

cell lines. In addition, we aimed to characterize the cytokine

profile of irradiated cell lines to find potential mechanisms

underlying changes to surface expression.
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Materials and methods

Cell lines and culture

Murine mesothelioma cell lines AB1 and AE17 were

generated as previously described (24). Human mesothelioma

cell lines BYE10412 (BYE) and JU77, generated from patient

malignant pleural effusions using methods described by

Manning et al. (25), were obtained from the National Centre

for Asbestos Related Disease (NCARD) biobank. Details of

cell lines are summarized in Supplementary Table 1. Cells

were cultured in R10, consisting of RPMI 1640 medium

(Gibco, Thermo Fisher, MA, USA) supplemented with

20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid

(HEPES) (Gibco), 100 U/mL benzylpenicillin, 50 mg/mL

gentamicin, 0.05 mM 2-mercaptoethanol (2-ME), and 10%

neonatal calf serum (NCS). Cells were maintained in a

humidified atmosphere at 37 °C with 5% CO2 and media was

replaced twice a week.
IFN-g stimulation

Murine mesothelioma cell lines were treated with 10 ng/mL

recombinant mouse interferon-gamma (IFN-g) (Cat#200-16,

Shenandoah Biotechnology, PA, USA) and incubated for 48 h

to induce MHC-I/II and PD-L1 expression. Similarly, human

mesothelioma cell lines were subject to a 48 h stimulation with

100 ng/mL recombinant human IFN-g (Cat#PHC4031, Gibco,

Thermo Fisher).
Irradiation

At 80% confluency, cells in culture were harvested and

resuspended in R10 at 1 × 106 cells/mL. Cells were irradiated

in separate 50 mL tubes by a caesium-137 source at a dose rate of

3.78 Gy/min (Gammacell 3000 SN #0211, Nordion, Ottawa,

Canada) at room temperature with doses of 1, 2, 4, 6, and 8 Gy.

As the actual radiation dose administered may vary by ± 15%

depending on position in the rotating irradiation cannister,

tubes were positioned centrally for all irradiations.

Immediately after radiation 1 × 106 cells were seeded into

separate T175 culture flasks for each timepoint. Cells were

then incubated for 1, 6, 24, 48 or 72 h post-irradiation. At the

completion of each timepoint, 0.5 × 106 cells were collected per

dose and cryopreserved at -80°C until analysis. For cytokine

studies, cells were irradiated at 8 Gy and incubated for 72 h, after

which cell culture supernatant was collected, centrifuged (300

RCF, three minutes) to remove debris, and stored at -80°C until

analysis. All irradiations were conducted in triplicate.
Frontiers in Oncology 03
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Flow cytometry

Surface expression of MHC-I, MHC-II and PD-L1 was

assessed on irradiated cell lines by flow cytometry. Frozen

samples were thawed in a 37°C water bath for one minute, then

transferred to fresh 15 mL tubes. Cells were washed in 10 mL R10

by centrifugation (300 RCF, three minutes, max brake). Each

sample was resuspended in 200 µl R10, transferred to a 96 well

plate, and washed by centrifugation (300 RCF, three minutes,

max brake). Samples were washed twice with 200 µL/well PBS

(300 RCF, three minutes, max brake). Fixable Viability Dye

eFluorTM 506 (eF506) diluted 1/1600 in 20 µL PBS was added

to the appropriate wells, and samples were incubated for

20 minutes in the dark at room temperature. Samples were then

washed twice in 200 µL flow buffer (PBS/2% NCS/5mM EDTA)/

well. Samples were stained with 20 µL of appropriate antibody

cocktail (Supplementary Table 1) and incubated for a minimum of

30 minutes at room temperature in the dark. Following staining,

samples were washed twice (300 RCF, 3 minutes, max brake) with

200 µL/well flow buffer, then resuspended in 50 µL/well 1X BD

Stabilizing Fixative diluted in 5mM EDTA before analysis.

Compensation was performed using singly stained

UltraComp eBeads (eBioscience, San Diego, CA). Gating was

optimized using FMO controls for each marker (gating strategies

are presented in Supplementary Figure 2). Where appropriate,

IFNg-stimulated mesothelioma cells (AB1, AE17 and JU77) were

used as biological positive controls for each experiment. As

MHC-II was not expressed on either murine cell line following

IFN-g, mouse splenocytes were selected as a technical positive

staining control for MHC-II antibody.

Samples were acquired using the FACSCantoII (BD

Biosciences, NJ, USA) and FACSDiva software (BD

Biosciences), and a minimum of 10,000 live events were

recorded per sample. Data were analyzed using FlowJo

software, version 10.8.0 (Treestar, OR, USA) to generate values

for the percentage of cells positive for MHC-I, MHC-II and

PD-L1 expression and median fluorescence intensity (MFI).

Normalized MFI (nef) was generated by dividing the MFI of

each sample with MFI of an unstained control. All radiation doses

and timepoints within any individual irradiation experimental

repeat were stained and data acquired in the same session.
Multiplex immunoassay

Levels of inflammatory cytokines (IL-1a, IL-1b, IL-6, IL-10,
IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-b, IFN-g, TNF-a,
and GM-CSF) were measured in murine mesothelioma cell lines

using the LEGENDplex™ 13-plex Mouse Inflammation Panel

with Filter Plate (Cat#740150, Biolegend, CA, USA). The assay

was performed according to manufacturer’s instructions.

Standards and samples were assayed in duplicate. Samples
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were acquired with the FACSCantoII and FACSDiva software

(BD Biosciences). Standard curves and cytokine data were

generated using the free cloud-based LEGENDplex™ Data

Analysis Software Suite (Biolegend).
Statistical analysis

Data were analyzed and visualized using GraphPad Prism

software (version 9.1.2). Immune marker expression was

analyzed by two-way analysis of variance (ANOVA), followed

by multiple pairwise comparisons with Tukey adjustment. The

non-parametric Mann-Whitney U test was used to compare

concentrations of a given cytokine in un-irradiated (0 Gy) versus

irradiated (8 Gy) samples. Results are presented as mean ± one

standard deviation of n = 3 independent experimental repeats in

all figures. P < 0.05 was considered statistically significant.
Results

Basal and IFNg-induced expression of
immune markers

Prior to irradiation, we first assessed our mesothelioma cell

lines for surface expression of three markers commonly found

on tumor cells, and of particular relevance to cancer

immunotherapy: MHC-I, MHC-II and PD-L1. These were

present at varying levels of expression at baseline (Figure 1).

In proportional terms, AB1 cells expressed high levels of MHC-I

(95%) and moderate levels of PD-L1 (21%), whereas the AE17

cell line expressed negligible levels of both markers (2.6% and

1.2% respectively) (Figures 1A, B). Neither murine cell line

expressed MHC-II on its surface (<1%). Moreover, when

treated with IFN-g, expression of MHC-I and PD-L1 was

substantially upregulated on both murine cell lines, while

expression of MHC-II remained unaffected. Similar to AB1,

human cell line JU77 constitutively expressed high levels of

MHC-I (90%) and PD-L1 (52%) but exhibited no basal

expression of MHC-II (Figure 1C). However, when subject to

IFN-g treatment, expression of all markers was substantially

upregulated on this cell line. In contrast, BYE cells showed no

apparent expression of MHC-I, MHC-II or PD-L1, and IFN-g
did not induce expression of any marker (Figure 1D).
Radiation leads to a dose- and time-
dependent upregulation of MHC-I but
not MHC-II on mesothelioma cell lines

We previously showed that effects of radiation on cell

proliferation and survival saturate at doses of 8 Gy in the

mesothelioma cell lines studied (26); therefore, in studying
Frontiers in Oncology 04
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immune marker modulation cells were irradiated with a dose

range of 0-8 Gy. No substantial increase in dead cells was

observed 72 h after irradiation compared to unirradiated samples.

A dose-dependent upregulation of surface MHC-I on both

murine mesothelioma cell lines was observed following

irradiation (Figures 2A–D). Effects were observed 72 h post-

irradiation and not at earlier timepoints. A 2.5-fold increase in

MHC-I MFI was found 72 h after irradiation with 4 Gy in the

AB1 cell line (p = 0.0345), and this was not significantly different

to expression induced by 8 Gy (Figure 2B). In contrast,

irradiation with 8 Gy was required to induce MHC-I

expression on AE17 (Figures 2C, D), and by 72 h was only

slightly higher than unirradiated controls (1.91 ± 1.35% vs 9.15 ±

1.08%, p = 0.0015).

We also sought to compare responses to radiation in between

murine and human mesothelioma cell lines. Though baseline

MHC-I expression on BYE was extremely low, a stark increase in

MHC-I expression was observed on this cell line following

radiation (Figures 2E, F). Similar to murine cell lines, the effect

of radiation was delayed, and observed to the greatest extent 72 h

after radiation treatment. Compared to unirradiated controls, the

percentage of MHC-I+ cells significantly increased 48 h after

irradiation with 6 Gy (2.51 ± 1.80% vs 15.0 ± 2.67%, p = 0.019)

and 8 Gy (18.6 ± 6.35%, p = 0.001). Seventy-two hours post-

irradiation, however, cells irradiated with 4 Gy showed increased

MHC-I (Figure 2E), and expression was further increased in cells

irradiated with 6 Gy (35.0 ± 14.7%, p < 0.0001) and 8 Gy (42.9 ±

8.48%, p < 0.0001) (Figure 2E). No significant difference was

found between 6 Gy and 8 Gy (Figures 2E, F), suggesting

radiation-induced expression begins to saturate at 6 Gy. MFI

levels showed similar dose- and time-related trends in expression

(Figure 2F), with MFI increasing 4-fold after 8 Gy (p < 0.0001). In

contrast, radiation did not substantially alter MHC-I expression

on the JU77 cell line (Figures 2G, H). Also, radiation did not

induce MHC-II expression on any mesothelioma cell line,

regardless of dose (Supplementary Figure 2).
Radiation leads to upregulation of PD-L1
on mesothelioma cell lines concurrent
with MHC-I

Radiation led to increased surface PD-L1 protein expression

on AB1, AE17 and BYE cell lines in a dose- and time-related

manner, concurrent with patterns in MHC-I expression.

Seventy-two hours after radiation of AB1 cells both the

percentage of PD-L1+ cells and PD-L1 MFI increased

substantially (Figures 3A, B). This increase was apparent at

lower doses (1-2 Gy) and radiation-induced upregulation

saturated at 4 Gy, with five times as many cells expressing PD-

L1 compared to un-irradiated controls (11.5 ± 5.00% vs 67 ±

11.7%, p < 0.0001). At the 72 h timepoint, a 3.3-fold increase in

PD-L1 MFI was observed after delivery of 4 Gy, which was not
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B

D

C

FIGURE 1

Basal expression of immune markers on mesothelioma cell lines measured by flow cytometry. (A–D) Representative histograms of surface
MHC-I, MHC-II and PD-L1 staining on untreated mesothelioma cells (blue) against unstained controls (grey) and IFNg-stimulated controls (red)
for murine cell lines AB1 (A) and AE17 (B), and human cell lines JU77 (C) and BYE (D).
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FIGURE 2

Radiation increases MHC-I expression on mesothelioma cells in a dose- and time-dependent manner. (A–H) Mesothelioma cells were irradiated
with 0-8 Gy and changes to the percentage of MHC-I positive cells and nMFI over time (1, 6, 24, 48 and 72 h) were determined by flow
cytometry for AB1 (A, B), AE17 (C, D), BYE (E, F) and JU77 (G, H) cell lines. Data are presented as mean ± S.D. of n = 3 independent experimental
repeats. All p-values were determined by two-way ANOVA and multiple pairwise comparison with Tukey adjustment. P-values are represented
as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.
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significantly different to the 3.9-fold increase in PD-L1 MFI

observed after 8 Gy. In contrast, 1-6 Gy did not significantly alter

PD-L1 expression on AE17 cells, but expression was higher

following 8 Gy radiation compared to un-irradiated samples (p <

0.05); again, this occurred only 72 h after treatment and not at

earlier timepoints (Figures 3C, D). A similar increase in PD-L1

expression was also observed on human cell line BYE following

doses of 6-Gy and above (Figures 3E, F). However, as with

MHC-I, radiation did not significantly alter PD-L1 expression

on the JU77 cell line (Figures 2G, H).
Inflammatory cytokine profile
following radiation differs
between murine cell lines

We hypothesized that the radiation-induced changes in

immune marker expression in murine cell lines would

associate with changes in the profile of secreted inflammatory

cytokines detectable in the supernatant. IL-1a, IL-1b, IL-10,
IL-12p70, IL-17A, IL-23, IL-27, IFN-g, TNF-a, and GM-CSF

were not detected in the supernatant of either cell line before or

after radiation treatment (Table 1). A non-significant increase of

IFN-b, MCP-1 and IL-6 was observed following 8 Gy radiation

in AB1 (Figures 4A–C). Interestingly, these cytokines were not

upregulated in AE17 following the same dose of radiation

(Figures 4D–F).
Discussion

ICI has transformed the landscape of cancer treatment, but

sensitizing a greater proportion of patients to this therapy remains

a serious challenge. RT has exhibited the potential to improve the

frequency and durability of ICI responses in cancer. However, the

ideal dosing and scheduling of combined RT and ICI to optimize

antitumor activity, while avoiding immunosuppressive effects,

remains poorly understood for many cancers including

mesothelioma (27). Moreover, the radiation-induced immune-

related changes at the level of tumor cells for mesothelioma have

not previously been established; such information is essential to

identifying potential mechanisms of synergy between RT and ICI.

The present in vitro study therefore characterizes the dose- and

time-dependent effects of radiation on expression of selected

markers, crucial to immune function, in various mesothelioma

cell lines with the aim of identifying an optimal radiation dose to

use in future studies. Furthermore, in murine cell lines we study

associated changes to inflammatory cytokine release in response

to radiation, aiming to gain an understanding of the role that

radiation-induced cytokines may play in the immune modulation

of tumors.

Firstly, MHC-I on the surface of tumor cells is responsible for

presentation of tumor-specific antigen to CD8+ T cells;
Frontiers in Oncology 07
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downregulated levels of MHC-I expression typically correlate

with poorer prognosis and treatment response in cancer (28).

Consistent with previous studies in breast cancer (10), colon

cancer (10, 11), lung cancer (10, 29) andmelanoma cell lines (11),

radiation increased MHC-I expression in three out of the four

mesothelioma cell lines studied, presenting a potential

mechanism by which radiation can sensitize tumor cells to

CD8+ T cell-mediated killing. As expected, upregulation of

MHC-I expression was dose-dependent. For the AB1 cell line,

MHC-I MFI increased following 4 Gy radiation. This was not

significantly different from 8 Gy and so one might conclude that a

dose fraction of 4 Gy would be ideal for use in future preclinical

study in this model. On the other hand, the AE17 cell line

exhibited minimal basal MHC-I expression and, while 8 Gy

significantly increased MHC-I expression, this occurred to a

lesser extent than AB1; this may be attributed to inherent

differences in radiosensitivity between mouse strains from

which these cell lines were established. It is possible that higher

doses may result in more pronounced marker upregulation for

AE17, but as radiation is often delivered at lower doses per

fraction to avoid toxicities associated with higher radiation doses,

the clinical relevance and utility of this is uncertain.

Radiation-induced increases in MHC-I were accompanied

by similar dose- and time-dependent changes in PD-L1

expression on AB1 and AE17 cell lines. The concurrent

upregulation of the suppressive PD-L1 immune checkpoint

alongside MHC-I molecules may be an adaptive mechanism to

control antitumor activity, as these molecules have opposing

effects on immunity. Indeed, this may indicate two different

routes of immune escape resulting from selective pressure by the

immune system – on the one hand MHC-I downregulation to

avoid immune detection in the first place (as seen in AE17), and

on the other hand constitutive elevation of PD-L1 to dampen the

activity of tumor-specific T cells (as in AB1). Previous preclinical

studies in other cancers including hepatocellular carcinoma (30),

pancreatic ductal adenocarcinoma (16), head and neck

squamous cell carcinoma (18), and non-small cell lung cancer

(18, 31) have found that combining anti-PD-1 or anti-PD-L1

therapies with RT improve treatment response by circumventing

this adaptive upregulation of PD-L1; such combinations may

likewise be assessed in our mesothelioma models. An important

factor influencing treatment response found in these studies was

the ability of radiation to induce IFN-g release by T cells to cause

MHC-I and PD-L1 upregulation. Notably, IFN-g treatment

markedly increased expression of MHC-I and PD-L1 on both

AB1 and AE17, underlining the importance of assessing the

effect of radiation on marker expression in vivo, which will

undoubtedly be impacted by interactions within the wider tumor

microenvironment. Moreover, comparing these mesothelioma

models in vivo will be valuable to understanding variation in

responses to combined radio-immunotherapy, and the potential

effects of basal and radiation-induced immune marker

expression on these responses.
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FIGURE 3

Radiation increases PD-LI expression on mesothelioma cells in a dose- and time-dependent manner. (A–H) Mesothelioma cells were irradiated
with 0-8 Gy and changes to the percentage of PD-LI positive cells and nMFI over time (1, 6, 24, 48 and 72 h) were determined by flow
cytometry for AB1 (A, B), AE17 (C, D), BYE (E, F) and JU77 (G, H) cell lines. Data are presented as mean ± S.D. of n = 3 independent experimental
repeats. All p-values were determined by two-way ANOVA and multiple pairwise comparison with Tukey adjustment. P-values are represented
as follows: *p < 0.05, **p < 0.01, ****p < 0.0001. ns, not significant.
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We also sought to compare murine mesothelioma cell lines

to human cell lines. Interestingly, though MHC-I was initially

poorly expressed by the BYE cell line, radiation strongly induced

MHC-I expression in a dose-dependent manner. MHC-I
Frontiers in Oncology 09
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expression was saturated at 6 Gy, showing that such effects

can be achieved in humans with clinically used radiation doses.

Interestingly, IFN-g treatment did not induce MHC-I expression

on BYE, suggesting an IFNg-independent mechanism of

upregulation in vitro for this cell line. In contrast, both MHC-I

and PD-L1 were constitutively expressed by JU77 cells and could

be further upregulated by IFN-g, but expression was unchanged

by any dose of radiation administered. It is possible that

radiation treatment may have resulted in other immune-

related phenotypic or transcriptional changes in this cell line

that were beyond the scope of this study.

Optimizing the timing of delivering ICI with respect to RT is

essential to improve antitumor immune responses. However,

few studies have measured the dynamic changes to marker

expression in response to RT; the present study therefore

assessed expression at early (1-6 h) and late (24-72 h) stages

post-irradiation. Importantly, we show that where modulation

of immune markers is observed, this occurs maximally and, in

most cases, solely at the 72 h timepoint, regardless of the level of
TABLE 1 Limit of detection (LOD) of undetected cytokines.

Undetected cytokines LOD (pg/mL)

IL-23 40.40

IL-1a 0.3662

IFN-g 3.408

TNF-a 12.60

IL-12p70 4.118

IL-1b 1.141

IL-10 19.29

IL-27 19.35

IL-17A 1.312

GM-CSF 7.643
A B

D E F

C

FIGURE 4

The effect of radiation on cytokine production by murine mesothelioma cell lines as measured by multiplex assay. (A–F) Concentrations of IFN-b,
MCP-1 and IL-6 respectively in AB1 (A–C) and AE17 (D–F) cell lines, 72 h after irradiation with 8 Gy compared to sham-irradiated (0 Gy) controls.
Data are presented as mean ± S.D. of n = 3 independent experimental repeats. P-values were determined by the non-parametric Mann-Whitney
U test.
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radiation. This differs from a study in a melanoma cell line,

where increased expression of cells irradiated with 10 and 25 Gy

was apparent as early as 18 h after radiation; this may have been

due to the higher doses administered in this study (12). Our

findings may suggest the superior benefit of delivering RT prior

to ICI; timing is also likely to be influenced by mechanisms of

action of different ICI agents and requires further study.

Whether marker expression is sustained beyond 72 h or is

transient will also have implications for the relative scheduling

of RT and ICI.

We hypothesized that observed increases in MHC-I and

PD-L1 would associate with changes in the profile of

inflammatory cytokines secreted by our cell lines. Although

increased levels of MCP-1, IL-6 and IFN-b in AB1 following

irradiation with 8 Gy were observed, this did not reach the set level

of significance for this study. Interestingly however, the lack of

change to these cytokines in AE17 corresponds with the relatively

lower increases in MHC-I and PD-L1 expression observed. The

increase in MCP-1 observed in AB1 is consistent with a study in a

breast carcinoma cell line, where irradiation with 9 and 23 Gy

significantly increased levels of this cytokine. Furthermore, IL-6

(32–35) and IFN-b (29) have previously been shown to increase

tumor cell PD-L1 and MHC-I expression respectively in other

cancers, and may play a similar role in mesothelioma. IL-17 (36),

TNF-a (36), and IL-27 (37) can also upregulate tumor cell PD-L1

expression in various tumor cell lines, however these cytokines

were not detected following irradiation of the mesothelioma cell

lines in this study. It should also be noted that other cytokines that

were not studied here may have the capacity to influence immune

response in mesothelioma. One example is IL-15, which works to

stimulate the proliferation of CD8+ T cells and natural killer cells,

thereby enhancing antitumor responses (38). Administration of

IL-15 superagonist and glucocorticoid-induced tumor necrosis

factor receptor–related protein (GITR) agonist alongside RT

improved control of irradiated AE17 mesothelioma tumor (38).

The inflammatory cytokine profile and mechanisms of PD-L1 or

MHC-I upregulation may also be of importance to predicting

toxicities associated with delivering combined RT and ICI. A

recent study of a small group of mesothelioma patients treated

with radical hemithoracic RT showed that signaling pathways

associated with inflammatory and fibrotic processes were

upregulated in patients with no or low-grade toxicity following

RT and ICI treatment, compared to those experiencing high grade

toxicities (39). Overall, these results warrant further

characterization of the role of these cytokines in tumor marker

expression and particularly in antitumor immune responses

in vivo.

One limitation of this study relates to our use of single-dose

RT. While fractionated doses of RT are commonly used in the

clinic, due to difficulties of studying fractionation in vitro, only

single doses were administered in this study. Fractionation aims

to affect a greater proportion of proliferating tumor cells by

delivering multiple low doses at different times, while
Frontiers in Oncology 10
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minimizing toxicity to healthy cells. Future work should

establish whether different levels of fractionation result in

more pronounced or prolonged antitumor effects compared to

single doses. Nevertheless, the studied doses reflect those used in

conventional fractionation (2 Gy), as well as hypo-fractionated

(> 2 Gy) or hyper-fractionated (< 2 Gy) schedules.

Here, we have characterized changes in a number of crucial

molecules involved in the antitumor immune response, following

clinically used doses of radiation. Importantly, however,

mechanisms of synergy with ICI are undoubtedly facilitated by

a host of different immunomodulatory effects, such as recruitment

of different immune cell subsets to tumor or remodeling of tumor

vasculature, and these will require further characterization in vivo.

Another avenue for study is the search for biomarkers to predict

likelihood of response to RT and ICI, and dynamic changes to

tumor or immune cell expression following radiation or ICI may

be one such biomarker (27, 40). Overall, the present study lays

the essential groundwork to expedite the optimization of

radioimmunotherapy combinations for mesothelioma.
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Deep dive into the immune
response against murine
mesothelioma permits
design of novel anti-
mesothelioma therapeutics

Esther Stern1, Stefano Caruso2†, Clément Meiller2,
Inbal Mishalian1, Theo Z. Hirsch2, Quentin Bayard2,
Carmit T. Tadmor1,3, Hanna Wald1, Didier Jean2*

and Ori Wald1,4*

1Gene Therapy Institute, Hadassah Hebrew University Medical Center and Faculty of Medicine,
Hebrew University of Jerusalem, Jerusalem, Israel, 2Centre de Recherche des Cordeliers, Inserm,
Sorbonne Université, Université Paris Cité, team Functional Genomics of Solid Tumors,
Paris, France, 3Tel Aviv University, Tel Aviv, Israel, 4Department of Cardiothoracic Surgery,
Hadassah Hebrew University Medical Center and Faculty of Medicine, Hebrew University of
Jerusalem, Jerusalem, Israel
Given the need to improve the efficacy of standard-of-care immunotherapy

(anti-CTLA-4 + anti-PD-1) in human malignant pleural mesothelioma (hMPM),

we thoroughly characterized the immunobiology of the AB12 murine

mesothelioma (MM) model, aiming to increase its accuracy in predicting the

response of hMPM to immunotherapy and in designing novel anti-hMPM

treatments. Specifically, we used immunologic, transcriptomic and survival

analyses, to synchronize the MM tumor growth phases and immune evolution

with the histo-molecular and immunological characteristics of hMPM while

also determining the anti-MM efficacy of standard-of-care anti-hMPM

immunotherapy as a benchmark that novel therapeutics should meet. We

report that early-, intermediate- and advanced- AB12 tumors are characterized

by a bell-shaped anti-tumor response that peaks in intermediate tumors and

decays in advanced tumors. We further show that intermediate- and

advanced- tumors match with immune active (“hot”) and immune inactive

(“cold”) hMPM respectively, and that they respond to immunotherapy in a

manner that corresponds well with its performance in real-life settings. Finally,

we show that in advanced tumors, addition of cisplatin to anti CTLA-4 + anti

PD-1 can extend mice survival and invigorate the decaying anti-tumor

response. Therefore, we highlight this triple combination as a worthy

candidate to improve clinical outcomes in hMPM.
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frontiersin.org01
32

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1026185/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1026185/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1026185/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1026185/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1026185/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.1026185&domain=pdf&date_stamp=2023-01-04
mailto:ori.wald@mail.huji.ac.il
mailto:didier.jean@inserm.fr
https://doi.org/10.3389/fimmu.2022.1026185
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.1026185
https://www.frontiersin.org/journals/immunology


Stern et al. 10.3389/fimmu.2022.1026185
Introduction

Human malignant pleural mesothelioma (hMPM) is a

highly aggressive cancer for which immunotherapy with

nivolumab + ipilimumab (anti PD-1 + anti CTLA-4,

respectively) is the standard-of-care. Unfortunately, therapy

response rates do not peak above 40% and median survival

periods do not exceed 18 months (1, 2). Therefore, combinations

of anti-hMPM immunotherapy with or without other

treatments that will show benefit over and above the standard-

of-care are highly desired (3).

To test and design new anti-hMPM therapies, asbestos-

induced syngeneic murine mesothelioma (MM) cell lines were

developed (4–7). However, only minority of treatment protocols

designed using these preclinical cell line based MM tumor

models showed sufficient clinical benefit to be broadly adopted

(5). A key question is how to better utilize such MM tumor

models to properly select effective therapeutics.

MM tumor models are appealing for immunotherapy

research because they mimic the histological spectrum of

hMPM and because they provoke an anti-tumor response that

is responsive to immunotherapy within a week from

implantation (8). Illustrating their utility, previous research

using these models has highlighted impressive anti-MM effects

of various combinations of checkpoint therapies together with

chemotherapy or radiotherapy or surgery (9). For example, Fear

et al. showed that combination of anti CTLA-4 together with

anti OX-40 was synergistic in enhancing complete MM tumor

regression (6). Similarly, Wu et al. and De La maza et al.

respectively showed that administration of anti CTLA-4

between intervals of chemotherapy (8) or after radiotherapy

and surgery (10) offered effective multimodal anti-MM

therapeutics, successfully boosting the anti-tumor response.

And yet, the majority of studies in MM tumor models suffer

from common limitations that preclude linear deduction of their

findings to the clinic. First, in many studies, therapeutic
Abbreviations: ANOVA, Analysis of variance; BM- Bone marrow; CTLA4,

Cytotoxic T lymphocyte antigen-4; ELISA, Enzyme-Linked Immunosorbent

Assay; E-score, epithelioid-component proportion; FC, Fold-Change; FPKM,

Fragments Per kilobase of transcript per Million reads mapped; hMPM,

Human MPM; IFN, Interferon; IFNg, IFN-gamma; IV, Intravenous; KEGG,

Kyoto Encyclopedia of Genes and Genomes; LAG-3, Lymphocyte-activation

gene 3; MCP-counter, Microenvironment cell population counter; MM,

Murine mesothelioma; mMCP-counter, Mouse MCP –counter; MPM,

Malignant pleural mesothelioma; OX40, Tumor necrosis factor receptor

superfamily, member 4, also known OX40; NK, Natural killer; PB,

Peripheral blood; PD, Programmed death-ligand 1; RIN, RNA integrity

number; RNA-Seq, RNA sequencing; ROC, receiver operating

characteristic curve; RT-PCR, Reverse transcription polymerase chain

reaction; S-score, sarcomatoid-component proportion; TIM-3, T-cell

immunoglobulin domain and mucin domain 3; TIS, Tumor immune

subtypes; TME, Tumor microenvironment.
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interventions were tested relatively early following tumor

implantation when the tumor has not yet imprinted its

immunosuppressive effects in the tumor microenvironment

(TME) nor remotely in the host (11, 12). This may yield an

underestimation of loss of treatment efficacy in advanced disease

phases which is almost always the state of hMPM at the time of

diagnosis (13, 14). Second, so far, studies have not longitudinally

compared the TME of MM tumors relative to that of hMPM, nor

tested treatment efficacy across tumor growth phases that

represent distinct immune activation states. Thus, optimal

anti-MM effects were possibly detected under conditions that

do not properly mimic hMPM. Third, studies did not routinely

compare the efficacy of new immunotherapeutic combinations

relative to that of the standard-of-care, which could result in

selection of suboptimal candidates for translation to the

clinic (6).

To address these issues, we herein report on a systematic

investigational approach that we applied in the AB12MM tumor

model in order to improve its preclinical predictive capacity.

First, specific AB12 tumor growth phases were determined to

assure that what is tested are well-established tumors. Second,

the immune response in the TME and at remote immune sites

was characterized in each of the tumor growth phases to identify

specific phases that are predominated by immune activation,

immune transition and immune suppression. Third, the efficacy

of standard-of-care anti-hMPM immunotherapy was

determined in all tumor growth phases to serve as a preclinical

benchmark for evaluation of new interventions. In parallel, in

steps one and two, the histo-molecular and immunological

characteristics of AB12 tumors were respectively compared to

hMPM in order to permit synchronization of experimental

conditions in the model with its counterpart human disease.

Of the wide variety of MM cell lines that are available for

research (7, 15, 16) we selected to implement our investigational

approach using the biphasic murine AB12 cell line for three

reasons: (i) biphasic MPM is the most common histo-molecular

subtype of hMPM, representing 50% of all human disease (17);

(ii) previous studies have shown that AB12 cells are highly

immunogenic in the manner in which they elicit an anti-tumor

immune response (8, 10); and (iii) this study is focused on

immunotherapy which nowadays is becoming the standard-of-

care treatment for non-epithelioid hMPM (1, 18). We further

selected to use young female mice in our experiments, despite

the fact that hMPM is mainly diagnosed in elderly males and

despite that fact the efficacy of immunotherapy is partly age

dependent (19) because past research demonstrates striking

histological similarities between biphasic hMPM and AB12

tumors that were transplanted in young female mice (4). This

coupled with the fact that the vast majority of studies that

examine the immune response associated with MM tumors

have been performed in young female mice (5, 6, 8, 16, 20–24)

will allow other researchers to more easily align past and future

research with our findings.
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Overall, in light of the surge of novel immunotherapeutic

drugs that are anticipated to be approved in the near future (25),

our study delineates a more standardized and systematic

approach aiming to guide the utilization of MM models in

preclinical studies.
Methods

Study design

This study was designed, using immunologic, transcriptomic

and survival analyses, to explore a three-step approach that

permits synchronization of tumor growth phases and of immune

response in the MM model (both in tumor and in remote

immune sites) with that of histo-molecular and immunological

characteristics of hMPM while also determining in the MM

model the efficacy of current standard-of-care anti-hMPM

immunotherapy as a benchmark that novel therapeutics

should meet.
Mice

BALB/c mice were purchased from Envigo. 8-week-old

female mice were used for all studies.
Cell lines

The AB12 cell line was kindly provided by prof. Zvi

Friedlander’s lab at Hadassah. AB12 cells were grown in

DMEM culture medium (Gibco) supplemented with 10% fetal

bovine serum (FBS) (Biological industries), 2 mM l-glutamine,

penicillin (100 U/ml), streptomycin (100 ug/ml), neomycin (100

ug/ml) and sodium pyruvate (2mm) (BI). Cells were grown in a

37°C and 5% CO2 environment and were harvested when

70% confluent.
Preparation of cell suspensions for flow-
cytometry analysis

Peripheral blood (PB) was collected in tubes containing

heparin. Spleens were harvested and passed through a 70-mm

cell strainer to generate single cell suspension. Bone marrow

(BM) cells were extracted from two femur bones by flushing with

1ml of cold PBS, using a 25G needle. Next, the PB, spleen and

BM cell suspensions were treated with an erythrocyte lysis

solution (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA,

pH: 7.4). The cells were then washed and stained as

described below.
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Isolation of tumor infiltrating cells

Fresh tissue was cut into 1 mm3 pieces and digested with

1.5mg/mL collagenase type IV (Worthington Biochemical) and

0.05 mg/mL DNase I (Sigma-Aldrich) at 37°C for 20 minutes.

The dissociated tissues were filtered through a 70µm cell strainer

and washed with DMEM culture medium (Gibco) supplemented

with 10% FBS and centrifuged.
Flow-cytometry

Staining was performed for 30 minutes at 4°C in PBS. All

antibodies were purchased from Biolegend and were used in 1:50-

1:100 dilutions. The complete list of antibodies is shown in

Supplementary Table 1. The compensation control was performed

using single color staining. Unstained controls and Fluorescence

minus one (FMO) control were utilized to establish baseline gate

settings for each respective antibody-fluorophore combination used

in individual experiments. Stained cells were analyzed with

CytoFLEX Cytometer (Beckman Coulter). Data analysis was

performed using the Cytexpert software (Beckman Coulter).
Tumor experiments

AB12 cells (1 × 105) were injected to the peritoneum of

BALB/c mice (at least 7 mice per group). To determine survival,

mice were routinely monitored and when they developed

significant ascites or their general condition deteriorated, they

were euthanized. Tumor tissue was collected from the peritoneal

cavity immediately after the mice were anesthetized. The

percentage of necrotic area out of entire tumor area was

determined in hematoxylin and eosin stained tumor section

based on morphology using the ImageJ software.

CTLA-4, PD-1, LAG-3 and TIM-3 blockade and
cisplatin treatment

200µg of anti CTLA-4 (clone 9D9), anti PD-1 (clone RPMI-

14) anti LAG-3 (clone C9B7W) or anti TIM-3 (RMT3-23)

blocking antibodies (BioXcell) were injected to the peritoneum

of tumor-bearing mice at the indicated time points. The

treatment protocol for all antibodies, unless otherwise stated in

text, consisted of four injections: two injections per week for two

weeks. 5mg/kg of cisplatin (Pharmachemie B.V.) was injected

intravenously to tumor-bearing mice at the indicated time

points. The treatment protocol consisted of two injections: one

injection per week for two weeks.
RNA isolation

Total RNA from tumor and spleen tissues was isolated using

TRIzol reagent (Ambion) according to the manufacturer’s
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protocol, followed by Direct-zol (Zimo). The concentration and

the quality were evaluated using a NanoDrop 2000c (Thermo

scientific) and the RNA integrity number (RIN) was determined

using Agilent Bioanalyzer (TapeStation RNA 2200) for

RNA sequencing.
Quantitative real-time RT-PCR

cDNA was synthesized from 1-2mg total RNA using

Biosciences qScript cDNA Synthesis Kit (Quanta). Quantitative

PCR (qPCR) was performed using the CFX384, C1000 touch

thermal cycler (Bio-Rad), and a SYBR Green PCR Kit (Quanta).

The fold expression and statistical significance were calculated

using the 2−DDCt method. All experiments were performed in

triplicate. Primers were purchased from IDT-syntezza. The

primer sequences are listed in Supplementary Table 2.
Co-culture and ELISA assay

For co-culture assays, mice were injected with AB12 cells, at

the indicated time points prior to the experiment. Spleens from

these mice were collected and splenocytes were isolated as

described above. The number of viable splenocytes in each

sample was determined by trypan blue staining. 24 hours prior

to the experiment, 3 × 104 AB12 cells per well were plated in flat-

bottom, 24-well plates (Corning). Next, the medium was

changed to fresh medium and splenocytes were added in 1:20

ratio. For cisplatin pretreatment, AB12 cells were plated 48

hours prior to the experiment and 24 hours later, the medium

was changed to fresh medium either supplemented or not with

5mg/mL cisplatin. On the experiment day, the medium was

replaced again by fresh non-cisplatin containing medium and

splenocytes were added in 1:20 ratio. In both experiments, 24

hours following the co-culturing of tumor cell and splenocytes,

the medium was collected for ELISA assay. IFN-gamma (IFNg)

levels in culture medium were quantified using ELISA (DuoSet

Mouse IFN-gamma immunoassay, R&D Systems) according to

the manufacturer’s instructions.
RNA sequencing

RNA-Seq was performed on AB12 tumors from at least 3

independent mice per group at the indicated time points.

Libraries were prepared using the KAPA RNA HyperPrep kit

(Roche), according to the manufacturer instructions. Paired-end

75 or 100 base massively parallel sequencing was then carried out

on an Illumina NextSeq500 or NovaSeq6000, respectively.

FASTQ files were aligned to the mouse reference genome

GRCm38/mm10 using TopHat2 (v2.0.14). Uniquely mapped
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reads were kept and BAM files were indexed and sorted using

Sambamba (v0.6.5). We used HTSeq to obtain the number of

reads associated with each gene in the Gencode vM21

transcriptome indexes. The Bioconductor DESeq2 package was

used to import raw HTSeq counts for each sample into R

statistical software and to apply variance stabilizing

transformation to the raw count matrix to obtain an expression

matrix without variance-mean dependence (DESeq2-normalized

counts). FPKM scores (number of fragments per kilobase of exon

per millions of mapped reads) were calculated by normalizing the

count matrix for the library size and the coding length of each

gene. We removed 21,883 unexpressed genes (i.e., detected in less

than 5% of samples) and an additional 4,102 genes with a

significant batch effect (area under the ROC curve > 0.95

between one sequencing project and others).
Human-mouse transcriptomic
integrative analysis

A total of 306 samples from 3 different RNA-sequencing

datasets were used for the comparative transcriptomic analysis,

including 295 hMPM (from 2 different datasets: 209 and 86

hMPM from the Bueno and TCGA series, respectively) (26, 27)

and 11 mouse AB12 samples. First, common genes that are 1:1

orthologs in human and mouse were selected using the list of

mouse-human 1:1 orthologous genes from MGI (http://www.

informatics.jax.org). Then, we filtered out most of the genes by

keeping only the 2000 mouse-human 1:1 orthologous genes with

the highest variance in human datasets. Finally, we standardized

gene expression in each dataset to have mean 0 and standard

deviation 1 per gene just before the three datasets were

integrated. Unsupervised hierarchical clustering of the

integrated data was performed using cosine distance and

Ward’s linkage method on the 2000 most variant orthologous

genes with ComplexHeatmap package in R statistical software.

Histologic and molecular subtypes of hMPM were retrieved

from Bueno et al. and Hjmeljak et al. (26, 27) and the histo-

molecular scores were retrieved from Blum et al. (17).
Pathway enrichment analysis

Differentially expressed protein coding genes between

groups were determined using the DESeq2 package in R. Only

genes with an adjusted p-value below 0.05 and a fold-change

higher than 2 were considered. The hypergeometric test was

used on overexpressed and underexpressed genes separately to

identify enriched mouse Molecular Signatures Database gene

sets (MSigDB v7.2.1 obtained using msigdb in R) in the list of

differentially expressed genes. Over-representation analyses were

performed using the Hallmark, KEGG, Reactome and
frontiersin.org

http://www.informatics.jax.org
http://www.informatics.jax.org
https://doi.org/10.3389/fimmu.2022.1026185
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Stern et al. 10.3389/fimmu.2022.1026185
GeneOntology databases. The over-represented signal pathways

over-represented in several of the databases were grouped into

families and sub-families, which are highlighted in

Supplementary Table 3.
Molecular classification and histo-
molecular score predictions

Expression data from RNA sequencing (FPKM scores) were

used to predict Thorsson subgroups (28). In particular, an

ensemble classifier based on XGBoost was implemented to

classify tumor samples into one of six immune subtypes using

the “ImmuneSubtypeClassifier’’ package in R. Histo-molecular

scores in human tumor samples were previously predicted (17).

Only samples with a cumulated E.score and S.score higher than

50% were taken into account to ensure sufficient tumor content

for correct estimation.
Tumor microenvironment cell content

The human microenvironment cell population counter

(MCP-counter) or mouse dedicated (mMCP-counter) methods

were used to compute scores of infiltration for different immune

and stromal cell populations from DESeq2-normalized RNA-seq

data. MCP-counter scores were calculated using the MCP-

counter method (29) previously validated in hMPM tumor

samples (17) and adapted to RNAseq data using genes filtered

on hMPM cell lines (30) whereas mMCP-counter scores were

obtained using the mMCPcounter package in R (31). The list of

specific genes used for each population is available in

Supplementary Table 4. Infiltrations were determined using

the scores of MCP-counter for hMPM and mMCP-counter for

AB12 tumors and matching of the cell populations between the

two predictive tools. A total of 295 human tumor samples from

two different series of RNAseq were combined in the integrated

analysis with public datasets, including the 209 samples from

Bueno et al. (26) and 86 samples from TCGA (27). Then, we

standardized gene expression separately to have a mean of 0 and

a standard deviation of 1 per gene in each dataset. Statistical

analysis and data visualization were performed using R software.

Unsupervised hierarchical clustering was performed using

cosine distance and Ward’s linkage method.
Statistics

Statistical analysis was done using the GraphPad Prism

software or R statistical software. Statistical significance was

calculated using unpaired Student’s t-test for pairwise

comparisons. For multiple comparisons, a one-way ANOVA
Frontiers in Immunology 05
36
test was performed, and pairwise significance was determined by

Tukey’s multiple comparisons test. Statistical differences

between survival curves were calculated by log-rank test.

Values of p < 0.05 were considered statistically significant.
Study approval

The Animal Care and Use Committee of the Hebrew

University approved all experiments.
Results

PART 1. Determining the AB12 tumor
growth phases and comparison
to hMPM.

Determining the AB12 tumor growth phases
To define the AB12 tumor growth phases, we measured the

survival of tumor bearing mice and we longitudinally sampled

the tumor appearance across time (days 3, 6, 10 and 14). As

shown in Figure 1A, mice survived between 20 to 30 days

following tumor implantation. We found that day 6 (d6) was

the earliest time point at which peritoneal tumor nodules were

visible to the naked eye and collectable. As shown in Figures 1B,

C, the histological appearance of the tumors was notable for

small nodular implants on d6, for large and viable tumors on day

10 (d10), and for even larger tumors with multiple necrotic foci

on day 14 (d14) (tumor diameter range: 2 to 4, 5 to 10, and > 12

mm, respectively). Based on these observations and given that

the architectural patterns of the tumor developed in a gradual

fashion, we defined the tumor growth phases as follows: days 0

to 3 (when no tumor implants are visible): “implantation phase”;

days 4 to 7: “early-phase”; days 8 to 12: “intermediate-phase”;

and days 13 and on: “advanced phase” (Figure 1D).

Comparison of AB12 tumors to hMPM
To compare the transcriptomic profile of AB12 tumors to

that of hMPM, we performed unsupervised clustering of d6

(n=3), d10 (n=5) and d14 (n=3) AB12 tumors together with a

cohort of 295 hMPM samples (Supplementary Table 5). As

shown in Figure 1E, the series split into three main

transcriptomic clusters, termed C1 to C3. Further, AB12

tumors— in all of their growth phases— belonged to cluster

C3. Comparison of the distribution of the histologic and

molecular subtypes in human tumor samples (26, 27) as well

as the E.score and the S.score of the histo-molecular gradients

(17) (Figure 1E, Supplementary Figure 1A) showed that tumors

in clusters C1, C2 and C3 are sarcomatoid, epithelioid and

biphasic, respectively, representing 23%, 24% and 52% of hMPM

samples in the cohort.
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PART 2. Characterizing the tumor phase
dependent immune response that AB12
cells provoke and alignment with
immune states in hMPM

Characterizing the immune response that AB12
cells provoke in the TME

To probe the immune response in the TME of AB12 tumors,

we used pathway enrichment analysis and the mMCP-counter

immune and stromal cell populations predictive tool (29, 30).

We found that dysregulated pathways between the tumor

growth phases were mainly related to the immune system
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(Supplementary Table 3). In particular, early-phase tumors

were notable for relative enrichment in pathways associated

with type I and type II interferon (IFN) responses whereas

intermediate-phase tumors were notable for enrichment in

pathways associated with T cell activation and signaling as

well as pathways associated with natural killer (NK) immunity

and cytotoxicity (Figure 2A, Supplementary Figure 1B). In line

with the latter findings, the mMCP-counter tool showed that

intermediate-phase tumors, relative to both early- and

advanced-phase tumors, were enriched with T cells and CD8

T cells infiltration, with a higher fold-change for CD8 T cells

between d6 and d10 (Figure 2B, Supplementary Figure 1C,
B

C
D

E

A

FIGURE 1

AB12 tumors characterization. (A) Kaplan-Meier survival curve of mice injected with AB12 cells. n=28. Cum: cumulative. (B) Histological features
of early, intermediate and advanced phase AB12 tumors. Representative hematoxylin and eosin staining of tumors. Original magnification X10.
(C) Evaluation of the necrosis area in AB12 tumors. The percentage of necrotic area out of the entire tumor area in d6, d10 and d14 tumors is
shown. Values of the post hoc Tukey test are indicated at the top of the dot plots. **: p ≤ 0.01; ***: p ≤ 0.001. (D) Schematic axis of tumor
development. (E) Integration based on transcriptomic data of AB12 tumors in hMPM tumors. Unsupervised clustering of d6, d10 and d14 AB12
tumors with 295 hMPM tumor samples was performed based on transcriptomic data obtained by RNA-Seq. The series of each tumor sample,
the histologic and molecular subtypes, the histo-molecular gradients (E.score and S.score) and the collect timepoint of AB12 tumors are
indicated by a color code or a color gradient at the top of the heatmap. Clusters C1 to C3 are indicated at the top as well as the deduced
histologic subtypes at the bottom.
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B

C

D

E

A

FIGURE 2

Tumor microenvironment in d6, d10 and d14 AB12 tumors. (A) Dysregulated signal pathways between tumors identified by over-representation
analysis. The families and sub-families of the major over-represented signal pathways are shown in the figure for each comparison indicated at
the top of the figure. Over-representation of each pathway, based on underexpressed and overexpressed genes, in blue and brown,
respectively, is indicated as a circle, whose size is proportional to the gene ratio and the color gradient represents the FDR p-values.
(B) Differential infiltration of immune and stromal cell populations between tumors. In the upper part, the fold-changes (FC) in mMCP-counter
scores of each cell population are represented as a heatmap. The collect timepoints and the names of the AB12 tumor samples are indicated
above and below the heatmap, respectively. The significant p-values of the ANOVA test are indicated at the left of the heatmap if the FC is
higher than 2 in d10 or d14 compared to d6. In the lower part, the dot plots show the FC of T cell and CD8 T cell populations. The FC are
relative to the mean scores obtained in d6 tumors. (C) T cell infiltration of AB12 tumors identified by flow cytometry. Single cell tumor
suspensions, stained with anti CD45, anti CD3 and anti CD8 antibodies, were analyzed using flow cytometry. Representative FACS dot plots
show the percentage of CD3+, CD8+ and CD3+ CD8-, corresponding to CD3+ CD4+ cells, out of CD45+ cells in the tumors. On the right, the
bars show the average percentage of CD3+ PD8+ cells out of CD45+ cells in the tumors (n=3 per time point). (D) Differential expression of T
cells cytolytic and activation genes between d6, d10 and d14 AB12 tumors. The dot plots show the FC relative to the mean of the d6 tumor
gene expressions of Prf1 (perforin-1), Gzmb (granzyme B) and Pdcd1 (PD-1) genes, based on RNA-Seq data. (E) PD-1 expression on tumor
infiltrating CD8 T cells identified by flow cytometry. Single cell tumor suspensions, stained with anti CD45, anti CD3, anti CD8 and anti PD-1
antibodies, were analyzed by flow cytometry. Representative FACS dot plots show the percentage of CD8+ PD-1+ cells out of CD3+ cells in the
tumors. On the right, the bars show the average percentage of CD8+ PD-1+ cells out of CD3+ cells in the tumors (n=3 per time point). The p-
values of the post hoc Tukey test are indicated at the top of the dot plots and of the histogram (B, D and E). FC: Fold-Change. *p ≤ 0.05; **p ≤

0.01; ***p ≤ 0.001; ****p ≤ 0.0001.
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Supplementary Table 4). Further, flow cytometry confirmed

these findings and indicated that the increased infiltration of T

cells is due to CD8 T cells (Figure 2C, Supplementary

Figure 1D). Notably, gene expression analysis and flow

cytometry demonstrated that the cytolytic and activation genes

of T cells – perforin-1 (Prf1), granzyme B (Gzmb) and PD-1

(Pdcd1) – all peaked in expression in the TME of intermediate-

phase tumors (Figures 2D, E).

Characterizing the immune response that AB12
cells provoke at remote immune sites

To characterize the immune response that AB12 tumors

provoke at remote immune sites, we first determined the

changes in immune content of the spleen, peripheral blood

(PB) and bone marrow (BM) between our baseline at d6 and

that at d10, d14 and d20. Supplementary Figure 2A shows the

gating strategy to evaluate the presence of each immune cell

population. We found that in the spleen, the number of CD8 T

cells increased between d6 to d14 (p < 0.05), whereas that of CD4

T cells was relatively stable. Consequently, the CD8/CD4 ratio in

the spleen tended to tilt more towards CD8 on d10, d14 and d20

than on d6 (Figure 3A). We also found that the numbers of F4/

80 positive monocytes and of neutrophils in the spleen sharply

rose from d6 to d20 (p < 0.001 and p < 0.01, respectively) and
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that in contrast, the number of B cells significantly declined (p <

0.01). The number of NK cells in the spleen rose on d14 (p <

0.0001) and returned to baseline on d20 (Figure 3A). Notably,

the changes in immune content of the spleen were overall

mirrored in the PB. To illustrate, the number of CD8 T cells

in the PB peaked on d10 (p < 0.001) and d14 (p < 0.01) while the

number of CD4 T cells was relatively stable and consequently,

the CD8/CD4 ratio in the PB tilted towards CD8 at these time

points (p < 0.01 for both time points) before decreasing at d20 (p

< 0.01, Figure 3B). Further, as illustrated in Figure 3B, the

number of neutrophils (p < 0.05) in the PB rose from d6 to

d14 whereas the number of B cells constantly decreased (p <

0.01). Evaluation of the immune content of the BM showed that

this organ was also influenced by the tumor. In particular, like

the spleen, the BM showed a rise in content of neutrophils and

F4/80 positive monocytes, as well as a sharp decrease in content

of B cells (Supplementary Figure 2B).

Comparison of the type and kinetics of the
immune response that AB12 cells provoke in
the spleen relative to that in TME

To compare the immune response in the spleen relative to

that in the TME, we measured in the spleen the expression levels

of key genes that we found characterized the immune response
B
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FIGURE 3

Immune response at remote immune sites. (A, B). Changes in the immune content of the spleen and peripheral blood (PB) of tumor bearing
mice between d6, d10, d14 and d20. The numbers, determined by flow cytometry, of CD8 and CD4 T cells, NK cells, neutrophils, F4/80 positive
monocytes and B cells out of 10,000 CD45+ cells in the spleen (A) or peripheral blood (B) of tumor bearing mice are shown (n≥6). The CD8/
CD4 ratio at both sites is shown as well (C) Tumor phase dependent expression in the spleen of genes that mark the anti-tumor response in the
TME. The changes relative to d6 tumor mean expression of the IFNa, IFNb1, IFNg, Cxcl9 and Cxcl10 genes in the spleen of tumor bearing mice
between d6, d10, d14 and d20 are shown (n=4). (D) Tumor phase dependent expression of cytolytic and activation genes in the spleen. The
changes relative to d6 tumor mean expression of the Prf1, Gzmb and Pdcd1 genes in the spleen of tumor bearing mice between d6, d10, d14
and d20 are shown (n=4). (E) Responsiveness of splenocytes derived from tumor bearing mice to AB12 cells in vitro. AB12 cells were co-
cultured with splenocytes derived either from d6, d12 and d20 tumor bearing mice or from naïve mice and 24 hours later, the levels of IFNg
protein in the medium were measured by ELISA (n=3). The p-values of the post hoc Tukey test are indicated at the top of the dot plots and the
histogram (A to E). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.
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changes in the TME across time. As shown in Figure 3C, the

expression of type I and type II IFNs (and the chemokines

CXCL9 and CXCL10 that type II IFN regulates) were at their

peak at d6, a finding that echoes well with the enhanced

representation of interferon-related pathways in the TME of

early-phase tumors. Furthermore, as shown in Figure 3D, the

expression of perforin-1, granzyme B and to a lesser extent of

PD-1 were at their peak on d10, findings that dovetail with the

expression patterns found in the TME.

Next, to evaluate the kinetics of the immune response in

spleen, we tested in vitro whether splenocytes derived from

tumor bearing mice respond against AB12 cells in a tumor

phase dependent manner. Specifically, we measured the

production of IFNg in a co-culture of splenocytes and AB12

cells. As shown in Figure 3E, we found that splenocytes of mice

with intermediate-phase tumors produced the maximal amounts

of IFNg whereas splenocytes of mice with either early- or

advanced-phase tumors produced minimal amounts of IFNg

(both p < 0.0001). Notably, splenocytes of naïve mice did not

produce IFNg.

Testing the kinetics of the immune response
that AB12 cells provoke in the TME and spleen
via the prism of the response to immune
checkpoint inhibitors

Given that anti CTLA-4 has previously been shown to be

highly effective against AB12 tumors we selected using this agent

to test whether AB12 tumor respond to immunotherapy in a

tumor growth phase dependent manner (8, 20).

First, we evaluated how early treatment with anti CTLA-4

(injection on d6 and d10) affected the anti-tumor response by

comparing d14 tumors, spleen, and PB from treated mice to d10

and d14 tumors, spleen, and PB from untreated mice. We found

that pathways associated with T cells, B cells, neutrophils and NK

cells activation, which are all negatively regulated between d10 to

d14 in untreated tumors (Figure 2A), were all positively regulated in

treated d14 tumors relative to untreated d14 tumors (Figure 4A,

Supplementary Figure 3A, Supplementary Table 3). Moreover,

pathways that are associated with immune mediators and

complement were also positively regulated in treated tumors

(Figure 4A). Notably, treated d14 tumors did not differ from

untreated d10 tumors in their pathway activation pattern

(Supplementary Figure 3A, Supplementary Table 3). In line with

these findings, we found that the infiltration of T cells and CD8 T

cells, determined by mMCP Counter, in treated d14 tumors was

similar to their content in untreated d10 tumors but higher than

their content in untreated d14 tumors (Figure 4B, Supplementary

Figure 3B, Supplementary Table 4). In addition, we found that the

expression levels of perforin-1, granzyme B and PD-1 in treated d14

tumors were similar to those observed in untreated d10 tumors, but

higher than those observed in untreated d14 tumors (Figure 4C).

Concerning the spleen and PB, we found that relative to

untreated d14 samples, early treatment with anti CTLA-4
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induced an elevation in d14 of the number of CD8 T cells with a

shift in CD8/CD4 ratio as well as a reduction in the number of

neutrophils and a trend for reduction in numbers of F4/80 positive

monocytes (Figure 4D). The effect of anti CTLA-4 on the number

of NK cells and B cells were less consistent as were its effects on the

BM (Supplementary Figure 3C). The expression levels of perforin-1,

granzyme B and to a lesser extent of PD-1 were elevated in d14 in

the spleens of treated vs. untreated mice (Figure 4E).

Second, we compared how early treatment and late treatment

(injection on d14 and d18) with anti CTLA-4 affected the

production of IFNg in the in vitro AB12 cells and splenocyte co-

culture system described above. We found that early treatment with

anti CTLA-4 increased the potential of splenocytes to produce IFNg

(p < 0.0001) while late treatment with anti CTLA-4 failed to do

so (Figure 4F).

Comparison of the immune response that
AB12 cells provoke in the TME to immune
states in hMPM

To compare the TME of AB12 tumors in each of the tumor

growth phases with immune activation states in hMPM, we first

used immune content-based unsupervised clustering of human

tumors, which allow to separate immune active (“hot”) and

immune inactive (“cold”) hMPM as previously described (30)

together with murine tumors (Supplementary Table 4). As shown

in Figure 5A, we found that early- and advanced-phase tumors

clustered with “cold” hMPMwhereas intermediate-phase tumors as

well as advanced-phase tumors that were collected from mice that

received early treatment with anti CTLA-4 clustered with “hot”

hMPM. Next, to determine which hMPM immune subtype the

TME of AB12 tumors mimics, we used the Thorsson immune

classification of human tumors, which represents the complete

immune landscape of human cancer, as a comparative platform

(28). Specifically, we determined the tumor immune subtypes (TIS)

of all hMPM and all AB12 tumors in our cohort based on the six

TIS defined by Thorsson et al. (Supplementary Table 5) (28) As

shown in Figure 5B, TIS.2 (IFNg predominant) was the most

common (32%) TIS among hMPM. Furthermore, all AB12

tumors were TIS.2.
PART 3. Determining the efficacy of
standard-of-care anti-hMPM
immunotherapy in the model and testing
new therapeutic combinations against
this benchmark

Determining the therapeutic efficacy of
standard-of-care anti-MPM immunotherapy in
the model

To determine the efficacy of anti CTLA-4 and anti PD-1 in

the model either as single or combination therapy, we used

survival assay. As shown in Figures 6A, B, we found that the
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FIGURE 4 (Continued)

Response to anti CTLA-4 immune checkpoint inhibitor. (A) Dysregulated signal pathways in anti CTLA-4 treated AB12 tumors identified by
over-representation analysis. Signal pathways representation in AB12 tumors either treated on d6/d10 with anti-CTLA4 (early treatment) or
untreated and collected on d14 has been compared. The families and sub-families of the major over-represented signal pathways are shown in
the figure. Over-representation of each pathway, based on underexpressed and overexpressed genes, in blue and brown, respectively, is
indicated as a circle, whose size is proportional to the gene ratio and the color gradient represents the FDR p-values. (B) Differential infiltration
of immune and stromal cell populations. In the upper part, the fold-changes (FC) in mMCP-counter scores of each cell population are
represented as a heatmap. The collect timepoints and the treatment, and the names of the tumor samples are indicated above and below the
heatmap, respectively. The significant p-values of the ANOVA test, comparing untreated and anti CTLA-4 treated tumors, are indicated at the
left of the heatmap if the FC is higher than 2. In the lower part, the dot plots show the FC for T cell and CD8 T cell populations. The FC are
relative to the mean scores obtained in untreated AB12 tumors and collected on d=10. (C) Gene expression of cytolytic and activation genes.
The dot plots show the FC relative to the mean of d10 tumors of Prf1 (perforin-1), Gzmb (granzyme B) and Pdcd1 (PD-1) gene expression,
based on RNA-Seq data, between anti CTLA-4 treated and untreated tumors. (D) Immune content of the spleen and peripheral blood (PB). The
numbers, determined by flow cytometry, of CD8 and CD4 T cells, neutrophils and F4/80 positive monocytes out of 10,000 CD45+ cells in the
spleen and PB of either untreated d10 and d14 tumor-bearing mice or anti CTLA-4 treated d14 tumor-bearing mice are shown (n>6). The CD8/
CD4 ratio at both sites is shown as well. (E) Expression of T cells cytolytic and activation genes in the spleen. The relative change in mean
expression of the Prf1, Gzmb and Pdcd1 genes in the spleens either untreated d10 and d14 tumor-bearing mice or anti CTLA-4 treated d14
tumor-bearing mice are shown (n=3). (F) Responsiveness of splenocytes derived from anti CTLA-4 treated mice to AB12 cells in vitro. Tumor-
bearing mice were either treated early (on d6/d10) or late (on d14/d18) with two injections of anti CTLA-4 and splenocytes were derived from
these mice on d12 and d20, respectively, as well as splenocytes from untreated mice. The levels of IFNg protein secreted in the medium were
measured by ELISA in splenocytes co-cultured with AB12 cells (n≥4). The p-values of the post hoc Tukey test and of the unpaired T test are
indicated at the top of the dot plots (B to E) and at the top of the histogram (F), respectively. FC: Fold-Change. *p ≤ 0.05; **p ≤ 0.01; ***p ≤

0.001; ****p ≤ 0.0001.

Stern et al. 10.3389/fimmu.2022.1026185
efficacy of anti CTLA-4 linearly decreased as the tumor

progressed whereas the efficacy of anti PD-1 peaked in d9.

Furthermore, we found that anti CTLA-4 showed high cure

rates but only in d3 and d6 tumors. In contrast, anti PD-1

showed only moderate cure rates but its maximal potency was in

d9 tumors. Based on these observations, we next tested the

combination of anti CTLA-4 + anti PD-1 in intermediate phase

tumors (d9). We found that the combination was highly effective

relative to single agent therapy, raising the cure rates of anti

CTLA-4 or anti PD-1 from 28.6%, 35.7% respectively to 78.6%

for the combination, and extending the median survival period
Frontiers in Immunology 11
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from 17 and 29 days, respectively, to higher than 57 days for the

combination (Figure 6C upper left panel, Supplementary

Figure 4A). Furthermore, we highlighted that anti CTLA-4 +

anti PD-1 maintained its efficacy in late-intermediate tumor

(d12) but not in advanced tumors (d14).

Testing new therapeutic combinations against
the standard-of-care efficacy bar

Having determined the efficacy of anti CTLA-4 + anti PD-1

as a preclinical benchmark in the model, we turned to evaluate

the relative performance of other combination therapies. First,
BA

FIGURE 5

Immune features of AB12 tumors in comparison to hMPM. (A) Integration based on immune and stromal cells infiltrations of AB12 tumors in hMPM
tumors. Unsupervised clustering of untreated and anti CTLA-4 treated AB12 tumors with 295 hMPM tumor samples was performed based on the
infiltrations of immune and stromal cell populations. The series of each tumor sample, the collect timepoint and the treatment of AB12 tumors are
indicated by a color code at the top of the heatmap. At the bottom of the heatmap, clusters were divided into tumors with a “hot” and “cold” immune
profiles based on immune cells infiltration. (B) Thorsson immune classification. Thorsson immune subtypes (TIS) were determined in the 295 hMPM and
in AB12 tumor samples using TIS transcriptomic signatures. Tumor samples were classified in one of the TIS based on the highest signature score. The
pie chart shows the distribution of the 6 TIS in hMPM tumor samples. AB12 tumors were all classified as TIS2.
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FIGURE 6

Anti MPM immunotherapy in AB12 tumor model. A-B. Tumor phase dependent efficacy of single agent immunotherapy. The Kaplan-Meier
survival curves show the response of AB12 tumors to treatment with either anti CTLA-4 (A) or anti PD-1 (B) when initiated on d3, d6, d9 or d12.
The tables show the median survival, the half-life extension period and the cure rates for each treatment and time point. (C) Differential
expression Havcr2 and Lag3 genes between d6, d10 and d14 AB12 tumors. The dot plots show the fold-changes (FC) of gene expression
relative to the mean of d6 tumors of Havcr2 (TIM-3) and Lag3 (LAG-3) genes, based on RNA-Seq data. The p-values of the post hoc Tukey test
are indicated at the top of the dot plots. (D) Responsiveness of splenocytes to cisplatin treated AB12 cells in vitro. AB12 cells were either treated
or not with cisplatin. The levels of IFNg protein in the medium were measured by ELISA in tumor cells co-cultured with splenocytes. (n=3).
(E) Efficacy of combination immunotherapy against AB12 tumors. The Kaplan-Meier survival curves show the response of AB12 tumors to
treatment with several combinations of immunotherapy. The responses to anti CTLA-4 + anti PD-1 initiated on d9, or d12 or d14 (upper left),
anti CTLA-4 + anti LAG-3 initiated on d9 (upper right), anti CTLA-4 + anti TIM-3 initiated on d9 (lower left), anti CTLA-4 + cisplatin initiated on
d9 (lower right) are shown. (F) Efficacy of anti CTLA-4 + anti PD-1 + cisplatin against advanced AB12 tumors. The Kaplan-Meier survival curves
show the response of AB12 tumors to treatment with either anti CTLA-4 + anti PD-1 or anti CTLA-4 + anti PD-1 + cisplatin initiated on d14.
(G) Responsiveness of splenocytes derived from anti CTLA-4 + anti PD-1 + cisplatin treated mice to AB12 cells in vitro. Splenocytes were
derived on d20 from tumor-bearing mice that were treated on d14 with either anti CTLA-4 + PD-1 or anti CTLA-4 + PD-1 + cisplatin. The levels
of IFNg protein were measured by ELISA in the medium of tumor cells co-cultured with splenocytes. (n=3). The p-values of the unpaired T test
are indicated at the top of the histogram (D, G). The differences between survival curves were calculated by the log-rank test (A, B, E, F). FC:
Fold-Change; cis: cisplatin. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.
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given that anti CTLA-4 showed very high cure rates in early-

phase tumors, we sought to explore whether certain

combinations could jumpstart its positive effect also at later

time points. Specifically, we tested anti CTLA-4 in combination

with either anti LAG-3 or anti TIM-3 or cisplatin. We selected

anti LAG-3 and anti TIM-3 because drugs that target them are in

advanced clinical development (25) and as shown in Figure 6D,

their expression levels sharply rise in intermediate-phase tumors

in comparison to early-phase tumors. In addition, we selected

cisplatin because it is widely used to treat MPM patients (32) and

because in our in vitro co-culture system, we found that

pretreatment of AB12 cells with cisplatin stimulated the

production of IFNg by anti-tumor splenocytes (Figure 6E).

As shown in Figure 6C, in intermediate-phase tumors,

combination of anti CTLA-4 with anti LAG-3 or with anti

TIM-3 or with cisplatin was ineffective relative to the efficacy of

anti CTLA-4 + anti PD-1. However, comparing the efficacy of the

combination relative to the efficacy of its separate components,

we found that anti CTLA-4 + cisplatin had a marginally

significant (p = 0.057) synergistic effect relative to either anti

CTLA-4 or cisplatin alone. In contrast, anti CTLA-4 + anti LAG-

3 showed a minor though insignificant synergism while anti

CTLA-4 + anti TIM-3 had no synergism at all (Figure 6C).

Based on these observations and on publications showing

that in humans anti LAG-3 and cisplatin synergize with anti PD-

1 (33, 34), we next tested whether the addition of either of these

drugs to the anti CTLA-4 + anti PD-1 combination could

improve outcomes in advanced-phase tumors. We found that

cisplatin improved the efficacy of standard-of-care in advanced-

phase tumors (Figure 6F). Moreover, this triple therapy also

restored the potential of splenocytes from mice with advanced-

phase tumors to produce IFNg in vitro upon co-culture with

AB12 cells (Figure 6G). In contrast, improved efficacy relative to

benchmark was not found in the CTLA-4 + anti PD-1 + anti

LAG-3 combination (Supplementary Figure 5A).
Discussion

Preclinical models of MM using syngeneic cell lines are used

to test and design new anti-hMPM therapeutics (21). However,

disparities that exist between MMs and hMPM as well as

insufficient characterization of the immunology of MM may

result in inaccurate design of preclinical investigations and in

premature translation of preclinical findings to the clinics (35).

In the current work, comprehensive characterization of the

immunobiology of AB12 tumors relative to hMPM as well as

calibration of its responsiveness to standard-of-care anti-hMPM

immunotherapy generated a systematic three-step approach to

improve the utility of the AB12 model as an indicative

preclinical tool.

In the first step, we determine the AB12 tumor growth

phases showing that based on size and appearance, intermediate-
Frontiers in Immunology 13
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and advanced-phase tumors may be considered as well-

established tumors which we suggest are more likely to

represent hMPM. Next, based on transcriptomic analysis, we

show that in line with their histologic classification (4), AB12

tumors mimic the most common histo-molecular subtype of

hMPM: Biphasic (17). In addition, we show that AB12 tumors

also represent the most common hMPM immunological

subtype: TIS.2 (28). Thus, given that AB12 tumors represents

the most prevalent type of hMPM, supports focusing empirical

interest on this MM model.

In the second step, we characterize the growth phase-

dependent immunobiology of AB12 tumors in the TME and at

remote immune sites. With respect to the TME, we show that

type I and type II IFN pathways dominate the early-phase of

tumor growth. Furthermore, we show that CD8 T cell activation

pathways, cytotoxicity genes and immune cell infiltration indices

dominate the intermediate-phase of tumor growth while they all

decay in advanced tumors. Accordingly, we find that

intermediate-phase tumors match “hot” hMPM and that

advanced-phase tumors match “cold” hMPM. Based on these

findings, and as anticipated by previous works on the role of

CD8 T cells in anti-MM responses (8), we can conclude that

AB12 cells induce in the TME a bell-shaped, CD8 T cell

predominant anti-tumor response that peaks in intermediate-

phase tumors. With respect to remote immune organs, we show

that AB12 tumors gradually remodel the cellular composition of

the spleen, PB and BM, thus indicating that tumor growth has

systemic immune effects. In particular, when focusing on the

expression of IFNs and cytotoxic genes in the spleen, we

demonstrate that the evolution of the anti-tumor response in

the spleen and TME has concordant kinetics. This, together with

results showing peak production of IFNg by intermediate-phase

splenocytes and the potential to enhance IFNg production only

by early treatment with anti CTLA-4, substantiates the

recognition that immune activation prevails during the early-

phase of tumor growth and that profound immune suppression

prevails during the advanced-phase of tumor growth.

Together, steps one and two of our approach lay the

foundation to evaluate the tumor phase-dependent response to

immunotherapy and its efficacy compared to outcomes

described in hMPM immunotherapy clinical trials. We

approach this in step three, where we show that anti CTLA-4

is highly effective but only in early-phase tumors and that in

contrast anti PD-1 is only moderately effective but that it is most

potent in intermediate-phase tumors. In addition, we show that

standard-of-care combination immunotherapy is superior to

single agent therapy in intermediate-phase tumors, and yet, its

efficacy declines in advanced-phase tumors. Together, these

findings dovetail with clinical trials in hMPM showing that

anti CTLA-4 failed to achieve clinical benefit, that anti PD-1

provided marginal clinical benefit with short durations of

responses (34), and that CTLA-4 + anti PD-1 provided better

results than single agent therapy (1). The overall correspondence
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between the performance of immunotherapy in the model and

in hMPM suggests that the efficacy of standard-of-care in the

model can serve as preclinical benchmark that future

therapeutics should meet to be considered good candidates for

translation to the clinics. Illustrating this principle are our

findings on the efficacy of CTLA-4 + anti PD-1 + cisplatin

triple therapy relative to benchmark, thereby advocating for its

testing in biphasic MPM patients.

From a broader practical perspective, our findings suggest

that when testing immunotherapy in the AB12 model, three types

of immune effects can be detected depending on time of drug

administration. The first immune effect relates to interventions

that show efficacy mainly during the early tumor growth phase.

These interventions should be regarded as ones that are capable

of boosting the generation of the anti-tumor response but not

necessarily as interventions that can delay the onset of immune

suppression or invigorate the anti-tumor response once it has

decayed. We predict that such interventions are unlikely to

achieve clinical benefit in real-life settings, given that hMPM

slowly develop under a strong immunological pressure and

because hMPM is often diagnosed in advanced disease stages

(13, 14). The second immune effect relates to interventions that

show efficacy mainly during the intermediate phase of tumor

growth, when the anti-tumor response is in its peak. These should

be considered as interventions that have the potential to prolong

or maintain an existing anti-tumor response. We contemplate

that such interventions are most likely to achieve clinical benefit

in real-life settings in immune active (“hot”) tumors. The third

immune effect relates to interventions that show efficacy also

during the advanced phase of tumor growth, when the anti-tumor

response decays. These should be considered as interventions that

have the potential to invigorate an anti-tumor response that has

already at least partially been shut down. We propose that such

therapies are the most promising with respect to their potential to

show clinical benefit in patients with advanced hMPM.

Looking forward from a clinical perspective, our findings that

show successful boost in efficacy resulting from the addition of

cisplatin to the standard-of care suggests that a promising direction

for future research is to explore other potential chemotherapies or

targeted therapies to yield evenmore optimal efficacy. For example,

carboplatin offers one potential target given that in the recent

checkmate 816 study, it showed greater synergism with anti PD-1

than did cisplatin, in inducing complete response in non-small cell

lung cancer patients (33). As another potential target, researchers

might explore epigenetic modulators given the synergism that

histone deacetylase inhibitors achieved in combination with

immunotherapy in non-small cell lung cancer as reported in

clinical trials (36). From a preclinical perspective the link

between the capacity of AB12 stimulated splenocytes to produce

IFNg in vitro and the outcomes of in vivo survival assays, suggests

that a promising direction would be to explore using the AB12 and

splenocyte co-culture system as an efficient screen to detect survival

enhancing therapeutics prior to in vivo testing.
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Last but not least, our model focused on biphasic hMPM

using the AB12 cell line, however, other murine MM cell lines

such as the AB1 (7) and AE17 (22) cells that mimic other

histological subtypes of hMPM, also exist. Indeed, using AB1

(6, 24, 37, 38) and AE17 (21, 24) cells as well as AB12 cells (6, 8,

21), past research made significant progress in developing new

combination treatments to fight the entire histological spectrum

of hMPM subtypes. However, we think that if murine tumor

models such as AB1 and AE17 would be assessed and

characterized using our approach, the likelihood of successfully

translating treatments proposed based on these models to the

clinic would increase. To elaborate, promising leads to combining

specific chemotherapies and repurposed non-chemotherapeutic

drugs with immunotherapy have been made (8, 38). For example,

with respect to chemotherapy, using the AB1 cell line, Nowak

et al. and Lesterhuis et al. have shown that gemcitabine is not

detrimental to antitumor immunity and that it may thus be useful

in combination with immunotherapy in general and with anti

CTLA-4 in particular (23, 39). In addition, more recently, using

both the AB1 cell line and the AE17 cell line Principe et al. have

shown that 5-fluorouracil and cisplatin have additive effects when

combined with anti CTLA-4 and anti PD-1 (24). With respect to

identification of drugs that can be repurposed and combined with

immunotherapy, Lesterhuis et al. used network analysis of

immunotherapy responsive and irresponsive AB1 tumors to

show that hub genes and pathways that are associated with

response to immunotherapy can be identified and that drugs

that augment or inhibit these hub genes can be effective in

combination with immunotherapy. Proof of concept was

demonstrated using the nitric oxide generator isosorbide

dinitrate to enhance Nitric oxide synthase 2 (NOS2) activity

and the small-molecule VX680 to inhibit Aurora Kinase B

(AURKB) (38). And yet, these studies were all performed using

subcutaneously transplanted MM tumors, presumably to ease

follow-up on tumor growth and on response to therapy (6, 8, 20,

22, 24, 38). Furthermore, treatment in these studies was initiated

no later than day 12 (in most experiments no later than day 10)

and its efficacy was not tested in a tumor growth phase dependent

manner. As such, these studies might have tested their

interventions in an improper microenvironment or prior to

induction of systemic immune suppression by the tumor.

Given these considerations, we propose that it may be fruitful

for future research to retest these promising leads under

orthotopic tumor implantation conditions and using the three-

step investigational approach that we applied as a benchmark for

calibration of the model and for evaluation of treatment efficacy.
Conclusions

Our study delineates a systematic approach that improves the

capacity of the AB12 model to serve as a screening tool to test and

design novel anti biphasic hMPM therapies. We suggest that the
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efficacy of new therapeutics should be compared to the efficacy of

standard-of-care in intermediate- and advanced-phase tumors as

these phases more accurately represent hMPM. Therapeutics

showing efficacy in advanced-phase tumors are the ones that

should be translated to the clinics given their potential to

invigorate the anti-tumor immune response even once it has

decayed. One such promising combination is the anti CTLA-4 +

anti PD-1 + cisplatin triple therapy.
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SUPPLEMENTARY FIGURE 1

Tumor microenvironment in AB12 tumors. Supplementary Figure 1A.
Comparison of the histologic and molecular subtypes, and the histo-

molecular gradients (E.score and S.score) of hMPM tumor samples between
the clusters C1 to C3 of the heatmap of . Histograms at the top show the

distribution of histologic subtypes and molecular subtypes of hMPM in the

TCGA and Bueno series (26, 27). Enrichment of biphasic-like related subtypes is
observed in cluster C3 and Chi-square contingency tests highlight significant

differential distribution of subtypes between the three clusters (p <0.0001). Box
plots at the bottom show the values of the E.score and S.score retrieved from

Blumet al. (17). Intermediate values are observed in cluster C3 compared to the
two other clusters. The ANOVA tests highlight significant differences between

the 3 cluster (p <0.0001) and the p-values of the post hoc Tukey test are

indicated at the top of the box plots. Supplementary Figure 1B. Changes in
signal pathways related to alpha and gamma interferon responses and, T cell

activation and signaling between d6 to d10 and d14 AB12 tumors. The
volcanoplots show the differential mRNA expression between AB12 tumors

collected at different timepoints of all the genes included in the pathways:
Hallmark_interferon_alpha_response, Hallmark_interferon_gamma_response,

GO_T_cell_activation and GO_T_cell_receptor_complex. The collect

timepoints are indicated at the top left and right of the volcanoplots. The
fold-change (FC) and the adjusted p-values for each gene were retrieved from

RNA-Seq data analyzed by DESeq2 package. Supplementary Figure 1C.
Differential infiltration of immune and stromal cell populations between d6 to

d10 and d14 AB12 tumors. The dot plots show the FC relative to the mean of
the d6 tumor mMCP counter scores for each of the immune and stromal cell

populations between d6, d10 and d14 tumors. Only cell populations showing a

significant differential mMCP-Counter scores by ANOVA tests between d6 to
d10 or d14 (, left panel) are presented. The p-values of the post hoc Tukey test

are indicated at the top of the dot plots. Supplementary Figure 1D. Gating
strategy for AB12 tumor derived cells. Forward and side scatter detector voltage

settingswere selectedbasedon the position ofCD45+or+CD3Tcell staining.
For the detection of T cells, cells of interest were gated for CD45+ and these

were split into CD3+CD8+ and CD3+CD8- cells. Subpopulation percentages

are calculatedout of the total number ofCD45+cells. For thedetectionofCD8
+ PD1+ T cells, cells of interest were gated for CD3+ and then for the PD1

+CD8+ subpopulation. Subpopulation percentages of CD8+ PD1+ cells were
calculated out of the total number of CD3+ cells.

SUPPLEMENTARY FIGURE 2

Immune response at remote immune sites. Supplementary Figure 2A.

Gating strategy for spleen, PB and BM derived cells. Forward and side
scatter detector voltage settings were selected based on the position of

CD45+ cell staining. The gating strategy was anchored on FITC-CD45+
and the percentages of all subpopulations were calculated out of the total

number of CD45+ cells. For the detection of T cells, cells of interest were
gated for CD45+ and these were split into CD3+ CD8+ and CD3+ CD4+

cells. For the detection of neutrophils, cells of interest were gated for

CD45+ and next for CD11b+ and these were split into Ly6G+, Ly6Chigh+
and Ly6Clow+ cells. For the detection of F4/80 positive monocytes, cells

of interest were gated for CD45+ and then were gated for CD11b+ F4/80
+ cells. For the detection of NK cells, cells of interest were gated for CD45

+ and then were gated for CD3- CD49B+ cells. For the detection of B
cells, cells of interest were gated for CD45+ and then were gated for
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CD19+ cells. Supplementary Figure 2B. Changes in the immune content
of the bone marrow (BM) of tumor bearing mice between d6, d10, d14

and d20. The numbers, determined by flow cytometry, of CD8 and CD4
T cells, Ly6G+ myeloid cells, NK cells, F4/80 positive monocytes and B

cells out of 10,000 CD45+ cells in the BM of tumor bearing mice are
shown (n≥6). The CD8/CD4 ratio in the BM is shown as well. Notably

in the BM, in contrast to the spleen and PB we determined the
numbers of Ly6G+ myeloid cells and not neutrophils since that the

used antibody panel permits only making this definition with respect to

BM derived cells.

SUPPLEMENTARY FIGURE 3

Response to anti CTLA-4 immune checkpoint inhibitor. Supplementary

Figure 3A. Changes in signal pathways related to T cell activation and
signaling in anti CTLA-4 treated AB12 tumors. The volcanoplots show the

differential mRNA expression between anti-CTLA4 treated and untreated

AB12 tumors of a l l the genes inc luded in the pathways:
GO_T_cell_activation and GO_T_cell_receptor_complex. The

treatment and the collect timepoints are indicated at the top left and
right of the volcanoplots. The fold-change (FC) and the adjusted p-values

for each gene were retrieved from RNA-Seq data analysed by DESeq2
package. Supplementary Figure 3B. Differential infiltration offibroblast cell

population in anti CTLA-4 treated AB12 tumors. The dot plots show the

fold change (FC) of mMCP-counter scores relative to the mean of the
untreated d10 tumors for the population of fibroblasts between untreated

d10, untreated d14 and treated d14 tumors. Differences in mean fibroblast
mMCP-counter scores between treated and untreated tumors were

evaluated by ANOVA test, and the p-values of the post hoc Tukey test
are indicated at the top of the dot plots. *: P ≤ 0.05; **: P ≤ 0.01; ***: P ≤

0.001; ****: P ≤ 0.0001. Supplementary Figure 3C. Immune content of the

bone marrow (BM), spleen and peripheral blood (PB) of anti CTLA-4
treated mice. The numbers, determined by flow cytometry, of CD8 and

CD4 T cells, Ly6G+ myeloid cells, NK cells and F4/80 positive monocytes
out of 10,000 CD45+ cells in the BM of untreated d10 and d14 or anti

CTLA-4 treated d14 tumor bearingmice are shown. The CD8/CD4 ratio in
the BM is shown as well. The numbers, determined by flow cytometry, NK

cells and B cells out of 10,000 CD45+ cells in the spleen and PB of

untreated d10 and d14 or anti CTLA-4 treated d14 tumor bearing mice are
shown. n>6. Notably in the BM, in contrast to the spleen and PB we

determine the numbers of Ly6G+ myeloid cells and not neutrophils since
that the antibody panel that we used permits only making this definition

with respect to BM derived cells.
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SUPPLEMENTARY FIGURE 4

Summary of the response of tumor bearing mice to immunotherapy. The
tables show themedian survival, the half-life extension period and the cure

rates of tumor bearing mice in response to immunotherapy. The half-life
extension period is calculated as the difference in days between themedian

survival period of untreated mice to the median survival period of mice in
the treatment group. Cure rates were determined based on the percentage

of mice in each treatment group that survived for more than 80 days. The
immunotherapy treatment is listed at the top of each table.

SUPPLEMENTARY FIGURE 5

Efficacyof anti CTLA-4+anti PD-1+LAG-3against advancedAB12 tumors. The

Kaplan-Meir survival curves show the response of AB12 tumors to treatment
(two injections per week for a total of twoweeks) with either anti CTLA-4 + anti

PD-1 or anti CTLA-4 + anti PD-1 + LAG-3 when initiated on d14 (n = 8).

SUPPLEMENTARY TABLE 1

Flow cytometry data. Table S1.1 List of antibodies for flow cytometry.
Table S1.2 Panel of antibodies. Table S1.3 Compensation matrix.

SUPPLEMENTARY TABLE 2

List of primers.

SUPPLEMENTARY TABLE 3

Signal pathways enrichment analysis in AB12 tumors. Table S3.1
Differentially expressed genes between untreated mice. Table S3.2

Pathways dysregulated between untreated mice. Table S3.3
Differentially expressed genes between anti CTLA4 treated mice and

untreated mice. Table S3.4 Pathways dysregulated between anti CTLA4
treated mice and untreated mice. Pathways are grouped into families and

sub-families and the ones over-represented, based on underexpressed

and overexpressed genes, are highlighted in blue and brown, respectively.

SUPPLEMENTARY TABLE 4

Infiltration of immune and stromal cell populations in Tumor

microenvironment. Table S4.1 List of biomarkers used in mMCP
Counter. Table S4.2 mMCP Counter normalized scores for mouse

tumor samples. Table S4.3 List of biomarkers used in MCP Counter.

Table S4.4 MCP Counter normalized scores for Human tumor samples.

SUPPLEMENTARY TABLE 5

Annotations of Human tumor samples.
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Immunotherapy with immune
checkpoint inhibitors and
predictive biomarkers in
malignant mesothelioma:
Work still in progress

Matteo Perrino1, Fabio De Vincenzo1, Nadia Cordua1,
Federica Borea1,2, Marta Aliprandi1,2, Armando Santoro1,2

and Paolo Andrea Zucali 1,2*

1Department of Oncology, Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS) Humanitas
Research Hospital, Milan, Italy, 2Department of Biomedical Sciences, Humanitas University, Milan, Italy
Malignant mesothelioma (MM) is a rare and aggressive neoplasm, usually

associated with a poor prognosis (5 years survival rate <10%). For unresectable

disease, platinum and pemetrexed chemotherapy has been the only standard of

care in first line for more than two decades, while no standard treatments have

been approved in subsequent lines. Recently, immunotherapy has revolutionized

the therapeutic landscape of MM. In fact, the combination of ipilimumab plus

nivolumab has been approved in first line setting. Moreover, immune checkpoint

inhibitors (ICIs) showed promising results also in second-third line setting after

platinum-based chemotherapy. Unfortunately, approximately 20% of patients are

primary refractory to ICIs and there is an urgent need for reliable biomarkers to

improve patient’s selection. Several biological and molecular features have been

studied for this goal. In particular, histological subtype (recognized as prognostic

factor for MM and predictive factor for chemotherapy response), programmed

death ligand 1 (PD-L1) expression, and tumor mutational burden (widely

hypothesized as predictive biomarkers for ICIs in several solid tumors) have been

evaluated, but with unconclusive results. On the other hand, the deep analysis of

tumor infiltrating microenvironment and the improvement in genomic profiling

techniques has led to a better knowledge of several mechanisms underlying the

MM biology and a greater or poorer immune activation. Consequentially, several

potential biomarkers predictive of response to immunotherapy in patients with MM

have been identified, also if all these elements need to be further investigated and

prospectively validated.

In this paper, the main evidences about clinical efficacy of ICIs in MM and the

literature data about the most promising predictive biomarkers to immunotherapy

are reviewed.
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Introduction

Malignant mesothelioma (MM) is a rare and aggressive neoplasm

originating from the mesothelial lining of the pleural cavity (1). Its

annual incidence is globally increasing and it is closely related to

asbestos exposure (accounting 80% of cases), with a long latency of

almost 40 years between exposure and the disease onset. In general,

the prognosis of MM is poor, with a median survival not exceeding 14

months and with a 5 years survival rate less than 10%. In Europe,

according to the differences in terms of asbestos exposure, MM is

more frequent in males (1.7/1000) than in females (0.4/1000). At

diagnosis, median age is 70 years old in western countries. According

to the World Health Organization (WHO) 2021 classification, MM is

categorized in three main histological subtypes: epithelioid (50-70%

of cases), characterized by a better prognosis, sarcomatoid (10-20% of

cases), more aggressive and typically chemo-resistent, and biphasic,

with features of both the previous (2–4).

The therapeutic landscape of mesothelioma is changing. In first line

setting, platinum and pemetrexed chemotherapy has been the standard

of care for unresectable disease since 2004 and no other treatments have

been approved in the second- and third-line setting (1, 5). However, the

immunotherapy revolution has improved the survival outcomes of

patients with a broad range of cancers, including mesothelioma. In fact,

the combination of ipilimumab plus nivolumab was recently approved

by the US Food and Drug Administration (FDA) and the European

Medicines Agency (EMA) based on the results of the randomized phase

III CheckMate 743 trial (6). In this study, nivolumab plus ipilimumab

significantly improved overall survival (OS) versus platinum-

pemetrexed chemotherapy in unresectable chemo-naive MM

patients. The 3-year updates of efficacy and safety analyses showed,

after a minimum follow-up of 35.5 months, that immunotherapy with

ipilimumab plus nivolumab continued to provide OS benefit over

chemotherapy (HR 0.75) and 28% of patients had an ongoing

response at 3 years in the immunotherapy arm (7). In second line

setting, nivolumab achieved a statistically significant improvement of

both progression-free survival (PFS) and OS compared to placebo in

pre-treated MM patients in the randomized, phase III, CONFIRM trial

(8). Lastly, several ongoing phase III trials should provide robust

evidence for any benefits from combining immunotherapy with

chemotherapy in the first-line setting (1).

Despite these exciting results, approximately 20% of patients are

primary refractory to immunotherapy (6). Unfortunately, in clinical

setting there is not yet the availability of predictive biomarkers able to

guide the selection of patients really benefiting from immunotherapy.

Moreover, compared with other malignancies, progress in MM

biomarker research is limited.

In this paper, the main evidences about clinical efficacy of

immuno-checkpoint inhibitors (ICIs) in patients with MM and the

literature data regarding the biomarkers potentially predictive of

response to immunotherapy are reviewed.

Immune checkpoint inhibitors in
malignant mesothelioma

Tumor-infiltrating lymphocytes (TILs), macrophages, and natural

killer (NK) cells usually infiltrate the tumor tissue of mesothelioma.
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Epithelioid mesothelioma presents an increased stromal infiltration by

TILs and helper-1-polarized T cells, whereas sarcomatoid

mesothelioma is infiltrated by TILs with a high CD8+ population

and a low CD4+ population and presents an increased expression of

immune checkpoint programmed death ligand-1 (PD-L1). Moreover,

an immunosuppressive environment is promoted through M2

polarized macrophages and regulatory T (Treg) cells. Starting from

this scenario, an effort for the identification of therapies modulating the

immune system, including dendritic cell (DC) therapy, chimeric

antigen receptor (CAR) T-cell therapy, cancer vaccines, and

checkpoint inhibitors, is ongoing. In the last decade, monoclonal

antibodies directed against cytotoxic T lymphocyte antigen 4

(CTLA4) or programmed cell death (PD-1) or its ligand PD-L1 have

received regulatory approval across the globe, alone or in combination

with chemotherapy for the treatment of tumors, including thoracic

cancer such as mesothelioma. In mesothelioma, the main evidence

regards front-line and salvage settings, while neoadjuvant/adjuvant and

multimodality treatment trials are still ongoing. The main results of

ICIs are presented below and summarized in Table 1.
Immune checkpoint inhibitors as
salvage therapy

The CTLA4 inhibitor tremelimumab was the first immune

checkpoint inhibitor assessed in mesothelioma. In the phase II

MESO-TREM 2008 study, tremelimumab administered at the dose

of 15 mg/kg every 90 days in relapsed disease setting, showed a low

but durable activity with an overall response rate (ORR) of 7% (2 of 29

patients) lasting up to 18 months (9). A more intensive schedule of

intravenous tremelimumab (10 mg/kg 4-weekly for seven doses, then

every 12 weeks until treatment discontinuation) was compared to

placebo in the randomized, double blind, phase 2b DETERMINE

study. The study enrolled 571 patients, with previously treated MM,

randomized 2:1 to tremelimumab or placebo arm. The median age

was 66 years and 83% of patients presented epithelioid histology. The

primary endpoint of the study was not reached: no statistically

significant difference in terms of OS was observed between the two

arms, with median OS of 7.7 months in the tremelimumab arm and

7.3 months in the placebo arm (HR 0.92, p 0.41). The ORR observed

was only 4.5% and patients with sarcomatoid subtype seemed to

benefit better from the CTLA4 inhibitor than patients with epithelioid

subtype (10). Therefore, tremelimumab as monotherapy is not

indicated for second/third-line therapy in MM.

Pembrolizumab was the first PD-1 inhibitor studied in patients

with MM. KEYNOTE-28 was a single arm, phase 1b, multicohort

basket trial that treated patients with PD-L1 positive (defined as ≥1%

expression in the tumor cells) tumors (11). Thirty-five patients with

pleural mesothelioma, who had failed to standard therapy, received

pembrolizumab 10 mg/kg every two weeks up to 2 years. The median

age was 65 years and 72% of patients had epithelioid histology.

Primary endpoints were safety, tolerability and ORR. Five patients

(20%) achieved objective response whereas 13 patients (52%) had

stable disease with a median duration of response of 12 months. There

was no treatment related mortality and there were no

discontinuations of therapy attributable to treatment related

adverse events.
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In the single arm, open label, phase 2 KEYNOTE-158 trial, 118

patients with previously treated mesothelioma, received

pembrolizumab 200 mg every 21 days for up to 35 cycles. Primary

endpoint was ORR. Ten out of 118 patients (8%) had an objective

response. Median duration of response was 14.3 months and 60% of

objective response were ongoing at 12 months. Stratifying for PD-L1

expression, objective responses were observed in six out of 77 patients

(8%) with PD-L1 positive tumor (median duration of response: 17.7

months) and in four out of 31 patients (13%) with PD-L1 negative

tumor (median duration of response: 10.2 months). Median OS and the

median PFS were 10 months (95% CI 7.6–13.4) and 2.1 months (95%

CI 2.1–3.9), respectively. In conclusion, pembrolizumab showed

durable anti-tumor activity in patients with advanced MM, regardless

of PD-L1 status (12). In the phase 3 PROMISE-MESO trial, a total of

144 patients who had progressed after previous platinum-based

chemotherapy and regardless of PD-L1 expression, were randomized
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1:1 to pembrolizumab 200 mg every three weeks or physician’s choice

of chemotherapy gemcitabine at 1000 mg/m2 (days 1 and 8) every 3

weeks or vinorelbine at 30 mg/m2 IV (days 1 and 8) until progression.

The primary endpoint was PFS. The median age was 70 years, with

almost 90% having epithelioid histology. Although ORR with

pembrolizumab was 22% compared to 6% with chemotherapy, the

study did not show a statistically significant improvement in median

PFS or in median OS even stratifying by PD-L1 expression status.

Median PFS was 2.5 months in the pembrolizumab group versus 3.4

months in the chemotherapy group (HR 1.06; p=0.76). Median OS was

10.7 months in the pembrolizumab arm versus 12.4 months in the

chemotherapy arm (HR 1.12; p=0.59) (13).

Nivolumab has been evaluated as monotherapy in two phase 2

trials. The Dutch study NivoMes was a single-center, single arm study

of 34 patients enrolled to receive nivolumab (3 mg/kg) every two

weeks for up to 12 months. The primary endpoint was disease control
TABLE 1 Main trials of ICIs in malignant mesothelioma.

Name study Phase N
pts

Drugs Line ORR
(%)

mPFS
(months)

mOS
(months)

Monotherapy

MESO-TREM
(2008) (9)

II 29 Tremelimumab 2 7.0 6.2 10.7

DETERMINE
(2017) (10)

IIb 571 Tremelimumab
vs placebo (R2:1)

2-3 4.5 vs 1.1 2.8 vs 2.7 7.7 vs 7.3

KEYNOTE-028
(2017) (11)

Ib 35 Pembrolizumab 2-5 20.0 5.4 18.0

KEYNOTE-158
(2021) (12)

II 118 Pembrolizumab 2-5 8.0 2.1 10.0

PROMISE-MESO
(2020) (13)

III 144 Pembrolizumab
vs CHT

2 22.0 vs 6.0
(P = 0.004)

2.5 vs 3.4
(P = 0.76)

10.7 vs 12.4
(P = 0.85)

NIVO MES
(2018) (14)

II 34 Nivolumab 2-3 24.0 2.6 11.8

MERIT
(2019) (15)

II 34 Nivolumab 2-3 29.0 6.1 17.3

CONFIRM
(2021) (8)

III 332 Nivolumab
vs placebo (R2:1)

2 11.0 vs 1.0
(p=0.00086)

3.0 vs 1.8
(p=0.0012)

10.2 vs 6.9
(p=0.0090)

JAVELIN
(2019) (16)

Ib 53 Avelumab 2-5 9.0 4.1 10.7

Combination therapy

NIBIT-MESO 1
(2018) (17)

II 40 Tremelimumab + Durvalumab 2-3 28.0 5.7 16.6

INITIATE
(2019) (18)

II 34 Nivolumab + Ipilimumab 2-5 29.0 6.2 NR

MAPS2
(2019) (19)

II 125 Nivolumab +/− Ipilimumab 2-5 Nivo arm 19.0
Ipi-Nivo arm 28.0

Nivo arm 4.0
Ipi-Nivo arm 5.6

Nivo arm 11.9
Ipi-Nivo arm 15.9

CHECKMATE 743
(2021) (6)

III 605 Nivolumab + Ipilimumab vs CHT 1 40 vs 44 6.8 vs 7.2 18.1 vs 14.1
(p=0.0020)

DREAM
(2020) (20)

II 54 Durvalumab + CDDP + pemetrexed 1 48 6.9 NR

PrE0505
(2020) (21)

II 55 Durvalumab + CDDP + pemetrexed 1 56.4 6.7 20.4
PTS, patients; ORR, overall response rate; mPFS, median progression free survival. mOS, median overall survival; CHT, chemotherapy.
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rate (DCR) assessed at 12 weeks ≥40%. The study met its primary

endpoint with DCR at 12 weeks of 47%. The median PFS and median

OS were 2.6 months and 11.8 months, respectively. Half of the

patients with stable disease (n=4), achieved disease stability for

more than 6 months. The safety profile included one treatment-

related death from pneumonitis. Responses by PD-L1 status showed

that PD-L1 expression did not correlate with survival outcomes (14).

The MERIT trial was an open label, single arm, phase 2 study of 34

patients enrolled to receive nivolumab 240 mg every two weeks until

progression disease or unacceptable toxicity. The primary endpoint

was ORR. Ten out of 34 patients (29%) achieved an objective

response. The median PFS and OS were 6.1 months and 17.3

months, respectively. In this trial, PD-L1 expression (≥1% vs <1%)

had an impact in terms of ORR (40% versus 8%), PFS (7.2 months

versus 2.9 months), and OS (17.3 months versus 11.6 months) even if

not statistically significant. Based on these results, the Japanese

MERIT trial was the world’s first study to obtain regulatory

approval for a checkpoint inhibitor in August 2018 (15). The phase

3 CONFIRM trial demonstrated that nivolumab improves PFS and

OS over placebo in 332 patients randomized 2:1 to nivolumab at dose

of 240 mg IV every 14 days or placebo until disease progression or a

maximum of 12 months (8). Of note, 57% of patients were treated in

the 3rd line setting. The co-primary endpoints PFS and OS were met:

Nivolumab achieved a statistically significant improvement in terms

of both mPFS (HR: 0.67; p=0.0012) and mOS (HR: 0.69; p=0.0090). If

the PD-L1 expression (≥1%) was not predictive for either PFS or OS, a

statistically significant improvement in terms of PFS and OS was

reported in the subgroup analysis in patients with epithelioid

histology but not in non-epithelioid patients. These data justify

using an anti-PD-1 inhibitor in MM patients after failure with

platinum-pemetrexed-based chemotherapy.

The safety and efficacy of avelumab have been investigated in the

large, multicohort phase 1b JAVELIN study. Fifty-three patients with

pretreated mesothelioma received avelumab 10 mg/kg every two

weeks until progression disease or unacceptable toxicity. The

confirmed ORR was 9% (5 patients: 95% CI, 3.1%-20.7%), with

complete response in 1 patient and partial response in 4 patients.

The median PFS and OS were 4.1 months and 10.7 months,

respectively. According to PD-L1 tumor expression (positive PD-

L1≥5% versus negative PD-L1<5%), a higher ORR (14.3% versus

8.0%) and a longer PFS (17.1 weeks versus 7.4 weeks) were observed

in the PD-L1-positive group (16).

Trials investigating combinations of ICIs targeting either PD-1 or

PD-L1 with anti-CTLA4 antibodies in a salvage setting emerged

almost in parallel with those testing ICIs as monotherapy.

The combination of the anti-CTLA-4 tremelimumab (1 mg/kg)

and the anti-PD-L1 durvalumab (20 mg/kg) administered every 4

weeks for up to 4 doses followed by maintenance durvalumab alone

was evaluated in the open-label, single-arm, phase 2 NIBIT-MESO-1

trial. In total, 40 patients with MM (28 pre-treated and 12 treatment-

naïve patients) were enrolled. The primary endpoint of this study

(immune-related ORR ≥25%) was met: the ORR was 28% in all

populations and 33% in the treatment naïve patients. The median

duration of response was 16.1 months, but the tumor PD-L1

expression was not associated with better ORR or longer survival

outcomes. Despite positive results, the small sample size of this trial

does not justify the use of these drugs in clinical practice (17).
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The single-arm phase 2 INITIATE trial studied nivolumab (240

mg every 2 weeks) combined with ipilimumab (1 mg/kg every 6 weeks

up to 4 doses) in 34 patients with MM relapsed after platinum-based

therapy (18). The primary endpoint was met because a 12-weeks DCR

of 67% was observed. Response to therapy resulted higher in patients

with PD-L1 expression (≥1%) compared with patients with negative

tumors (47% versus 16%).

The MAPS2 trial, a non-comparative, randomized phase II study,

enrolled 125 MM patients to receive Nivolumab alone (3 mg/kg every

2 weeks) or combined with ipilimumab (1 mg/kg every 6 weeks) after

platinum-based chemotherapy (19). The primary endpoint of this

trial was the DCR at 12 weeks (at least 40% of patients with disease

control) and it was reached in both arms (nivolumab arm: 44%;

nivolumab-ipilimumab arm: 50%). The combination nivolumab/

ipilimumab showed a higher ORR (28% versus 19%), a longer

mPFS (5.6 months versus 4.0 months) and mOS (15.9 months

versus 11.9 months), and a higher grade 3-4 treatment-related

adverse events (AEs) incidence (26% versus 14%) compared to

nivolumab alone. In the exploratory analysis, PD-L1 expression

(≥1%) resulted correlated with higher ORR, but not with 12-week

DCR. Despite the lack of FDA approval due to the absence of

randomized comparisons with other treatments, the National

Comprehensive Cancer Network Clinical (NCCN) Practice

Guidelines in Oncology recommend nivolumab with or without

ipilimumab as a preferred treatment option (Category 2A) in

second-line or later settings.

In summary, the results of the phase II MAPS2 and MERIT trials

and the results of the randomized phase III CONFIRM trial support

using an anti-PD-1 inhibitor (in particular nivolumab) as

monotherapy in patients progressing during or after platinum-

pemetrexed-based chemotherapy, representing a new therapeutic

horizon in second-line setting for MM.
Immune checkpoint inhibitors in first
line setting

The CheckMate-743 trial is the first phase III study

demonstrating an OS improvement achieved by immunotherapy

with the combination nivolumab/ipilimumab compared to standard

platinum-pemetrexed chemotherapy in first-line setting in patients

with unresectable MM (6). Overall, 605 patients not selected for PD-

L1 expression were randomized to receive ipilimumab (1 mg/kg every

6 weeks) and nivolumab (3 mg/kg every 2 weeks) for up to 2 years

versus standard platinum-pemetrexed therapy. The primary endpoint

OS was met. In fact, patients treated with immunotherapy achieved a

statistically significant longer OS (18.1 months versus 14.1 months;

HR: 0.74; p=0.0020). Moreover, a statistically significant advantage in

OS was described despite histology (mOS 18.7 months in epithelioid

histology and 18.1 months in non-epithelioid one), with a greater

benefit versus chemotherapy in PD-L1 (≥1%) tumor positive

expression (mOS 18.0 versus 13.3 months, HR 0.69) or in non-

epithelioid tumors (mOS 18.1 versus 8.8 months, HR 0.46). The ORR

resulted comparable (immunotherapy arm: 40%; chemotherapy arm:

43%) whereas the duration of response (DOR) was longer in the

immunotherapy arm (median 11.0 months versus 6.7 months). Both

arms achieved similar mPFS (immunotherapy arm: 6.8 months;
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chemotherapy arm: 7.2 months; HR 1.00) whereas the incidence

of grade 3-4 treatment-related AEs resulted comparable

(immunotherapy arm: 30%; chemotherapy arm: 32%). Therefore,

the combination ipilimumab/nivolumab was approved as first-line

therapy for patients with unresectable MM either by FDA and by

EMA. The 3-year updates of efficacy and safety analyses confirmed

the advantage of immunotherapy with ipilimumab/nivolumab

compared to chemotherapy in terms of OS (HR 0.75) (7). Of note,

28% of patients in the immunotherapy arm had an ongoing response

at 3 years.

With the aim to increase the efficacy of immunotherapy in

patients with mesothelioma, ICIs were also evaluated in

combination with chemotherapy, tyrosine kinase inhibitors (TKIs)

and other therapeutic strategies.

The single-arm, phase II DREAM trial studied the efficacy of

chemo-immunotherapy by administering durvalumab (1125 mg),

cisplatin (75 mg/m2), and pemetrexed (500 mg/m2) every 3 weeks

for up to 6 cycles and then durvalumab as maintenance therapy up to

12 months (20). The 6-week PFS in the intention to treat population

was the primary endpoint of this study. A total of 54 MM patients

unselected for PD-L1 expression were enrolled. After a median

follow-up of 28.2 months, 57% of patients were progression-free

and alive at 6 months. The mPFS was 6.9 months, and the

ORR was 48%. The PD-L1 expression did not correlate with

treatment outcomes.

The single-arm, phase II PrE0505 trial is evaluating first-line

immunotherapy with durvalumab and platinum-based chemotherapy

and then durvalumab alone as maintenance treatment (21). The

primary endpoint was the OS compared to historical control with

cisplatin-pemetrexed chemotherapy. A total of 55 MM patients were

enrolled. The primary endpoint of this study was met: the

combination of chemotherapy with durvalumab achieved a median

OS of 20.4 months compared to 12.1 months with historical control

and the estimated 12-months OS rate was 70.4%. The mPFS was 6.7

months whereas the ORR was 56.4%. The genomic and immune cell

repertoire analyses showed that: a higher immunogenic mutations

burden coupled with a higher immune cell repertoire resulted related

to a favorable clinical outcome; a higher degree of genomic instability

was present in responding patients with epithelioid mesothelioma;

patients carrying germline alterations in cancer-predisposing genes,

such as those involved in DNA repair, resulted more likely to be long-

term survivors. Therefore, a phase III study (the PrE0506/DREAM3R

trial) is now enrolling patients with unresectable and treatment-naïve

MPM to compare standard platinum-based chemotherapy ±

durvalumab (NCT04334759).

The phase II-III IND.227 trial is comparing cisplatin-pemetrexed

± pembrolizumab in unresectable mesothelioma patients

(NCT02784171). The Beat-meso trial, a randomized phase III

study, is comparing the triplet therapy of carboplatin, pemetrexed,

and bevacizumab versus the quadruple therapy of carboplatin,

pemetrexed, bevacizumab, and atezolizumab in 320 mesothelioma

patients (NCT03762018). Considering the detailed biomarker studies

planned in these trials, their results should probably guide patient

selection for different therapeutic strategies.

In conclusion, the immunotherapy revolution has improved the

survival outcomes of patients with a broad range of cancers,

mesothelioma included. In fact, starting from the data of the
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randomized Checkmate-743 phase III trial, the combination

ipilimumab/nivolumab gained FDA and EMA approval as first-line

therapy for unselected patients with unresectable MM, giving for the

first time after two decades a new option of care instead of (or in

addition to) platinum-pemetrexed based chemotherapy.
Predictive biomarkers

In order to personalize the treatments and avoid unnecessary

toxicity, the main issue about the use of ICIs in MM is the needing for

biological or molecular features usable as reliable biomarkers to

predict which pat ients are more l ike ly responders to

immunotherapy. Table 2 shows the main predictive biomarkers

under evaluation in MM.
Histology

Histological subtype in MPM has been widely recognized as a

prognostic factor, with non-epithelioid histology considered as a

predictor of poor survival in two main prognostic scores (EORTC

and CALGB) (22, 23). In fact, a longer median survival has been seen

in epithelioid tumors compared with non-epithelioid ones. Moreover,

a better response to platinum and pemetrexed chemotherapy has been

observed for epithelioid tumors (24, 25). On the other hand, it is not

clear if histology can be used as an item predictive of immunotherapy

response. Due to the small sample size and the low percentage of

patients with non-epithelioid tumors, in several phase I and II trials

testing ICIs, data about response according to histology was not

reported or was too small to draw definitive conclusions (11, 18, 19).

Cedres et al. evaluated, in a retrospective cohort of 189 patients,

systemic therapy outcomes according to histology (26). The study was

focused on chemotherapy, confirming better results in terms of OS

and PFS in epithelioid than in non-epithelioid tumors in first line

setting (26.7 vs 15.0 months for OS, p<0.001, respectively; 4.8 vs 3.6

months for PFS, p=0.03, respectively). Moreover, an analysis of 27

patients receiving immunotherapy in second or subsequent lines

showed a statistically significant difference in OS in favour of

epithelioid histology compared with non-epithelioid one (28.3 vs

13.8 months, p=0.01), while no statistically significant difference

was observed for PFS (2.7 months in epithelioid subtype vs 3

months in non-epithelioid one, p=0.43).

In a similar way, in the PROMISE-meso trial, considering the

pembrolizumab arm, non-epithelioid histology showed poorer PFS

and OS than the epithelioid histology (HR 1.76 and 1.54,

respectively), although these data were not statistically significant

(95% CI 0.58–5.33 and 0.49–4.83, respectively), probably for the small

sample size (on 73 patients receiving immunotherapy, only 7 (9.6%)

had a non-epithelioid histology) (13).

Moreover, in the CONFIRM trial, evaluating nivolumab versus

placebo in pre-treated patients, a subgroup analysis reported a

significant improvement for PFS and OS with nivolumab in

epithelioid group (for PFS HR=0.64 (95% CI 0.50–0.83) and for OS

HR=0.67 (95% CI 0.50–0.91)) but not in non-epithelioid one (for PFS

HR=0.77 (95% CI 0.37–1.60) and for OS HR=0.79 (95% CI 0·35–

1·80)) (8).
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It is also interesting to consider that, in non-epithelioid

mesothelioma, biphasic form can display a variable percentage of

epithelioid differentiation and Vigneswaran et al. found this

percentage as an independent predictor of survival (27).

Important data about the role of histology has been reported in

CheckMate-743 study. This large phase III trial compared the

combination of ipilimumab and nivolumab versus chemotherapy

with cisplatin and pemetrexed with OS as primary endpoint in all

patient. A stratification by histology (epithelioid versus non-

epithelioid) was pre-planned. Among 303 patients receiving

immunotherapy, histology was epithelioid in 229 patients (76%)

and non-epithelioid in 74 patients (24%). Immunotherapy showed

a greater benefit over chemotherapy in non-epithelioid histology than

epithelioid. In particular, a median OS of 18.1 months in

immunotherapy arm and 8.8 months in chemotherapy arm (HR

0.46, 95% CI 0.31–0.68) were observed for non-epithelioid histology

compared to 18.7 months and 16.5 months for epithelioid histology

(HR 0.86, 95% CI 0.69–1.08), respectively (6). Although the greater

OS benefit in non-epithelioid group seems to be mostly related to a

poor performance of chemotherapy and the trial was not specifically
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designed to identify a difference according to the histological subtype,

also considering the consistent sample size, these findings could

suggest histology as a potential biomarker in therapeutic choice,

with non-epithelioid tumors having a particular benefit from

immunotherapy rather than chemotherapy.
Programmed death-ligand

Human PD-1 is a membrane protein belonging to the CD28

family and normally expressed by immune cells (T and B cells,

macrophages and dendritic cells). It is involved, by interacting with

its ligand PD‐L1, in negative regulation of immunity. PD-1 can be

also expressed in TILs and, on the other hand, tumor cells can express

PD‐L1 in different percentage, contributing to the inhibition of CD4+

and CD8+ T-cell activation and to the apoptosis of antigen-specific T-

cell clones (83, 84).

The PD-L1 expression, evaluated by immunohistochemistry,

seems to have a negative prognostic role in several solid tumors

(85–87). Around 20-50% of MPM express PD-L1 (considering
TABLE 2 Main predictive biomarkers under evaluation in MM.

Rationale Limits

Histology • Known prognostic role for MPM: non-epithelioid histology considered as a predictor of poor
survival (22, 23).
• Evidence of better response to platinum and pemetrexed chemotherapy in epithelioid tumors (24,
25).

• Data about response according to histology are
mostly not reported or too small to draw definitive
conclusions (6, 8, 11, 13, 18, 19, 26).
• Variable percentage of epithelioid differentiation in
biphasic form, without a clear threshold value (27).

PD-L1
espression

• Known prognostic role for MPM: higher levels of expression apparently associated to poorer
outcomes (28, 29).
* Widely used as predictive biomarker for ICIs in particular in NSCLC.

• Conflicting data about correlation between higher
levels and better responses to ICIs (6, 8, 13).
• Availability of several immunohistochemistry
assays (30).
• No clear cut off value for defining PD-L1 positivity
in mesothelioma (16, 30, 31).
• Dynamic feature in disease history (32, 33).

TMB • A greater value may lead to a higher immunogenic neoantigen exposure and, consequently, to a
stronger immune activation and a greater benefit from ICIs (34).
• Tumors related with carcinogenic exposure (like asbestos for mesothelioma) usually have a high
TMB (35, 36).
• A predictive value for ICIs response was observed in NSCLC and melanoma (37, 38).

• Availability of different sequencing assays (39–41).
• No clear depth of sequencing to be performed (39–
41).
• Low average value (despite what was expected) (35,
36).

Genomic
biomarker

• A better knowledge of the mechanisms underlying the MPM biology by genomic profiling
techniques can help identifying patients more likely to be ICIs responders.
• Specific genomic alterations can explain an higher neoantigens formation and/or the mechanisms
underlying a greater or poorer immune activation (7, 40–54)

• Limited data about potentially useful specific
genomic alterations.
• Needing of time, funds and specially trained
personnel to perform genomic sequencing
techniques.
• Not enough data to hypothesize an application in
clinical practice outside of clinical trials.

TME • The only biomarker to evaluate the immune cells infiltrating the tumor microenvironment rather
than the tumor cells alone (35, 46).
• Probable correlation between TME characteristics, survival and better or poorer immune activation
when ICIs are administered (7, 35, 46, 49, 55–79)

• No commercially-available standardized gene
panels to evaluate tumor immune
microenvironment.
• Not enough data to hypothesize an application in
clinical practice outside of clinical trials.

Other
immune
checkpoint
molecules

• LAG-3, is a receptor expressed on activated T cells and suppress their activation and expansion
(80, 81).
• TIM-3 is express on immune cells (CD8 and CD4 T cells, NKs, macrophages, DCs), it inhibits
Th1 response and stimulates Tregs activation. Low levels of TIM-3 seem to correlate with improved
OS in MPM patients treated with anti-CTLA4 (49, 80–82).
• VISTA inhibits T cells proliferation and activation; it seems to be highly expressed in MPM rather
than in other solid tumors (47, 49).

• Limited and early data, currently not sufficient to
hypothesize an application in clinical practice.
MPM, Malignant Pleural Mesothelioma; PD-L1, Programmed death-ligand 1; ICIs, Immune Checkpoint Inhibitors; NSCLC, non-small cell lung cancer; TMB, Tumor Mutational Burden; TME,
Tumor Microenvironment; LAG-3, Lymphocyte Activation Gene-3; TIM-3, T-cell immunoglobulin and mucin containing protein 3; VISTA, V-domain Ig suppressor of T cell activation; CTLA4,
Cytotoxic T-Lymphocyte Antigen 4; NKs, Natural Killers; DCs, Dendritic Cells; Th1, T Helper 1; Tregs, T Regulatory Cells.
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positivity of cells =>1%) and a higher level of PD-L1 expression is

apparently associated to poorer outcomes and most likely observed in

sarcomatoid tumors (28, 29).

However, the predictive role of PD-L1 for ICIs response in

mesothelioma is not clear. In fact, since the first phase 1 and 2

studies, conflicting results have been found about a higher response

rate in PD-L1 positive tumors treated with ICIs compared with

negative ones.

For example, in phase 1b KEYNOTE-028 trial, enrolling only PD-

L1-positive pretreated patients with MPM (with positivity defined as

immunohistochemistry expression in at least 1% of tumor cells) to

receive pembrolizumab, promising results in terms of durability and

efficacy of response were observed (11). These data seemed to be

confirmed in a phase 2 single-arm trial testing pembrolizumab in

previously treated patients not selected for PD-L1 expression,

showing a greater ORR in PD-L1 positive than in negative patients

(26-31% vs 7% respectively) (88). However, no statistically significant

difference in terms of response was observed in patients with MPM

expressing PD-L1 compared to patients with MPM negative for PD-

L1 expression in the KEYNOTE-158 trial (12). Also in the NivoMes

trial, nivolumab showed no differences in terms of DCR, PFS and OS

by stratifying patients enrolled according to PD-L1 status (14). On the

contrary, in the MERIT trial, testing nivolumab in a similar pretreated

population, an interesting trend (not statistically significant) in favor

of PD-L1 positivity compared to PD-L1 negativity was reported in

terms of ORR (40% (95% CI 21.9–61.3) vs 8% (95% CI 1.5–35.4); PFS

(7.2 months vs 2.9 months; p=0.4490), and OS (17.3 months vs 11.6

months; p=0.2021) (15, 89). Similarly, in the INITIATE trial

evaluating nivolumab and ipilimumab, a post-hoc analysis about the

disease response at 12 weeks and the duration of response for more

than 6 months according to PD-L1 status suggested a greater benefit

in PD-L1 positive tumors compared to negative ones (RR at 12 weeks

47% vs 16% (p 0.018) and DOR > 6 months 73% vs 32% (p=0.037),

respectively) (18). The MAPS2 trial, testing nivolumab and

nivolumab plus ipilimumab in a non-comparative design, reported

an advantage in terms of ORR but not in terms of 12-week DCR for

patients with PD-L1 positive tumors (19).

Similarly, the predictive value of PD-L1 in terms of response to

ICIs therapy remain controversial also in the larger phase 3 trials.

In particular, in the CONFIRM and PROMISE-Meso trials, PD-

L1 expression ≥1% was not related to either PFS or OS (8, 13), while

in the CheckMate-743 trial the PD-L1 positivity seemed to predict

better outcomes with nivolumab plus ipilimumab over chemotherapy

(6). Nevertheless, it should be noted that in this last trial the difference

observed in terms of survival benefit was related to a poorer efficacy of

chemotherapy in PD-L1 positive patients compared to negative ones

(median OS 15.4 months and 16.6 months, respectively), while

median OS with nivolumab plus ipilimumab was similar in the two

groups (PD-L1 ≥1% group: 18 months; PD-L1 <1% group: 17.3

months). Moreover, in the CheckMate-743 trial, the PD-L1 status

was not a stratification factor, so this datum is purely descriptive and a

potential imbalance in positive and negative group could not be

excluded, precluding firm conclusions (7).

Several confounding factors complicate the evaluations about the

role of PD-L1 expression as a predictive biomarker.

First of all, the use of different immunohistochemistry assays and

its application on tumor cells only (tumor proportion score, TPS) or
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both on tumor and infiltrate immune cells (combined positive score,

CPS) can lead to different positivity scores and to not comparable

findings between various studies (30). The majority of trials

evaluating ICIs activity in MM have evaluated the PD-L1

expression only on tumor cells. However, the role of the tumor

immune microenvironment in the biology of MM is known. In

particular, the abundance of the tumor-associated macrophages

(TAMs), which are the key inflammatory cells with a potent

immunosuppressive activity, suggests a potential key role of the

myelomoncytic cells in the immunosuppression in MM and in the

activity of PD-1 targeting antibodies. Therefore, the valuation of PD-

L1 expression not only on tumor cells but also on the tumor

microenvironment cells could be more informative about prediction

of response to ICIs. Nonetheless, no association with PD-L1 status

(measured by both TPS and CPS) was observed for PFS and OS in the

DREAM trial (20). Moreover, also if a threshold of 1% is usually been

used, a clear cut off for defining PD-L1 positivity in mesothelioma has

not been identified yet. In phase 1b JAVELIN trial, it was tried to

evaluate avelumab anti-tumor activity according to two different cut-

off values for defining PD-L1 positivity on tumor cells (≥1% and

≥5%): a similar benefit for both the threshold values in ORR, PFS and

OS was observed, without better results by increasing the threshold

value (16). Continuing on this topic, it is not even clear whether the

peritoneal mesothelioma should be distinguished from the pleural

form: the former is rarer than the latter, but it seems to express higher

PD-L1 levels so has not been established if a different threshold for

PD-L1 expression should be used and the very small number of cases

makes this assessment difficult (30, 31). Furthermore, PD-L1

expression seems to be a dynamic feature in disease history, so an

evaluation at diagnosis may not be consistent with PD-L1 status after

one or more lines of treatments (32, 33).

Another open issue is the role of PD-L1 expression when ICIs are

combined with other drugs, in particular with chemotherapy. For

example, no association with PD-L1 status (measured by both TPS

and CPS) was observed for PFS and OS in the DREAM trial (20).

Results of larger ongoing phase 3 trials testing chemoimmunotherapy

(DREAM3R, IND227-IFCT1901 and BEAT-meso) will probably help

to clarify this issue (NCT04334759, NCT02784171, NCT03762018).

On the basis of data from these studies, the predictive value of

response of PD-L1 to ICIs in patients with MM still remains weak and

uncertain. However, the feeling is that tumors with a higher positivity

for PD-L1 present a higher probability to benefit from

immunotherapy. In example, in patients with epithelioid MM, who

achieved apparently similar outcomes on combination ICIs and

chemotherapy, the PD-L1 expression could be a useful marker to

discern treatment selection. Certainly, a deeper study of biological

characteristics of these responsive patients with a tumoral PD-L1

positivity and the identification of a standardized method to define

the positivity of PD-L1 in MM (type of assay, type of cells to evaluate,

threshold of positivity) may help us to better clarify the predictive

value of PD-L1.
Tumor mutational burden

The TMB is defined by the number of mutations per megabase of

sequenced tumor DNA and it is considered a potential predictive
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biomarker of response to ICIs also in MM (90). In fact, a greater

number of somatic mutations identified in tumor cells may lead to a

higher immunogenic neoantigen exposure and, consequently, to a

stronger immune activation which could benefit from therapy with

ICIs (34). Currently, there are different sequencing assays for TMB

evaluation and the depth of sequencing to be performed is not yet

established. As for PD-L1, the lack of standardization of the method

for determining the TMB complicates any comparison between

different trials and cancer types. However, a predictive value of

TMB for ICIs response was observed in patients with non-small cell

lung cancer (NSCLC) and melanoma (37, 38). On June 2020, the FDA

approved the use of pembrolizumab for advanced solid tumors,

previously treated or without any valid alternative treatment option,

with a mutational burden of at least 10 mutations per megabase,

determined by an FDA-approved test (91).

Mesotheliomas usually appear to have a low average TMB of

around 2 mutations per megabase, which is an unexpected finding,

because tumors related with carcinogenic exposure (like asbestos for

mesothelioma) usually have a high TMB, as seen in particular in

NSCLC and melanoma (35, 36).

In the KEYNOTE-158 trial, a prospective exploratory analysis

was planned to investigate the relation between tissue-TMB

(evaluated by using the FoundationOne CDx assay) and clinical

outcomes with pembrolizumab monotherapy in ten different solid

tumor types, including mesothelioma (cohort H). 790 patients with

evaluable tissue-TMB scores were included in the analysis and 102 of

them had TMB-high status (threshold defined at ≥10 mutations per

megabase). Across all tumors, an advantage in ORR was found in

TMB-high group compared to non-TMB-high one (29% vs 6%

respectively). However, considering mesothelioma cohort, on 85

evaluable cases only 1 was TMB-high and a disease response was

reported in 9 of 84 TMB-low patients; notably, the same median

tissue-TMB score was observed both in responders and non-

responders to pembrolizumab (1.26 mutations per megabase) (92).

An exploratory analysis regarding TMB was performed also in

Checkmate-743 trial. The TMB evalutation was feasible in 53% of

patients treated with nivolumab plus ipilimumab and in 45% of

patients treated with chemotherapy arm, with the evidence of a

median low value (1.75 mut/Mb). However, in this analysis, a

higher mutational burden was not correlated to a higher OS in

either the immunotherapy or chemotherapy arm.

Based on the results available to date, TMB seems not particularly

promising to predict ICIs efficacy in mesothelioma. Moreover, it

should be considered that, for its evaluation, next-generation

sequencing is traditionally used to identify single nucleotide

variation and this technique seems not able to identify the complex

chromosomal rearrangements with neo-antigenic potential observed

in mesothelioma (39–41).
Genomic biomarkers

Despite the low TMB of MPM and the lack of predictivity of PD-

L1 to immunotherapy response, several analyses of the genomic

landscape of MM suggested interesting signs to understand the

basis for a response to ICIs. Chromosomal rearrangements such as

insertions, deletions, and chromosomal translocations are frequently
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found in MM. Mansfield et al. observed wide inter- and intra-

chromosomal rearrangements in the form of chromo-anagenesis,

such as chromoplexy or chromothripsis, in 86% of MM samples

analyzed (40). Chromothripsis is a pattern of different chromosomal

rearrangements resulting from multiple double-strand breaks and

reassembly of a long segment or an entire chromosome (42).

Chromothripsis has been associated with a worse prognosis in MM

patients (40). However, this structural chromosomal variant, also

called tumor junction burden, is associated with potential neoantigens

formation that facilitates intra-tumural expansion of T-cell clones,

suggesting that chromothripsis could have a role in the response to

immunotherapy (40). Kosari et al., studied the relationship between

tumor junction burden and OS in MM patients treated with

nivolumab or nivolumab plus ipilimumab relapsed after first line

chemotherapy. Even if tumor junction burden didn’t directly

demonstrate a predictive role, its strong correlation with “antigen

presentation and antigen processing” (APP) gene signatures predicted

longer OS. In particular, considering that the impact of tumor

junction burdens seemed to be modulated by APP, Kosari and

collegues hypothesized that the neo-antingenic potential of

chromosomal rearrangements was dependent on the capability of

cancer cells to present neoantigens to the immune system. Therefore,

to test whether there was an interaction between APP gene sets and

tumor junction burdens that affected outcomes, they selected 12 APP

gene sets from the Gene Ontology Biological Processes data set in the

Molecular Signature Database and calculated their enrichment scores.

Using these scores to test for interactions between APP gene sets and

junction burdens on survival they found significant interactions with

six APP gene sets. With these six APP gene sets, the HRs representing

associations between tumor junction burdens and OS favored patients

with high APP scores (all HRs < 1) more so than patients with low

APP scores (all HRs > 1). Moreover, patients with a low APP gene

expression and a high tumor junction burden showed a worse

prognosis compared to patients with high APP score and high

tumor junction burden when treated with ICIs (42). This is in line

with the concept that ICIs need neoantigens presentation on cancer

cells to activate cytotoxic T-cell antitumor response (42). Therefore, if

prospectively confirmed, this interaction signature between the tumor

junction burdens and APP gene sets could represent a potential

biomarker for immunotherapies pat ients ’ se lect ion in

clinical practice.

In general, MM is driven by commonly occurring somatic copy-

number alterations at the genomic level. These alterations involve loss

of a small number of tumor suppressor genes such as BRCA1-

associated protein 1 (BAP1) (located in 3p21) and CDKN2A

(located in 9p21), meanwhile oncogenic gain-of-function alterations

are rare. The genomic structural variants, characterizing these genes

loss of function, are often in the form of chromothripsis (43–47).

BAP1 (BRCA1-associated protein 1 carboxy-terminal hydrolase)

is a tumor suppressor gene that modulates gene expression regulating

histone H2A activity. It is also implicated in the regulation of

apoptosis and DNA replication and repair (48, 49). BAP1 is the

most common mutated gene in MM, with its alterations (somatic

mutations and deletions) found in ~55% of cases (44–48). In

particular, BAP1 mutations are characteristic of epithelioid MM

more than of other subtypes (49). BAP1 alterations are found both

in the germline and the somatic setting. The heterozygous germline
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alterations have an autosomal dominant hereditary pattern and

people inheriting these alterations have a higher risk of developing

MM (especially after asbestos exposure), melanoma, clear-cell renal

cell carcinoma and cholangiocarcinoma (43, 44, 49). Forde et al. in the

PrE0505 trial, testing the efficacy of durvalumab plus chemotherapy

in MM first line setting, demonstrated that BAP1 germline mutations

were associated with a significantly prolonged survival after chemo-

immunotherapy. Moreover, other MPM associated germline loss-of-

function mutations (MLH1, MLH3, BRCA1, BRCA2 and BLM), in

particular those associated with DNA damage repair mechanisms,

have been linked to a longer OS (p=0.05 in all MMs analysed and

p=0.032 in epithelioid MMs) (44). A possible explanation for this

phenomenon is that the tumor immune microenvironment in BAP1

muted gene is more inflammatory. In fact, Forde et al. demonstrated

that BAP1 null MM had an increased CD8+ T cell infiltration and

higher levels of granzyme B transcripts, indicating an active cytotoxic

tumor immune microenvironment (TIME), suggesting that MMs

with BAP1 loss may be more responsive to immunotherapy (35,

44). Hmeljak et al. demonstrated that BAP1 loss of function

mutations are associated with an upregulation of IRF8. IRF is a

transcription factor that regulates interferon signalling and dendritic

cells differentiation (particularly CD103+), the latter importantly

involved cytotoxic T cells’ stimulation in the tumor immune

microenvironment (TIME). This finding supports BAP1’s role in

influencing the TIME (47).

One of the most frequent copy-number mutation in MM is 9p21

deletion, which contains CDK2NA and MTAP (its adjacent gene).

This alteration is associated with worse prognosis and with primary

resistance to immune checkpoint therapy (45, 46, 50). Han et al., in

pan-cancer analysis of The Cancer Genome Atlas (TCGA) data of

eight ICIs trials, demonstrated that 9p21 deletion is associated with a

“cold” tumor microenvironment characterized by diminished T, B,

and NK cells’ infiltration, reduced immune cell activation, lower PD-

L1 expression levels and a stronger immunosuppressive signalling

(50). Considering that almost 50% of the TCGA MM samples

presents 9p21 loss, this mechanism represents an important

explanation of ICIs’ resistance in MPM (35). Moreover, in an

extensive genome analysis of MPM, Nastase et al. (45) revealed that

CDKN2A loss on 9p21.3 was frequently associated with the deletion

of the near located Type I Interferon (IFN) genes (found delated in

52% of samples). IFNs induce a pro-inflammatory status in the tumor

microenvironment. In melanoma, IFN loss of function has been

related to a reduced response to CTLA4 inhibition. Even if Nastase

et al. did not found a statistically significant difference in OS in

patients with CDKN2A and IFN type I co-deletion, this genomic

alteration may have a role in MPM cells immune escape.

Zhang et al., using an exome sequencing approach of MM

samples, identified 5 genomic clusters, characterized by a

temporally ordered tumorigenesis and bearing a prognostic value

(48). These evolutionary clusters ranged from low (cluster 1) to high

(cluster 5) complexity. The phylogenetic evolution analysis showed

that loss of BAP1/−3p21, FBXW7/-chr4 and 9p21.3 were always early

clonal events in MM tumorigenesis, demonstrated by their presence

in nearly all subclones. Instead, Hippo pathway inactivation, caused

by NF2/−22q events, are mainly late events occurring only in some

subclones. The loss of Hippo pathway activity is found in advanced,

more aggressive MPMs and is associated with chemoresistance,
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suggesting its role as critical bottleneck in the tumoral evolution.

The MMs’ clonal neoantigen architecture modulates the immune

surveillance, and so it has the potential to be a biomarker of response

to ICIs. Interestingly, evolutionary cluster C5 has the highest degree of

repeated early clonal alterations (and so of neoantigen burden), the

worst OS, the highest CD8 T lymphocyte infiltration, and, at the same

time, has the inferior Treg cell infiltration rate. Of note, in Zhang

et al.’s MEDUSA cohort, C5 was found only in the epithelioid

subtype, thus demonstrating a subset of patients with a worse

survival in epithelioid MPMs. For these reasons cluster C5 could be

a potential predictor of response to immunotherapies (48).

In the PrE0505 trial Forde et al., considering that DNA breaks are

common in MM, assessed chromosomal instability quantifying copy

number breakpoints in the samples’ genome. The authors identified

these alterations more frequently in epithelioid MPM of patients with

an OS of 12 or more months (p=0.053). This supports the hypothesis

that DNA breaks, and their potential of neoantigen formation, are a

positive prognostic biomarker in MPM and a possible predictor of

response to ICIs (44).

In this trial it was also demonstrated that MMs characterized by a

high variability in T-cell receptor (TCR) clonality had an increased

survival with chemo-immunotherapy (OS>21 months). The authors

also showed that an increased immunogenic mutations burden in

major histocompatibility complex (MHC) class I and MHC class II

was significantly associated with a better response to durvalumab plus

chemotherapy (p=0.064 and p=0.023, respectively), especially in the

epithelioid subgroup. Moreover, they demonstrated that a higher

human leukocyte antigen (HLA)-B locus divergence was linked to an

improved radiological response to chemoimmunotherapy, in

particular in epithelioid MMs (p=0.06 and p=0.003, respectively)

(44). This evidence is in line with HLA class I allele divergence

hypothesis, suggesting a better tumor immune response when there is

a high HLA class I functional variability. HLA loss of heterozygosity

(LOH), via immunoediting, reduces antigen presentation by the

MHC, thus consenting tumor escape from CD8-T cells immune

response. HLA LOH is a late event in MPM clonal evolution. C5

cluster MPMs are the most frequently interested by HLA LOH,

another potential explanation of a de novo or acquired ICIs

resistance in MM (48, 51).

Forde et al., in the PrE0505 study, showed that MMs responding

to chemo-immunotherapy had a higher frequency of non-

synonymous missense mutations and clonal mutations than those

not responding (p=0.086 and p=0.072), in particular in the epithelioid

subgroup (p=0.051 and p=0.025, respectively). In line with these data,

the authors demonstrated a strong correlation between APOBEC

mutational signature, underpinning subclonal mutagenesis, and non-

responsive epithelioid MMs (p=0.031). They hypothesized that a high

subclonal mutation burden, in part caused by an altered function of

the APOBEC enzymes, could permit tumor immune evasion (44).

Inflammatory gene signature scores have demonstrated a positive

predictive role to immunotherapy in other cancer types (melanoma,

gastroesophageal cancer and advanced hepatocellular carcinoma)

(52–54). In the Checkmate-743 exploratory analysis, the expression

of CD8A, STAT1, LAG3, and CD274 (PD-L1) was quantified using

RNA sequencing. This analysis demonstrated that a high four-gene

inflammatory signature score was associated with an OS benefit in the

nivolumab plus ipilimumab arm (mOS 21.8 months versus 16.8
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months in patients with low score). In the chemotherapy arm no

correlation between inflammatory gene signature score and response

was identified. Inflammatory signature score, could, thus, be

considered a positive predictive biomarker of response to

immunotherapy (7).
Tumor immune microenvironment

The TIME consists mainly of tumor associated macrophages

(TAM), myeloid-derived suppressor cells (MDSC), CD4- CD8- T

cells, B lymphocytes, NK cells, DCs, stromal and endothelial cells.

TAM are the most represented immune cell type in TIME of MM

(~20–40% of the immune infiltrate). Among TAM, M2 macrophages

are predominant, indicating therefore an immunosuppressive

phenotype (35, 46). Ollila et al. in a study evaluating immune cells

infiltrating the tumor microenvironment of MM and their

relationship with survival, demonstrated that M2 macrophages,

mediators of tissue remodelling (CD163+ pSTAT1− HLA-DRA1−),

are associated with low OS whereas proinflammatory M1

macrophages (CD68+ pSTAT1+ HLA-DRA1+) have a positive

correlation with survival (55). The M2 macrophages seems to have

a role in stimulating tumor proliferation and invasiveness. Moreover,

the M2 macrophages are potent cytotoxic T lymphocyte (CTL)

suppressors, and often express PD-L1, thus favouring tumor

immune escape (35). Creaney et al. demonstrated a high expression

of CCL2, TGFb1 , MMP14 and MMP2 (MMP: Matr ix

metalloproteases) chemokines in the MM ’s TIME. These

chemokines, seemingly secreted by tumor cells, were correlated

with M2 macrophages infiltration, suggesting that they may

contribute to an immune suppressive environment. Transforming

growth factor beta (TGFb1) is involved in M2-like macrophage

differentiation, and its expression correlates with disease stage,

tumor volume and shorter survival (46, 49). Monocyte

chemoattractant protein-1 (CCL2) is an important TAM-associated

chemokine, responsible for T cells, macrophages, and dendritic cells

infiltration in the tumor microenvironment. Moreover, it has been

noted that CCL2 levels are related to tumor stage, suggesting that

macrophages play an important role in cancer progression (49).

Various studies evaluated the role of TAMs as negative predictive

biomarker of response to immunotherapy. Indeed, TAMs can bind

the Fc-domain glicans of anti-PD-1 antibodies on PD-1+ T cells with

TAM’s Fcg-receptor, thus reducing T cells exposure to anti-PD-1

antibodies (56–59). TAM predictive role in neoplastic patients treated

with ICI has been shown in various cancer types, as NSCLC,

melanoma, glioblastoma and urothelial carcinoma (60–64). Further

studies should be conducted to demonstrate a predictive role of TAMs

also in MM.

In MM T-lymphocytes represent ~30% of the TIME, comprising

CD4+ T cells and CD4+/FOXP3+ Tregs (1–50%) and CD8+ CTLs

(5–15%) (65). Mankor et al. conducted a retrospective immune-

monitoring analysis on peripheral blood samples of MM patients

treated with either nivolumab (NivoMes trial) or nivolumab plus

ipilimumab (INITIATE trial), to assess the predictive role of tumor

infiltrating lymphocytes (14, 18, 66). The authors demonstrated, in

patients treated with aPD-1/aCTLA-4 combination, a relationship

between response and a low rate of naive CD8 T cells (CD45RA+
Frontiers in Immunology 58
CCR7+), a high rate of pre-treatment “terminally differentiated

effector memory T cells” (TEMRA; CD8 T cells CD45RA+ CCR7+)

and high frequency of pre-treatment TEMRA expressed Granzyme-B

and Interferon-g cytokines. Moreover, in patients treated with the

combination immunotherapy, increased memory T-cells proliferation

and CD4- CD8- T cells activation were shown. These proliferation

and activation were not related to response, suggesting that

nivolumab plus ipilimumab induced a non-tumor specific T cells

response. Only patients with pre-ipilimumab plus nivolumab high

TEMRA rate had a benefit from treatment, indicating that TEMRAs

mediate a tumor specific response. In nivolumab monotherapy

patients these correlations were not found indicating that only an

anti-CTLA4/anti-PD-1 treatment can reactivate TEMRAs. To

conclude peripheral blood TEMRAs could be used as a predictive

biomarker of response to combination immunotherapy (66).

Identifying the relations existing between MM immune cells and

prognosis may be the first step towards the identification of predictive

therapeutic biomarkers in this setting.

In 2017 Chee et al. (67) evaluated the prognostic role of

infiltrating T-cells (CD8+, FOXP3+, CD4+, CD45RO+, CD3+), B-

cells (CD20+), neutrophils (NP57+), NK cells (CD56+) and

macrophages (CD68+) in MM’s patients. The authors observed that

FOXP3+ CD4+ Tregs are related to a worse survival, in line with their

inhibitory activity on effector and helper T-cells. FOXP3+CD4+ Treg

cells account for 2.8% of the total CD4+ lymphocytes in MM (68).

Further, in epithelioid MMs, a CD4+/CD8+ ratio >1 and a high

frequency of CD4+ T cells were associated with an improved survival,

consistent with CD4+ T lymphocytes’ role in the stimulation of CD8+

TILS and B-cells against cancer cells. This study demonstrated that a

high CD8+ T-cells infiltration in MPM’s TIME was not associated

with an improved survival, as confirmed in a recent RNA-seq analysis

of TIME by Creaney et al. (46).

The B cells represent 4% of TIME and have a central role in the

immune crosstalk, acting as both positive and negative regulators of

cancer. Their role as positive tumor regulators has been associated

with B cells that express “signal transducer and activator of

transcription 3” (STAT3), that contributes to a proangiogenic

environment thus promoting tumor growth (67, 69). Tumor-

associated B-cells’ role as negative regulator could be explained by

their ability to act as antigen presenting cells inducing CD4+ T cells

activation, differentiation, and polarization in Th1 and Th2 subtypes.

A high density of CD20+ B lymphocytes in the TIME is associated

with an increased survival in patients affected by epithelioid MM (49,

69). This evidence is notable considering that a high B cell infiltrate

was found in approximately 50% of MMs in Patil et al.’s retrospective

analysis (70).

B cells play also a role in the formation of tertiary lymphoid

structures (TLS). TLS are organized ectopic lymphoid aggregates that

arise in chronically inflamed environments like autoimmune diseases,

chronic infection, and cancer (69, 71). TLSs have been identified in

different cancer types and have been associated with a better

prognosis and response to immunotherapy. So not only immune

cell infiltrating the TME, but also their organisation in TLS is

important for anti-tumor immune response (71–75).

TLSs are associated with the local immune response, the ability of

germinal centres formation and the lymphocytes’ recruitment.

Tumors harbouring TLSs in their microenvironment are
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characterized by an increased immune infiltration. TLSs do not have a

capsule, so immune cells resident in them could be directly exposed to

macromolecules from the TME, thus driving intratumoral immune

response. B cells in TLS can produce antibodies that tie antigen

expressing tumor cells inducing subsequent opsonisation,

complement-dependent lysis, or antibody mediated cytotoxicity.

Moreover, tumors harbouring TLSs and an important CD8+ T cells

infiltration have a better prognosis than those characterized only by

CD8+ T cells infiltration, suggesting a better immune response quality

in tumors with the TLSs. Immunotherapy promotes TLS formation

and activity and this can explain the possible role of TLS and B cells

infiltration as positive predictive biomarker of response to ICIs in

different cancer types (69, 71, 76, 77).

Based on these evidence Mannarino et al. conducted a

retrospective multicenter cohort study of MPM patients never

treated with chemotherapy in order to identify TIME features

potentially predictive of patients ’ outcome. The authors

demonstrated that epithelioid MM patients with long OS (>36

months) were characterized by an inflammatory background with a

higher expression of B-cells (CD20+) and prevalence of TLS

formations compared to epithelioid MM patients with short OS

(<12 months), which showed a higher frequency of neutrophils and

M2 macrophages (p = 0.025) (69). Therefore, B cells showed a

negative impact in cancer development in this study. As said

before, a possible explanation is B cells’ role in antigen presentation

and cytotoxic antitumor T cells activation. In particular MM, even if

characterized by a low TMB, is often interested by chromothripsis,

and, thus, tumor junction burden with the potential of neoantigens

formation. These neoantigenes could be at the origin of B-cells

mediated antitumor immunity (69).

Chee et al. demonstrated that a low rate of NP57+ neutrophils in

the TIME of epithelioid MPM was associated with better OS. This

finding is consistent with the hypothesis that tumor-associated

neutrophils can have a facilitating role in tumorigenesis by

promoting angiogenesis and facilitating the development of pro-

invasive and pro-metastatic TIME (67).

Ollila et al. studied the correlation between tumor infiltrating

immune cells and MM’s prognosis thanks to TIME high-resolution

deep profiling (55). This analysis demonstrated that granzyme B/CD11c

positivity was significantly associated with a better OS. Myeloid-derived

cells express CD11c. Thanks to immunohistochemistry the authors

identified these prognostic favourable CD11c cells to be DCs. DCs have

a fundamental role in antigen presentation and consequently in

immune activation in TIME of various cancers. Granzyme B is

produced by various immune cells, including DC. In conclusion

granzyme B and CD11c could be used as prognostic biomarkers and

further studies should be conducted to evaluate their role in predicting

immunotherapy response in MPM patients.

Ollila et al. also demonstrated that myeloid derived suppressor cells

(MDSCs) in the TME are related with a shorter OS (55). TheMDSC are

abnormal granulocytes that develop in pathological conditions. They

have a prevalence of less than 10% in the TIME. The MDSCs favour

tumorigenesis and cancer progression via inhibition of Tcells activation

and proliferation, and promoting TIME reshaping, epithelial to

mesenchymal transition and angiogenesis (49).

Lung immune prognostic index (LIPI) score is a prognostic factor

in different cancer types, including non-small cells lung cancer (78,
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79). It evaluates the presence of a neutrophils/leukocytes minus

neutrophils ratio greater than 3 and a lactate dehydrogenase (LDH)

level greater than upper limit of normal, thus identifying 3 groups

(good, 0 factors; intermediate, 1 factor; poor, 2 factors). In an

exploratory analysis of possible ICIs’ predictive biomarkers in the

Checkmate-743 phase 3 trial, LIPI score seemed to have a prognostic

role with an improved OS in patients with a good score than in those

with an intermediate or poor score across both treatment arms. LIPI

score didn’t have a predictive role for response to immunotherapy in

CheckMate-743 trial (7).

Considering the central role that immunotherapy is gaining in

MM, other immune checkpoint molecules besides PD-1/PD-L1,

especially “lymphocyte activation gene-3” (LAG-3), “T-cell

immunoglobulin and mucin containing protein 3” (TIM-3) and “V-

domain Ig suppressor of T cell activation” (VISTA) represent a new

interesting field of study.

VISTA is a negative checkpoint regulator that inhibits T cells

proliferation and activation. It is expressed on the surface of myeloid

cells, in particular on TAM. As PD-L1, VISTA can induce

differentiation of naïve T cells to FoxP3+ regulatory T cells. VISTA

can also play its inhibitory role on T cells both as receptor on T cells

and as ligand on antigen presenting cells (47, 49, 80).

Hmeljak et al., conducting a comprehensive integrated genomic

analysis of MPM samples, demonstrated high levels of VISTA mRNA

in MPM, higher than in other solid tumors analysed in TCGA (47).

AmongMMs samples, VISTA expression reached the highest levels in

the epithelioid subgroup. High VISTA expression levels have been

related to an improved OS (47, 49). Considering that physiological

mesothelium harbours APC properties that could be maintained in

cancer, Hmeljak et al. performed an immunohistochemistry analysis

of epithelioid MPM samples, normal and reactive mesothelium, in

order to identify differences in VISTA expression. VISTA protein was

demonstrated on infiltrating immune cells, in epithelioid MPM cells,

in normal and reactive mesothelium. This evidence suggests that

epithelioid MPMs, the more differentiated MPM subtype, retain APC

properties, frequently lost in the other less differentiated subtypes.

Another hypothesis is that VISTA expression in MPM is positively

selected by immune pressure (47). In conclusion, VISTA should be

further investigated as a possible predictive biomarker of response

to ICIs.

TIM-3 is another immunosuppressive molecule, expressed on

immune cells (CD8 and CD4 T cells, NKs, macrophages, DCs), that

inhibits Th1 response and stimulates Tregs activation. TIM-3 ligand

is Galectin-9. TIM-3 and Galectin-9 are frequently found in PD-L1

positive MMs (49, 80). TIM-3 is expressed on MPM cells and TILs of

MPM, and particularly on NK cells (less on CD4+ and CD8+ T-cells)

(81). Sottile et al. demonstrated an association between low levels of

TIM-3 and improved OS in MPM patients treated with anti-CTLA4

(82). So, TIM-3 could have a role as predictive biomarker to

immunotherapies in MPM.

LAG-3 is an immune checkpoint receptor, with the ability to

suppress T-cells activation and expansion. It is expressed on activated

T cells and has been found in pleural effusion of MPM patients and on

TILs in pleural effusions. Its role on response to ICIs in MPM has still

to be clarified (80, 81).

The T cell immunoglobulin and ITIM domain (TIGIT), an

inhibitory immunoreceptor, recently emerged as a novel potential
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target for immunotherapy. As this novel immune checkpoint is

largely unexplored in MM, the TIGIT blockade should be evaluated

as an alternative therapeutic approach also for MM (93).
Discussion

Recent years have witnessed significant improvements in our

understanding of mesothelioma’s biology and innovative strategies

are changing the range of therapeutic options. The main

breakthrough has been made in the field of immunotherapy. In

fact, the immunotherapy revolution has improved the survival

outcomes of patients with a several types of cancers, and

mesothelioma is now at the forefront. Recently, the FDA and the

EMA approved the combination of ipilimumab and nivolumab as

new standard of care for unselected patients with unresectable MM in

the first-line setting (6). Despite these exciting results, it is still unclear

which mesothelioma patients actually benefit from immunotherapy

and which do not. In the Checkmate-743 trial, 28% of responsive

patients to the combination ipilimumab-nivolumab, still remained

responsive after 36 months. On the other hand, 18% of patients

treated with immunotherapy resulted primary refractories compared

to 5% of patients treated with chemotherapy. The occurrence of early

progression or even hyper-progressive disease in MM patients treated

with ICIs have been reported also in other studies (94). Moreover, the

combination of ipilimumab and nivolumab in first line setting mainly

benefits non-epithelioid patients, in part due to the fact that

chemotherapy is ineffective for this histotype, whereas the same

level of benefit was not observed in epitheliod patients. In second-

third line of therapy, PD-1 inhibitors as monotherapy have been

found to be superior to placebo in terms of OS and PFS in the

CONFIRM trial, but not superior to chemotherapy (vinorelbine or

gemcitabine) in the PROMISE-meso trial (8, 13). Both CONFIRM

and the PROMISE-meso trials reported responses with ICIs in

epithelioid patients. In particular, in the PROMISE-meso trial the

ORR was 22% in the epithelioid patients treated with pembrolizumab

compared to 6% in patients treated with chemotherapy. Therefore,

considering these incoherent results and discrepancies with the use of

ICIs for the therapeutic strategy of mesothelioma, it is crucial to

identify predictive biomarkers, especially for epithelioid patients

where benefit with immunotherapy is less definite.

In general, several efforts are underway to identify predictive

biomarkers of response to ICIs. Unlike other cancers, the predictive

value of response to ICIs of PD-L1 and TMB in patients with MPM

still remains weak and uncertain. Probably, this is due to the extensive

tumoral genomic heterogeneity among patients and histological

differences typical of mesothelioma (12, 13).

The genomic research and the study of the TIME are testing

several new potential predictive biomarkers. In particular, the

inclusion of genomic approaches able to detect structural variants,

and transcriptomics to evaluate antigen processing and presentation,

could improve the selection of patients to immunotherapy. In an

exploratory analysis of Checkmate-743 trial, the expression of CD8A,

STAT1, LAG3, and CD274 (PD-L1) was quantified using RNA

sequencing. A high four-gene inflammatory signature score was

associated with an OS benefit in the nivolumab plus ipilimumab

arm (mOS 21.8 months versus 16.8 months in patients with low
Frontiers in Immunology 60
score), suggesting his potential positive predictive role. However,

these data require prospective validation.

The TIME of mesothelioma is very complex. Cancer-associated

fibroblasts, T-cells, TAMs, and MDSC have immunosuppressive roles

in mesothelioma (95). Interestingly, Mannarino and collegues

demonstrated that epithelioid MM patients with long OS (>36

months) were characterized by an inflammatory background with a

higher expression of B-cells (CD20+) and prevalence of TLS

formations compared to epithelioid MM patients with short OS

(<12 months), which showed a higher frequency of neutrophils and

M2 macrophages (p = 0.025). TLSs have been identified in different

cancer types and have been associated with a better response to

immunotherapy. Moreover, immunotherapy seems to promote TLS

formation and activity and this can explain the possible role of TLS

and B cells infiltration as positive predictive biomarker of response to

ICIs in different cancer types (69, 71, 76, 77).

Lastly, other immune checkpoint molecules besides PD-1/PD-L1,

especially LAG-3, TIM-3 and VISTA, represent new interesting

biomarkers. In particular, VISTA is expressed on the surface of

myeloid cells, especially on TAM, and it is a negative checkpoint

regulator that inhibits T cells proliferation and activation.

Interestingly, pleural mesothelioma displays the highest expression

levels of VISTA among all the cancers studied, particularly in the

epithelioid subgroup. Therefore, VISTA is under investigation as a

potential predictive biomarker of response to ICIs in mesothelioma

and it could become one of the potential targets for overcoming

immunotherapy resistance and a molecular target to improve the

immune downregulation (96–98).

In conclusion, despite the recent therapeutic progress in

mesothelioma, our knowledge of the factors that underpin response

to ICIs is limited. The interpatient genomic heterogeneity and the

evidences suggested by the immune-modulating therapies are

supporting the need of biomarkers able to guide the selection of

patients benefiting from specific and personalized therapeutic

strategies. In fact, a deep understanding of the mechanisms

associated with primary and secondary resistance to ICIs will

further improve the outcomes of patients with mesothelioma.
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Correlative analysis from a phase
I clinical trial of intrapleural
administration of oncolytic
vaccinia virus (Olvi-vec) in
patients with malignant
pleural mesothelioma

Navin K. Chintala1†, Jennie K. Choe1†, Erin McGee1,
Rebecca Bellis1, Jasmeen K. Saini1, Srijita Banerjee1,
Andre L. Moreira2, Marjorie G. Zauderer3,
Prasad S. Adusumilli 1,4* and Valerie W. Rusch1

1Thoracic Service, Department of Surgery, Memorial Sloan Kettering Cancer Center, New York,
NY, United States, 2Department of Pathology, New York University (NYU) Grossman School of
Medicine, New York, NY, United States, 3Thoracic Oncology Service, Department of Medicine,
Memorial Sloan Kettering Cancer Center, New York, NY, United States, 4Center for Cell Engineering,
Memorial Sloan Kettering Cancer Center, New York, NY, United States
Background: The attenuated, genetically engineered vaccinia virus has been

shown to be a promising oncolytic virus for the treatment of patients with solid

tumors, through both direct cytotoxic and immune-activating effects. Whereas

systemically administered oncolytic viruses can be neutralized by pre-existing

antibodies, locoregionally administered viruses can infect tumor cells and

generate immune responses. We conducted a phase I clinical trial to investigate

the safety, feasibility and immune activating effects of intrapleural administration

of oncolytic vaccinia virus (NCT01766739).

Methods: Eighteen patients with malignant pleural effusion due to either

malignant pleural mesothelioma or metastatic disease (non-small cell lung

cancer or breast cancer) underwent intrapleural administration of the oncolytic

vaccinia virus using a dose-escalating method, following drainage of malignant

pleural effusion. The primary objective of this trial was to determine a

recommended dose of attenuated vaccinia virus. The secondary objectives

were to assess feasibility, safety and tolerability; evaluate viral presence in the

tumor and serum as well as viral shedding in pleural fluid, sputum, and urine; and

evaluate anti-vaccinia virus immune response. Correlative analyses were

performed on body fluids, peripheral blood, and tumor specimens obtained

from pre- and post-treatment timepoints.

Results: Treatment with attenuated vaccinia virus at the dose of 1.00E+07

plaque-forming units (PFU) to 6.00E+09 PFU was feasible and safe, with no

treatment-associated mortalities or dose-limiting toxicities. Vaccinia virus was

detectable in tumor cells 2-5 days post-treatment, and treatment was associated

with a decrease in tumor cell density and an increase in immune cell density as
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assessed by a pathologist blinded to the clinical observations. An increase in both

effector (CD8+, NK, cytotoxic cells) and suppressor (Tregs) immune cell

populations was observed following treatment. Dendritic cell and neutrophil

populations were also increased, and immune effector and immune checkpoint

proteins (granzyme B, perforin, PD-1, PD-L1, and PD-L2) and cytokines (IFN-g,
TNF-a, TGFb1 and RANTES) were upregulated.

Conclusion: The intrapleural administration of oncolytic vaccinia viral therapy is

safe and feasible and generates regional immune response without overt

systemic symptoms.

Clinical trial registration: https://clinicaltrials.gov/ct2/show/NCT01766739,

identifier NCT01766739.
KEYWORDS

pleural cancers, oncolytic viral therapy, tumor microenvironment, regional therapy,
malignant pleural effusion (MPE)
Introduction

With an estimated annual incidence of at least 150,000 patients

in the United States, malignant pleural effusions (MPEs) occur in

15% of all patients with cancer during the course of their disease (1).

In addition to causing symptoms that limit quality of life, such as

shortness of breath that requires interventions (2), the presence of

MPE represents advanced cancer and contributes to poor prognosis

(3). Palliative interventions have been the mainstay for

symptomatic relief and prevention of MPE recurrence that can

interrupt cancer therapy in patients with MPE (2, 4). There has been

limited success following systemic immune checkpoint inhibitor

agent therapy, chemotherapy or a combination of chemo

immunotherapies in patients with MPE (5, 6). Intrapleural

biological therapies, such as oncolytic viral therapy and chimeric

antigen receptor (CAR) T-cell therapy, have been investigated to

promote effector immune responses in patients with MPEs (7–10).

However, local immune suppressive mechanisms in MPEs that

inhibit the efficacy of effector immune responses have been well

described (11, 12). Specifically, macrophages and TGFb in MPEs

have been shown to play a pivotal role in hampering the antitumor

immune responses (11, 13). Correlative analysis of pre- and post-

treatment MPEs and pleural tumor biopsies to characterize the

effector and suppressor immune responses following intrapleural

therapies can shed l ight on changes in the immune

microenvironment and aid in developing regimens to further

enhance functional efficacy.

Malignant pleural mesothelioma (MPM), metastatic non-small

cell lung cancer, and breast cancers are common causes of MPEs.

Malignant pleural mesothelioma is a rare cancer with diffuse

involvement of the pleural cavity. Immune checkpoint inhibitors

have shown promising results in patients with MPM; however, the

increase in survival is limited to mostly biphasic and sarcomatoid
0265
forms of MPM (14, 15). Epithelioid MPM, the most common form

of MPM, is known to have the lowest tumor mutational burden and

PD-L1 expression among solid tumors (16), with equivalent

survival compared to chemotherapy (15). Regional oncolytic viral

therapies that can generate effector immune responses in patients

with MPM may provide an opportunity for subsequent immune

checkpoint inhibitor agent therapy (17).

Oncolytic viruses, which selectively infect and exert cytopathic

effects on tumor cells, are a potential therapeutic option for MPM.

As a member of the poxvirus family of the genus orthopoxvirus, the

vaccinia virus is one such oncolytic virus that possesses multiple

favorable features for use as a therapeutic agent. It exhibits rapid

cell-to-cell spread, is cytolytic across a broad range of tumor cell

types, has a large insertion capacity for exogenous genes, and is

genetically stable with low potential for mutagenesis (18). It is

amenable to large-scale manufacture, storage and production, and

is safe to administer intravenously (19).

In in vitro studies, the vaccinia virus has shown to be efficient in

killing multiple cancer cell lines, including breast, lung, thyroid,

prostate, pancreas, squamous cell carcinoma, and MPM (20). In in

vivo studies, the vaccinia virus has caused tumor elimination in

mouse models of breast cancer and MPM, as well as tumor growth

inhibition in mouse models of lung adenocarcinoma, anaplastic

thyroid cancer (21), prostate cancer (22), ovarian cancer, pancreatic

cancer, and melanoma (23). Isolated case reports have documented

complete remission in a patient with multiple myeloma (24) and a

patient with chronic lymphocytic leukemia (25, 26) following

vaccinia virus administration. Vaccinia virus has also been used

in phase I clinical trials to treat patients with bladder cancer (27),

metastatic melanoma (28), and advanced hepatocellular carcinoma

(29, 30).

We conducted a single-center phase I clinical trial (NCT01766739)

to study the intrapleural administration of attenuated vaccinia virus
frontiersin.org
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(GL-ONC1, Genelux Corporation) in patients with MPEs due to

MPM or metastatic disease (non-small cell lung cancer or breast

cancer). In 2019, the United States Adopted Names Council (USAN)

granted Genelux adoption of the name Olvimulogene nanivacirepvec

(referred to as Olvi-vec) in place of the name GL-ONC1; henceforth

referred to as Olvi-vec throughout the manuscript.
Materials and methods

Trial design and patients

An open-label, dose-escalating, non-randomized, single-center

phase I study was conducted to study the intrapleural administration

of attenuated vaccinia virus (Olvi-vec) as a bolus. Olvi-vec was

administered either as a single dose or as three consecutive daily doses

to patients with a histologically or cytologically documented diagnosis of

MPE, as detailed in the study protocol (Supplementary Material).
Study oversight

The study protocol and amendments were approved by the

Memorial Sloan Kettering Cancer Center Institutional Review

Board (IRB# 12-169, NCT01766739). All patients provided

written informed consent to participate in the study, and all

response and toxicity outcomes were documented. Patients were

enrolled in groups of three and individually assessed for safety and

dose-limiting toxicity. Inclusion and exclusion criteria are listed in

the protocol (Supplementary Material). Patients were treated

following the diagnosis of histologically or cytologically

documented MPEs (due to primary non-small-cell lung

carcinoma, MPM, and other histologies) and had free pleural

space (partial or total) that permitted intrapleural drug instillation.
Olvi-vec manufacturing

A genetically engineered vaccinia virus, designated as GLV-

1h68, was used in preclinical investigation. GLV-1h68 was derived

from the LIVP strain by inserting RUC-GFP (a fusion gene of

Renilla luciferase and green fluorescent protein), LacZ (beta-

galactosidase), and gusA (beta-glucuronidase) expression cassettes

into F14.5L (located between F14L and F15L), thymidine kinase

(TK), and hemagglutinin loci, respectively. Disruption of these non-

essential genes and expression of the foreign gene expression

cassettes not only attenuated the virus but also enhanced its

tumor-specific targeting. The GMP-derived material of this same

virus is called Olvi-vec. Olvi-vec has been used primarily for all

safety pharmacology and toxicological experiments, as well as for in

vitro potency comparisons (in cell cultures) and in vivo potency

comparisons (in tumorous animals). Details of the virus

manufacturing process and analyses are described in the study

protocol (Supplementary Material).
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Intrapleural treatment

Eligible patients were admitted into the hospital for treatment

on protocol. The pleural effusion was drained via insertion of a

chest tube or pleural catheter (PleurX™ Catheter, Becton,

Dickinson and Company, Franklin Lakes, NJ). A chest CT scan

was performed to document drainage of the effusion and to assess

the extent of pleural disease. Within 72 hours of the CT scan, the

virus was instilled as a bolus into the pleural space via the chest tube

or pleural catheter. Up to 150 ml of additional saline was used to

flush the chest tube or pleural catheter to ensure that all the

treatment drug was instilled into the pleural space. The chest tube

or pleural catheter was left clamped for 4 hours (+/- 1 hour), after

which it was reopened and placed to drainage in order to drain the

pleural space. As dictated by the patient’s clinical status, the chest

tube was either left inserted or removed until the surgical procedure

(video-assisted thoracoscopic surgery, VATS) was performed 2-7

days after treatment to collect MPE and obtain pleural biopsy.
Study objectives and assessment

The primary objective of this study was to determine a

recommended dose of Olvi-vec. The secondary objectives

included the assessment of feasibility, safety and tolerability,

evaluation of viral presence in the tumor, pleural fluid, serum,

sputum, and urine, and evaluation of anti-vaccinia virus immune

response. All patients were included in the reporting of adverse

events (AEs). The safety of Olvi-vec was assessed by the evaluation

of the type, frequency, and severity of AEs, changes in clinical

laboratory tests (hematological and chemistry), immunogenicity,

and physical examination. All AEs and laboratory toxicities were

graded using the Common Terminology Criteria for Adverse

Events (National Cancer Institute, version 4.0). Laboratory testing

was performed at baseline (i.e., within 14 days before treatment),

daily during the first 3 days after treatment, and at termination of

study (day 60 ± 5).
Hematoxylin and eosin staining

Hematoxylin and eosin staining was performed on FFPE blocks of

tumor biopsies collected before (pre-treatment) and 2-5 days after

(post-treatment) Olvi-vec therapy. Semi-quantitative scoring of tumor

cell density and immune cell density (0: very low density; 1: low density;

2: moderate density; 3: high density) was performed by a primary and

secondary pathologist who were blinded to sample identity.
Multiplex immunofluorescence staining

Multiplex immunofluorescence (mIF) staining was performed

on tumor biopsies collected before (pre-treatment) and 2-5 days

after (post-treatment) Olvi-vec therapy. Formalin-fixed and
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paraffin-embedded (FFPE) blocks were cut into sections of 5 µm

thickness. Sections from each biopsy were stained with antibodies

(Supplementary Table 1) using the Opal™ 7-Color Kit for

Multiplex Immunohistochemistry (Akoya Biosciences,

Marlborough, MA). After mIF staining, slides were scanned using

the Vectra® 3.0 Automated Quantitative Pathology Imaging System

(PerkinElmer Inc., Hopkinton, MA). Quantitative assessment of cell

markers was performed using inForm® software (version 2.2.1,

PerkinElmer Inc., Hopkinton, MA). Cell segmentation and

phenotyping algorithms were reviewed and confirmed by

study pathologists.
Viral plaque assay and vaccinia virus
neutralization assay

Viral plaque assays were performed on body fluid samples

(blood, sputum, urine, pleural fluid) collected from patients

immediately before and 24, 48, 72, and 96 hours after Olvi-vec

treatment to assess for the presence of viral particles. Post-treatment

tumor biopsies collected 2-5 days after treatment also underwent

assessment for viral particles using viral plaque assays. In brief,

patient samples were plated on confluent layers of CV-1 cells.

Evaluation of virus infection was done by visual assessment of

viral plaque in wells with both CV-1 cells and patient samples.

Additionally, post-treatment serum samples obtained from patients

60 days after Olvi-vec treatment were assessed for the presence of

Olvi-vec neutralizing antibodies via standard vaccinia virus

neutralization assay and compared to corresponding pre-

treatment serum samples.
Effusion and pleural biopsy analysis

Pleural fluid and serum samples were obtained from patients

both pre-treatment (baseline) and post-treatment (at 24, 48, 72, and
Frontiers in Immunology 0467
96 hours, and on days 2, 3, and 60). All specimens available were

assessed for a panel of effector and suppressive cytokines using a 41-

plex MILLIPLEX® MAP Human Cytokine/Chemokine kit

(MilliporeSigma, Burlington, MA). The kit was run on a

Luminex® 100/200™ System (Luminex Corporation, Austin, TX).

Values represent the mean of the duplicate wells ± standard

deviation. These data were analyzed using IS 2.3 software (Luminex

Software, Inc., Riverside, CA), Microsoft Excel and GraphPad

Prism. Additionally, RNA isolation was performed on FFPE

sections of tumor biopsies taken pre- and post-treatment using

the RNeasy® FFPE Kit in accordance with the manufacturer’s

protocol (Qiagen, Germantown, MD). RNA concentration and

purity were measured using the NanoDrop™ 2000/2000c

Spectrophotometer (Thermo Scientific, Waltham, MA). RNA

profiling was performed using the nCounter® PanCancer

Immune Profiling Panel by NanoString Technologies, Inc.

(Seattle, WA).
Statistical analyses

The sample size was based on a standard dose-escalation design.

All statistical tests were two-sided, and statistical significance was

defined as p<0.05. Data with normal distribution was assessed using

paired t-test. Data without normal distribution was assessed using

Wilcoxon matched-pairs signed-rank test. Analyses were conducted

using R 4.1.2 (R Foundation for Statistical Computing,

Vienna, Austria).
Results

Patient characteristics

From February 2013 to April 2015, 18 patients were enrolled

who were treated in a dose-escalating fashion (Table 1). Fifteen
TABLE 1 Clinical characteristics of patients treated in the phase I trial.

Patient
ID

Age Sex Diagnosis Histologic
subtype

Previous regimens Cohort Dose
(PFU)

# of
doses

1 M 78 MPM Epithelioid None 1 1.00E+07 1

2 M 59 NSCLC SCC Chemotherapy 1 1.00E+07 1

3 M 73 MPM Epithelioid None 1 1.00E+07 1

4 M 54 MPM Epithelioid None 1 1.00E+07 1

5 M 62 MPM Epithelioid None 2 1.00E+08 1

6 M 74 MPM Epithelioid None 2 1.00E+08 1

7 M 74 NSCLC ADC Chemoradiotherapy 2 1.00E+08 1

8 F 63 MPM Epithelioid None 3 1.00E+09 1

9 M 81 MPM Epithelioid None 3 1.00E+09 1

10 M 76 MPM Epithelioid Chemotherapy 3 1.00E+09 1

(Continued)
fro
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patients had MPM (13 epithelioid, 1 biphasic, and 1 sarcomatoid), 2

had non-small cell lung cancer (1 adenocarcinoma and 1 squamous

cell carcinoma), and 1 had triple negative breast cancer. 5 out of 18

patients were female, and the mean age of all patients was 66 years.

All 3 patients with NSCLC or breast cancer and 1 patient with MPM

had received previous lines of therapy.
Feasibility and safety

Attenuated vaccinia virus (Olvi-vec) was administered

intrapleurally as a bolus through a pleural catheter after complete

evacuation of pleural effusion in all patients (Figure 1). The

intrapleural administration of vaccinia virus was feasible, and

there were no failures in administration of the agent. Table 2 lists

the adverse events that occurred at any grade (1–4) in ≥15% of the

total cohort (n=18), up to day 60 post-treatment.

There was 1 reversible grade-4 laboratory abnormality

(hypocalcemia). The most frequent grade 3 adverse events were

lymphopenia (3 patients, 17%), fatigue (2 patients, 11%), and

hypophosphatemia (2 patients, 11%). The most frequent grade 2

adverse events were anemia (5 patients, 28%), hyperglycemia (5

patients, 28%), and fever (4 patients, 22%). There were no dose-

limiting toxicities, and maximally tolerated dose was not reached.

As a result, the primary objective of establishing a recommended

dose was not reached.
Vaccinia detection and qualitative
assessment of treatment effect in tumor

Resected post-treatment samples from 14 patients were stained

by immunohistochemistry with an antibody against Olvi-vec

(A27L). Positive cytoplasmic expression was observed in 7 of 14

specimens (representative images shown in Figures 2A, B). When

the A27L antibody was tested in a multiplex immunofluorescence

panel with anti-mesothelin antibody on pre- and post-treatment
Frontiers in Immunology 0568
specimens from Patient #16, cytoplasmic expression of Olvi-vec was

observed in the post-treatment specimen but not the pre-treatment

specimen (representative images shown in Figure 2C).

Resected samples from 13 patients were stained by multiplex

immunofluorescence with a panel of antibodies against mesothelin

(MSLN), CD3, CD4, CD8, and FoxP3. 4 patients had matched pre-

and post-treatment specimens, and 9 patients had post-treatment

specimens only. The density of MSLN+ tumor cells was

qualitatively observed to decrease and the density of CD3+

immune cells was qualitatively observed to increase from pre-

treatment to post-treatment specimens (representative images

shown in Figure 2D).
Quantitative assessment of treatment
effect in tumor

Resected samples from 16 patients were stained with

hematoxylin and eosin and independently scored semi-

quantitatively for tumor-cell density and immune-cell density by

two pathologists (Table 3). Four patients had matched pre- and

post-treatment specimens, and 12 patients had post-treatment

specimens only. When matched tumor specimens were compared

(n=4), tumor cell density score decreased from pre-treatment to

post-treatment in all patients (Figure 3). Immune cell density score

increased from pre-treatment to post-treatment in 3 of 4 patients.

Among all post-treatment tumor specimens (n=16), the average

score per high power field (1 mm2) was lower for tumor cell density

compared to immune cell density.

When matched tumor specimens were stained using multiplex

immunofluorescence and then compared (n=4), mean CD8+ cells

per mm2 increased in 3 of 4 patients (Figure 4). Mean MSLN+

tumor cells per mm2 decreased from pre-treatment to post-

treatment in all patients. Comparing available pre-treatment

specimens to all post-treatment specimens (n=13), mean CD8+

cells increased and mean MSLN+ tumor cells decreased, although

neither achieved statistical significance (Figure 5).
TABLE 1 Continued

Patient
ID

Age Sex Diagnosis Histologic
subtype

Previous regimens Cohort Dose
(PFU)

# of
doses

11 F 51 MPM Sarcomatoid None 4 3.00E+09 1

12 F 43 TNBC Neoadjuvant chemotherapy, surgery, adjuvant
hormone therapy

4 3.00E+09 1

13 M 67 MPM Biphasic None 4 3.00E+09 1

14 M 74 MPM Epithelioid None 4
(expansion)

3.00E+09 1

15 M 70 MPM Epithelioid None 5 3.00E+09 3

16 F 67 MPM Epithelioid None 5 3.00E+09 3

17 M 79 MPM Epithelioid None 5 3.00E+09 3

18 F 47 MPM Epithelioid None 6 6.00E+09 3
fro
ADC, adenocarcinoma; MPM, malignant pleural mesothelioma; NSCLC, non-small cell lung cancer; PFU, plaque-forming units; SCC, squamous cell carcinoma; TNBC, triple negative
breast cancer.
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Gene expression analysis of pre- and post-treatment tumor

specimens (n=16), using nCounter immune cell type scoring module,

revealed increased scores (i.e., change in score by 1 unit, indicating

twice the abundance of that cell type) for CD45+, Th1+, Tregs, CD8+,

exhausted CD8+, NK+, cytotoxic cells, dendritic cells, macrophage, and

neutrophil immune cell populations in post-treatment tumor

specimens compared to pre-treatment specimens (Figure 6).

Similarly, scoring of individual protein mRNA levels pre- and post-
Frontiers in Immunology 0669
treatment tumor specimens (n=13) revealed increased scores in

immune effector proteins (IFN-g, granzyme B, perforin), immune

suppressive proteins (TGFb, FoxP3), and immune checkpoint

regulatory proteins (PD-1, PD-L1, PD-L2) following treatment

(Figure 7). The data discussed in this publication have been

deposited in NCBI’s Gene Expression Omnibus (31) and are

accessible through GEO Series accession number GSE223395

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE223395).
A

B

FIGURE 1

Protocol schema (A) and specimen collection schema for viral plaque assay (B). *List of specimens collected.
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Vaccinia detection in body fluids and anti-
vaccinia immune response

Vaccinia virus was detectable by viral plaque assay in the pleural

fluid of 7 patients (Table 4A). Vaccinia was initially detected in

pleural fluid at the dose 1.00E8 PFU (Cohort 2) and exhibited dose-

dependent increase in PFU/mL in Cohorts 3, 4, 5, and 6. Viral

plaque assay was also positive for vaccinia in the post-treatment

tumor lysate of 4 patients. There was minimal viral shedding into

other compartments, as shown by low positivity in the urine of 2

patients, blood lysate of 1 patient, and sputum of 1 patient

(Table 4B). Of note, among patients who received multiple doses

of Olvi-vec (Cohorts 5 and 6), significant increase in the number of

plaque-forming units was observed in the pleural fluid of 2 patients.
Frontiers in Immunology 0770
Among 7 patients whose baseline serum was available to

perform vaccinia virus neutralization assay, 4 patients had low

levels of anti-vaccinia neutralizing antibodies pre-treatment, and 3

had no neutralizing antibodies (Table 5). Five of the patients had

high levels of neutralizing antibodies at day 60 post-treatment.
Pleural fluid and serum cytokine analysis

Luminex analysis of pleural fluid specimens from baseline to up

to 96 hours following treatment indicated significant increase in the

levels of the following cytokines by 48 hours: IFN-g, TNF-a, VEGF,
IL-1ra, IL-1b, and IP-10 (Figure 8). In contrast, analysis of serum

specimens showed an increase only in IL-8 levels from baseline to
TABLE 2 Adverse events that occurred during the phase I trial (n=18).

Adverse event* Any grade (%) Grade 3 (%) Grade 4 (%)

Hyperglycemia 18 (100%) 1 (6%) 0 (0%)

Anemia 17 (94%) 1 (6%) 0 (0%)

Hypocalcemia 13 (72%) 0 (0%) 1 (6%)

Hypoalbuminemia 13 (72%) 0 (0%) 0 (0%)

Pain 12 (67%) 0 (0%) 0 (0%)

Fatigue 11 (61%) 2 (11%) 0 (0%)

Fever 8 (44%) 0 (0%) 0 (0%)

Elevated ALT 7 (39%) 1 (6%) 0 (0%)

Nausea 7 (39%) 0 (0%) 0 (0%)

Chills 7 (39%) 0 (0%) 0 (0%)

General disorders and administration site conditions 6 (33%) 0 (0%) 0 (0%)

Hypophosphatemia 5 (28%) 2 (11%) 0 (0%)

Dyspnea 5 (28%) 1 (6%) 0 (0%)

Sinus tachycardia 5 (28%) 0 (0%) 0 (0%)

Hyperkalemia 5 (28%) 0 (0%) 0 (0%)

Elevated alkaline phosphate 5 (28%) 0 (0%) 0 (0%)

Flu-like symptoms 5 (28%) 0 (0%) 0 (0%)

Headache 5 (28%) 0 (0%) 0 (0%)

Elevated AST 4 (22%) 1 (6%) 0 (0%)

Thrombocytopenia 4 (22%) 0 (0%) 0 (0%)

Hyponatremia 4 (22%) 0 (0%) 0 (0%)

Elevated INR 4 (22%) 0 (0%) 0 (0%)

Lymphopenia 3 (17%) 3 (17%) 0 (0%)

Leukopenia 3 (17%) 0 (0%) 0 (0%)

Myalgia 3 (17%) 0 (0%) 0 (0%)

Generalized muscle weakness 3 (17%) 0 (0%) 0 (0%)

Diarrhea 3 (17%) 0 (0%) 0 (0%)
*Shown are adverse events that occurred in 15% or more of the study population up to day 60 post-treatment.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international normalized ratio.
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FIGURE 2

Visualization of Olvi-vec within tumor cells and the immune cell infiltrate in malignant pleural mesothelioma (MPM) tumors following Olvi-vec
treatment. (A) Representative image of an immunohistochemistry (IHC)-stained section of a post-treatment tumor specimen from Patient #1
showing cytoplasmic positivity for Olvi-vec. (B) Representative image of an IHC-stained section from Patient #1 nine months later, showing weak/
absent Olvi-vec staining. (C) Representative multiplex immunofluorescence (mIF) images of pre- and post-treatment tumor specimens from Patient
#16, stained with anti-mesothelin and A27L (anti-Olvi-vec) antibodies. Arrows indicate tumor cells with cytoplasmic positivity for Olvi-vec, which are
observed in the post-treatment specimen but not the pre-treatment specimen. (D) Representative images of pre- and post-treatment tumor
specimens from Patient #16 stained with hematoxylin and eosin (H&E) (left panel), anti-mesothelin (MSLN) antibody (middle panel), and anti-CD3
antibody (right panel) in three consecutive cut sections. In the post-treatment specimen compared to pre-treatment, the density of tumor cells
positive for MSLN is observed to be lower, and the density of immune cells positive for CD3 is observed to be higher.
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day 3 following treatment (p=0.0065; Figure 8). By day 60, only

RANTES (CCL5) was found to be significantly elevated in serum

compared to baseline (p=0.0276; Figure 9).
Long-term outcomes

All patients received subsequent other therapies as determined

by treating physician following participation in the trial. Among all

patients, median overall survival (OS) was 19.5 months. The

median OS among patients who had MPM was 22 months

(Figure 10). One patient with epithelioid MPM is alive; 87

months after treatment, the patient received other treatments that

are standard of care for patients with MPM.
Discussion

Our phase I study of intrapleural oncolytic viral therapy is based

on strong rationale developed in preclinical models of malignant

pleural mesothelioma (32–34). The strength of our phase I study is

the correlative analysis performed on pre- and post-treatment

pleural effusions and pleural biopsies along with systemic

immune response assessment by cytokine analysis following
Frontiers in Immunology 0972
intrapleural oncolytic viral therapy. Intrapleural administration of

Olvi-vec treatment is feasible, safe, and associated with induction of

effector immune responses. All patients received treatment with the

established dose via intrapleural delivery. Olvi-vec was detected

using direct and indirect methods in resected tumor specimens and

pleural fluid collected post-treatment. The treatment was safe, with

one grade 4 laboratory abnormality and no treatment-associated

mortalities noted. There were no dose-limiting toxicities or dose de-

escalations, and the maximally tolerated dose was not reached.

Therefore, a recommended dose was not established. Presence of

the vaccinia virus within tumor cells was detectable 2-5 days after

treatment and associated with local reduction in tumor cell density

and an increase in immune cell density. Specifically, CD8+ T-cell

density increased, indicating the generation of treatment-induced

immunogenicity. Gene expression analysis showed increases in

multiple immune cell populations (including CD8+, CD45+, Th1

+, Tregs, NK cells, macrophages, neutrophils, dendritic cells, and

cytotoxic cells), as well as increased concentration of effector

proteins, immune checkpoint proteins, and cytokines in post-

treatment tumor and pleural fluid samples. Viral shedding outside

the pleural compartment was observed in only 4 patients. The

number of plaque-forming units in pleural fluid was significantly

increased in 2 patients who received multiple doses of Olvi-vec

(cohorts 5 and 6). Most importantly, there was minimal systemic
TABLE 3 Tumor and immune cell scoring of tumor specimens stained with hematoxylin and eosin.

Patient Pathology Cohort Dose
(PFU) # of doses

Pre-treatment specimen Post-treatment specimen

Tumor cells Immune cells Tumor cells Immune cells

1 MPM (epithelioid) 1 1.00E+07 1 – – 1 3

2 NSCLC (SCC) 1 1.00E+07 1 – – 1 1

3 MPM (epithelioid) 1 1.00E+07 1 – – 3 3

4 MPM (epithelioid) 1 1.00E+07 1 – – 0 3

5 MPM (epithelioid) 2 1.00E+08 1 – – 2 2

6 MPM (epithelioid) 2 1.00E+08 1 – – 3 3

7 NSCLC (ADC) 2 1.00E+08 1 – – – –

8 MPM (epithelioid) 3 1.00E+09 1 – – – –

9 MPM (epithelioid) 3 1.00E+09 1 – – 3 3

10 MPM (epithelioid) 3 1.00E+09 1 – – 2 3

11 MPM (sarcomatoid) 4 3.00E+09 1 – – 3 3

12 TNBC 4 3.00E+09 1 – – 2 0

13 MPM (biphasic) 4 3.00E+09 1 3 2 1 3

14 MPM (epithelioid) 4 (expansion) 3.00E+09 1 2 1 0 0

15 MPM (epithelioid) 5 3.00E+09 3 – – 3 3

16 MPM (epithelioid) 5 3.00E+09 3 2 1 1 3

17 MPM (epithelioid) 5 3.00E+09 3 – – 1 3

18 MPM (epithelioid) 6 6.00E+09 3 3 0 2 2
– Insufficient sample
ADC, adenocarcinoma; MPM, malignant pleural mesothelioma; NSCLC, non-small cell lung cancer; PFU, plaque-forming units; SCC, squamous cell carcinoma; TNBC, triple negative
breast cancer.
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immune activation following intrapleural treatment, with only 2

cytokines noted to be elevated in serum. Among trial patients who

had MPM, median OS was 22 months following treatment.

Our observations in treating patients with MPE-associated

immunosuppressive microenvironment are similar to published

studies of vaccinia viral therapy without immunosuppression at

the administered site. Administered as systemic therapy in clinical

trials, vaccinia viral therapy was associated with a trend toward

improved progression-free survival and increased CD4+/Treg ratio

in patients with metastatic breast cancer (35). In patients with
Frontiers in Immunology 1073
advanced colorectal liver metastases and metastatic melanoma,

vaccinia viral therapy was associated with significant increases in

IFN-stimulated and pro-inflammatory cytokines, as well as NK-cell

activation and CD8+ proliferation (36). Vaccinia viral therapy had

no observed benefit in patients with advanced soft tissue

sarcoma (37).

Intrapleural oncolytic viral therapy has been investigated by use

of multiple oncolytic viruses. In patients with MPM, intrapleural

delivery of adenoviral gene-mediated cytotoxic therapy has been

investigated. Adenoviral vectors have been used for gene transfer of
A

B

FIGURE 3

Tumor cell and immune cell density scoring before and after Olvi-vec therapy. (A) Matched MPM tumor sections obtained before and after Olvi-vec
therapy underwent staining with hematoxylin and eosin and were scored for tumor cell density and immune cell density. (B) Tumor cell density
scores and immune cell density were scored for all post-treatment tumor sections. Bars indicate mean and standard error of the mean (SEM).
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FIGURE 4

Immune cell infiltration in matched MPM tumor specimens before and after Olvi-vec therapy. (A–D) Matched MPM tumor sections obtained before and after
Olvi-vec therapy underwent mIF staining and quantification of (A) CD4+ T cells, (B) CD8+ T cells, (C) FoxP3+ T cells, and (D) mesothelin (MSLN)+ tumor
cells. (E) The ratio of CD8+ to FoxP3+ T cells in pre- and post-treatment tumor sections was calculated to identify patients with immunogenic (CD8+/FoxP3
+ >1) vs. immune suppressive (CD8+/FoxP3+ <1) tumor microenvironments. (F) Immune cell populations present in matched pre- and post-treatment tumor
sections were expressed as a percentage of total cells per mm2. “Other” cells are DAPI+ but negative for CD4, CD8, FoxP3, and MSLN—they may be
fibroblasts, mesothelial cells, or other classes of immune cells. Bars indicate mean, interquartile range, and SEM.
A B
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FIGURE 5

Immune cell infiltration ratios in all MPM tumor specimens before and after Olvi-vec therapy. (A–D) MPM tumor sections obtained before and after
Olvi-vec therapy underwent multiplex immunofluorescence (mIF) staining and quantification of (A) CD4+ T cells, (B) CD8+ T cells, (C) FoxP3+ T
cells, and (D) mesothelin (MSLN)+ tumor cells. (E) The ratio of CD8+ to FoxP3+ T cells (high ratio indicating relative immunogenicity, low ratio
indicating relative immune suppression) in pre- and post-treatment tumor sections was calculated. (F–H) Ratios of (F) total T cells (CD4+ and CD8+)
to MSLN+ tumor cells, (G) CD4+ T cells to MSLN+ tumor cells, and (H) CD8+ T cells to MSLN+ tumor cells were calculated. Bars indicate mean and
SEM.
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cytokines [such as IFN-a (8) and IFN-b (38)] and enzymes (such as

TK) that potentiate cytotoxic activity of subsequently administered

ganciclovir (39) or valacyclovir (7). These trials reported isolated

instances of grade 4 pericardial tamponade (38), grade 4

hypotension (7), and severe flu-like symptoms requiring dose de-
Frontiers in Immunology 1275
escalation (8). We did not observe any dose-limiting or treatment-

related grade ≥4 toxicities in our trial. Adenovirus-mediated IFN-b
and IFN-a gene transfer were reported to be associated with

increases in activated NK-cell populations (8, 40). Our correlative

data noted a 2-fold increase in NK cells based on gene expression
A

B

C

FIGURE 6

Immune cell scores based on mRNA transcript abundance before and after Olvi-vec therapy. (A–C) Total RNA was isolated from MPM tumor
sections before and after Olvi-vec therapy. The number of mRNA transcripts specific to (A) lymphoid, (B) myeloid, and (C) exhausted and regulatory
cell types were quantified. A score increase of one indicates a two-fold increase in cell population abundance in a sample. Bars indicate mean,
interquartile range, and range.
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FIGURE 7

mRNA transcript expression of immune-modulatory proteins before and after Olvi-vec therapy. (A–C) Total RNA was isolated from MPM tumor
sections before and after Olvi-vec therapy. The number of mRNA transcripts for (A) immune effector proteins, (B) immune suppressive proteins, and
(C) immune checkpoint regulatory proteins were quantified. Bars indicate mean, interquartile range, and range.
TABLE 4A Results of viral plaque assay (pleural fluid).

Patient Pathology Dose
(PFU)

# of
doses

Olvi-vec plaque-forming units/mL (dilution factor)

Pleural fluid
Post-treatment tumor

lysateBaseline 24
hours

48
hours

72
hours

96
hours

1
MPM
(epithelioid)

1.00E+07 1 0 0 0 4

2 NSCLC (SCC) 1.00E+07 1 0 0 0 0

3
MPM
(epithelioid)

1.00E+07 1 0 0 0 0

4
MPM
(epithelioid)

1.00E+07 1 0 0 0 0

5
MPM
(epithelioid)

1.00E+08 1 0 0 0 0

(Continued)
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analysis. Adenovirus-mediated TK and IFN gene transfers were

associated with survival greater than 2 years in multiple patients (7,

8, 40, 41), as was observed following vaccinia treatment in our

study. However, the survival observed cannot be attributed to the

treatment agent due to the phase I nature of the study and limited
Frontiers in Immunology 1477
clinical anti-tumor efficacy observed immediately after

the treatment.

Following adenovirus-mediated TK/ganciclovir therapy, gene

transfer was observed to be limited to superficial layers of the tumor

(39). Yet, radiologic response and persistent clinical response were
TABLE 4A Continued

Patient Pathology Dose
(PFU)

# of
doses

Olvi-vec plaque-forming units/mL (dilution factor)

Pleural fluid
Post-treatment tumor

lysate
Baseline 24

hours
48

hours
72

hours
96

hours

6
MPM
(epithelioid)

1.00E+08 1 0 – 0 0

7 NSCLC (ADC) 1.00E+08 1 0 0 0 – 7 –

8
MPM
(epithelioid)

1.00E+09 1 0 42 60 (10) 51 18 (100)

9
MPM
(epithelioid)

1.00E+09 1 – 0 0 0

10
MPM
(epithelioid)

1.00E+09 1 0 – 0 0 0

11
MPM
(sarcomatoid)

3.00E+09 1 0 44 (100) 126 (10) 221 0

12 TNBC 3.00E+09 1 0 0 0 0

13 MPM (biphasic) 3.00E+09 1 0 0 0 0

14
MPM
(epithelioid)

3.00E+09 1 0 5 (10) 0 60

15
MPM
(epithelioid)

3.00E+09 3 0 339 129 (10) 399 (10) 48 0

16
MPM
(epithelioid)

3.00E+09 3 0 6 (1000) 33 (1000) 72 (1000) 30 (1000) 56 (1000)

17
MPM
(epithelioid)

3.00E+09 3 0 0 0 26 0 0

18
MPM
(epithelioid)

6.00E+09 3 0 3 4 32 9 0

-Insufficient sample
⬛Not performed
ADC, adenocarcinoma; MPM, malignant pleural mesothelioma; NSCLC, non-small cell lung cancer; PFU, plaque-forming units; SCC, squamous cell carcinoma; TNBC, triple negative
breast cancer.
TABLE 4B Results of viral plaque assay (other specimens).

Patient Pathology Dose (PFU) # of doses Specimen type

Olvi-vec plaque-forming units/mL (dilution factor)

Specimen

Baseline 24 hours 48 hours 72 hours 96 hours

1 MPM (epithelioid) 1.00E+07 1 Urine 0 0 14

3 MPM (epithelioid) 1.00E+07 1 Urine 4 0 0

5 MPM (epithelioid) 1.00E+08 1 Blood lysate 0 2 0

18 MPM (epithelioid) 6.00E+09 3 Sputum 7 0 0 17 0

⬛Not performed
MPM, malignant pleural mesothelioma; PFU, plaque-forming units.
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TABLE 5 Results of vaccinia virus neutralization assay (serum).

Patient Pathology Dose (PFU) # of doses Specimen type
Vaccinia Virus Neutralization Assay (dilution factor)

Baseline Day 60

1 MPM (epithelioid) 1.00E+07 1 Serum – –

2 NSCLC (SCC) 1.00E+07 1 Serum – –

3 MPM (epithelioid) 1.00E+07 1 Serum – –

4 MPM (epithelioid) 1.00E+07 1 Serum – –

5 MPM (epithelioid) 1.00E+08 1 Serum – –

6 MPM (epithelioid) 1.00E+08 1 Serum – –

7 NSCLC (ADC) 1.00E+08 1 Serum – –

8 MPM (epithelioid) 1.00E+09 1 Serum – –

9 MPM (epithelioid) 1.00E+09 1 Serum – –

10 MPM (epithelioid) 1.00E+09 1 Serum – –

11 MPM (sarcomatoid) 3.00E+09 1 Serum Negative –

12 TNBC 3.00E+09 1 Serum Negative –

13 MPM (biphasic) 3.00E+09 1 Serum Positive (20) Positive (2560)

14 MPM (epithelioid) 3.00E+09 1 Serum Positive (10) Positive (640)

15 MPM (epithelioid) 3.00E+09 3 Serum Positive (10) Positive (2560)

16 MPM (epithelioid) 3.00E+09 3 Serum Negative Positive (1280)

17 MPM (epithelioid) 3.00E+09 3 Serum Positive (40) Positive (20480)

18 MPM (epithelioid) 6.00E+09 3 Serum – –
F
rontiers in Im
munology
 1578
–Insufficient sample
ADC, adenocarcinoma; MPM, malignant pleural mesothelioma; NSCLC, non-small cell lung cancer; PFU, plaque-forming units; SCC, squamous cell carcinoma; TNBC, triple negative
breast cancer.
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FIGURE 8

Pleural fluid cytokine profiles before and after Olvi-vec therapy. (A–F) Pleural fluid sampled before and after Olvi-vec therapy (at 24 hours, 48 hours,
72 hours, and 96 hours post-treatment) was evaluated for concentrations of cytokines. Bars indicate mean and SEM. **p<0.05, paired t-test.
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FIGURE 9

Serum cytokine profiles before and after Olvi-vec therapy. (A–F) Serum sampled before and after Olvi-vec therapy (at Day 2, Day 3, and Day 60) was
evaluated for concentrations of cytokines. Bars indicate mean and SEM. ***p<0.01, paired t-test.
FIGURE 10

Overall survival of patients following Olvi-vec therapy.
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observed in 3 patients (41), prompting the authors to hypothesize

that the therapy had immune activating effects in addition to direct

cytotoxicity. Indeed, administration of adenovirus TK has been

shown to increase PD-L1 expression on tumor cells (7). In the

current trial we observed increased expression of PD-1, PD-L1, and

PD-L2 mRNA transcripts following vaccinia virus treatment. We

also observed presence of vaccinia virus in the tumor as identified

by multiplex immunofluorescence along with associated immune

activation signature by nanostring and cytokine analyses. Oncolytic

virus-induced tumor cytotoxicity may potentially shift the balance

of the immune microenvironment towards activation through

pathogen-associated and damage-associated molecular pattern

signaling. These observations provide rationale to the addition of

checkpoint blockade to vaccinia virus treatment (42) to enhance

immune activation and antitumor efficacy. In preclinical studies,

vaccinia virus combined with anti-PD1 therapy caused tumor

reduction in glioblastoma (42), and vaccinia virus combined with

MEK inhibitory therapy resulted in enhanced cytotoxicity in

doxorubicin-resistant ovarian cancer (43).

In addition to effector immune responses (an increase in CD45

+, Th1+, CD8+, NK+, cytotoxic T cells, and dendritic cells), we also

observed an increase in exhausted CD8+ T cells and macrophages

indicating the suppressor immune response. However, it is not

certain whether these alterations are limited to tumors with pre-

existing immune suppressor responses that are augmented

following vaccinia viral therapy. In addition, our clinical trial was

limited by the inclusion of a small number of patients from a single

institution, who had heterogeneous types and stages of disease. Not

all specimens investigated were available from all patients, a

limitation inherent in a phase I clinical trial. Nevertheless, our

correlative analyses demonstrating immune activation support the

potential utility of vaccinia virus as an intrapleural oncolytic

treatment for patients with MPM.
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Introduction: Despite increased attention on immunotherapy, primarily immune

checkpoint blockade, as a therapeutic approach for mesothelioma (MMe), its

efficacy and tolerability remain questioned. One potential explanation for

different responses to immunotherapy is the gut and intratumor microbiota;

however, these remain an underexplored facet of MMe. This article highlights the

cancer intratumor microbiota as a novel potential prognostic indicator in MMe.

Methods: TCGA data on 86 MMe patients from cBioPortal underwent bespoke

analysis. Median overall survival was used to divide patients into “Low Survivors”

and “High Survivors”. Comparison of these groups generated Kaplan-Meier

survival analysis, differentially expressed genes (DEGs), and identification of

differentially abundant microbiome signatures. Decontamination analysis

refined the list of signatures, which were validated as an independent

prognostic indicator through multiple linear regression modelling and Cox

proportional hazards modelling. Finally, functional annotation analysis on the

list of DEGs was performed to link the data together.

Results: 107 genera signatures were significantly associated with patient survival

(positively or negatively), whilst clinical characteristic comparison between the

two groups demonstrated that epithelioid histology was more common in “High

Survivors” versus biphasic in “Low Survivors”. Of the 107 genera, 27 had published

articles related to cancer, whilst only one (Klebsiella) had MMe-related published

articles. Functional annotation analysis of the DEGs between the two groups

highlighted fatty acid metabolism as the most enriched term in “High Survivors”,

whilst for “Low Survivors” the enriched terms primarily related to cell cycle/

division. Linking these ideas and findings together is that the microbiome

influences, and is influenced by, lipid metabolism. Finally, to validate the

independent prognostic value of the microbiome, multiple linear regression

modelling as well as Cox proportional hazards modelling were employed, with

both approaches demonstrating that the microbiome was a better prognostic

indicator than patient age or stage of the cancer.
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Discussion: The findings presented herein, alongside the very limited literature

from scoping searches to validate the genera, highlight the microbiome and

microbiota as a potentially rich source of fundamental analysis and prognostic

value. Further in vitro studies are needed to elucidate the molecular mechanisms

and functional links that may lead to altered survival.
KEYWORDS

mesothelioma, microbiota, microbiome, bioinformatics, Kaplan-Meier, DEG
(differentially expressed gene) analysis, functional annotation analysis, Cox
proportional hazards modelling
Introduction

MMe is a rare cancer that may arise in the pleura, peritoneum,

pericardium, or tunica vaginalis, with most cases affecting the

pleura (1). MMe has historically been characterized by an

exceptionally poor prognosis with limited treatment options that

largely consisted of first-line anti-folates in combination with

platinum-based therapy. Immunotherapy, particularly immune

checkpoint blockade, has been investigated in the context of

MMe. Although first-line combination of the immune checkpoint

inhibitors (ICIs) nivolumab (anti-PD-1) and ipilimumab (anti-

CTLA-4), based on the CheckMate 743 trial (2) has been

approved for MMe, its efficacy has been questioned, with two

comparative studies that have shown no survival benefit in the

CheckMate 743 trial relative to trials studying cisplatin +

pemetrexed + bevacizumab against cisplatin + pemetrexed (3, 4).

One of these studies also casts a doubt on the combination of

durvalumab and chemotherapy (4). Moreover ICIs have shown no

significant superiority on standard treatment, either from real-

world analysis (5) or in second-line settings (6). Thus, there is a

need to investigate immunotherapy at a molecular level in

mesothelioma, to further elucidate potential mechanisms and

improve outcomes (7).

One potential reason for the varying efficacies of immune

checkpoint blockade is the gut microbiome (8–10). Microbiome and

microbiota are often used interchangeably, but the difference between

the terms is that microbiome refers to “the collective genomes of

microorganisms in a particular environment”, whilst microbiota refers

to “the community of microorganisms themselves” (11).

The microbiota consists of a vast collection of commensal

archaea, bacteria, fungi and viruses that shows significant

intrapopulation variation (9). When the microbiota is in balance

with the host, a condition of eubiosis, it contributes to body

homeostasis and to a healthy immune system, whereas microbial

dysbiosis—the imbalance of microbiota with harmful species

outcompeting benign (12)—contributes to the pathogenesis of

many diseases including cancer. Indeed, beyond the well-

recognized role of the gut microbiota in health and disease, in the

past decade many studies have demonstrated the presence of a live
0284
and active intratumor microbiota which can affect disease

progression and the therapeutic response (13, 14). Despite the

rising recognition of the importance of gut and intratumor

microbiota in cancer, their presence and impact in MMe remain

significantly understudied. As of 15th December 2022, there were

only ten peer-reviewed publications in PubMed for the search terms

“((microbiota OR microbiome) AND mesothelioma)”. Of these,

only four actually contained clear and pertinent information on

MMe and the microbiota/microbiome (15–18), with the rest as text-

mining artefacts.

It is noteworthy that none of these studies have explored a link

between the microbiota/microbiome and clinical characteristics in

patients with MMe. Therefore, given the very limited literature

related to the microbiome in MMe and the potential role it may play

in the response to ICIs, there is evidently a need to investigate this

further. To address this, herein TCGA intratumor microbiome data

from MMe patients has been investigated in association with

patients’ clinical characteristics. We find that, upon dividing the

patients into “Low Survivors” and “High Survivors”, the only

clinical characteristic that significantly differs between them was

histological subtype, with epithelioid being more common in “High

Survivors” versus biphasic in “Low Survivors”. Additionally, we

identify 107 genera signatures that are significantly associated with

survival, with only 27 genera returning published papers following a

scoping search for each genus and cancer, and only 1 genus

(Klebsiella) returning a published result for mesothelioma. Tying

the intratumor microbiome data with the cancer cell data is that

fatty acid metabolism was the most enriched functional annotation

in the “High Survivors” group (based on differential gene expression

analysis between the two groups), a process that is known to have

two-way interplay with the microbiome.
Methods

Overall workflow

Further detail is provided in subsequent headings, but the

overall workflow for this study can be seen in Figure 1.
frontiersin.org
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Study selection and patient grouping

The cBioPortal database (19, 20) was utilized to interrogate

MMe patient data (date of access 05 April 2022). The

“Mesothelioma (TCGA, PanCancer Atlas)” study was selected

because it included the highest number of patients together with

the pertinent intratumor microbiome signatures and survival data

required for the study. The other study with the same number of

patients (“Mesothelioma (TCGA, Firehose Legacy)”) lacked usable

survival data (21), whilst the third study (“Pleural Mesothelioma

(NYU, Cancer Res 2015)”) had only 22 patients and did not have

microbiota/microbiome data available (19, 20, 22).

After selecting the “Mesothelioma (TCGA, PanCancer Atlas)”

study and choosing “Explore Selected Studies”, patient IDs and

survival lengths were downloaded to be analysed outside of the

cBioPortal platform. After discarding the individual patient whose

OS_MONTHS (overall survival in months) value was “N/A”, the

median OS_MONTHS value was calculated from the remaining

patients (n=86). Patients were then divided into “Low Survivors”

(OS_MONTHS less than the median) or “High Survivors”

(OS_MONTHS greater than or equal to the median).
Identifying microbiome differences

After identifying the patient subgroups described above, the

cBioPortal database was accessed once more with the

“Mesothelioma (TCGA, PanCancer Atlas)” study. The subgroups

were regenerated on the cBioPortal platform via the “Custom
Frontiers in Immunology 0385
Selection” (based on Patient ID) and “Groups” functions. After

regenerating the subgroups, they were analysed using the

“Compare” cBioPortal function under the Groups setting.

This analysis automatically generated the Kaplan-Meier

survival curve between the two groups, alongside the microbiome

signatures comparison. In order to calculate a more precise p-value

alongside the hazard ratio for the survival data, the resultant raw

Kaplan-Meier data was downloaded and input to KMPlot using the

upload function (23, 24). The microbiome signatures data were

originally added to cBioPortal for a number of cancers by another

study (25). Clinical parameters were also obtained via the Compare

analysis, as were the differentially expressed genes.

Whilst exploratory studies such as the analysis contained herein

are not strictly required to perform multiple comparison

corrections (26, 27), microbiome signatures were only taken

further if they were significant based on q-value (q<0.05). This

permitted a greater focus on those genera that were more likely to

have links to patient survival. The same was true for the

identification of differentially expressed genes.
Functional annotation analysis

In order to interrogate the differentially expressed genes

identified above and how they may relate to survival, the DAVID

(28, 29) and Metascape (30) tools were employed. Gene lists that

were highly expressed in both the low surviving and high surviving

patient groups were in turn entered into each tool to identify

clusters of functional annotations and enriched annotations.
FIGURE 1

Workflow diagram. cBioPortal represents the starting point, where MMe patient data is accessed and patients are divided by the median overall
survival. These two groups are then compared to assess differences in clinical characteristics, identify differentially expressed genes, and identify
differential abundance in microbiome signatures, which is taken forward for contaminant removal, literature validation, and survival modelling.
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Contaminant removal

Due to the recognized issue of contaminants (i.e., tumor sample

contamination by external microbes during data collection and

processing) when considering microbiome data (25), a

decontamination analysis was performed on the list of genera that

were statistically significantly associated (based on q-value) with

patient survival.

In order to remove potential contaminants, Tables S6-S8 of the

paper describing the microbiome analysis of TCGA data were

accessed (25). The list of genera retrieved from the previous step

above were compared to the genera obtained from Tables S6-S8 to

identify potential contaminants, which were then removed from

the list.
Literature scoping of genera

The final list of genera identified in the previous step were

collated into a table after which searches were conducted to assess

the breadth of literature pertaining to each genus. Searches were

performed on PubMed (date of access 25th April 2022 – 7th July

2022) using the Boolean operator AND in the below format:

[Genus Name] AND Mesothelioma

[Genus Name] AND cancer

For the genera that had “Candidatus” in their name, searches

were performed with and without the “Candidatus_” prefix to

ensure searches were as exhaustive as possible. The literature

scoping allowed for the identification of the breadth of knowledge

related to each genus in both MMe and cancer in general.
Multiple linear regression modelling of
putative prognostic factors

To determine the independent prognostic value of the

microbiota identified in the previous step, multiple linear

regression modelling was employed. To begin, the full

microbiome abundance values (per patient, in log RNA Seq

CPM) for all 1406 genera was downloaded from cBioPortal,

alongside known clinical parameters such as overall survival

(months), age, stage, and tumor histology (19, 20). This

microbiome data was then filtered to include only the genera

identified in the previous step, which were then subdivided into

“good genera”—those identified to be more abundant in High

Survivors than Low Survivors—and “bad genera”—those

identified to be more abundant in Low Survivors than

High Survivors.

It is known that inclusion of too many covariates on a multiple

regression model can lead to overfitting, where the model on the

surface appears to predict the outcome variable well, but in fact is

responding only to noise (31–33). To avoid this problem, the log

RNA Seq CPM values for all “good genera” were summed to an

individual value per patient (“Positive Microbiome Value”), with
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the same step performed for the “bad genera” (“Negative

Microbiome Value”).

Other parameters commonly thought to influence prognosis—

namely age, stage, and tumor histology—were also considered. The

age values for each patient were taken as-is, whilst the staging

information was simplified to include only the numbers (e.g. 1A

and 1B under Neoplasm Disease Stage American Joint Committee

on Cancer Code both became 1). It should be noted that this

simplification applied only to three patients, as the remainder were

simply Stage I, Stage II, Stage III, or Stage IV. Tumor histology was

converted to a binary dummy variable (34), with 0 being epithelioid

histology whilst 1 indicated non-epithelioid histology. The rationale

for this division was the clinical reality that epithelioid patients have

significantly better outcomes than non-epithelioid patients (35).

The dependent (outcome) variable for the multiple linear

regression model was the overall survival of the patients in

months. The initial independent variables were age, stage,

histology, Positive Microbiome Value and Negative Microbiome

Value. The initial multiple linear regression model was then refined

through several iterations (e.g. removal of independent variables) by

examination of the resultant adjusted R2 values, alongside the p-

values for the individual independent variables that were produced

at each stage. High p-values were removed on subsequent iterations

of the multiple linear regression model.
Cox proportional hazards modelling

To further validate the potential of the microbiome as a

prognostic indicator using an independent method, Cox

proportional hazard modelling was employed (36). The same data

(age, stage, histology, Positive Microbiome Value, and Negative

Microbiome Value) was used for this as in the multiple linear

regression model above. Overall Survival Status (i.e. 0 (living) and 1

(deceased)) was also extracted from cBioPortal for each patient (19,

20). These data were input to SPSS, with overall survival (in

months) used as the “Time” variable and overall survival status

used as the “Status” variable. 1 (deceased) was used as the event for

Status. As explained above, age, stage, histology, positive

microbiome and negative microbiome were all used as covariates.
Results

Validation of survival difference

After generating the “Low Survivors” and “High Survivors”

groups described in the Methods above, the survival difference was

analysed via a Kaplan-Meier curve to validate the grouping approach

and ensure the integrity of downstream analysis (Figure 2).

Figure 2 clearly highlights the survival difference between the

two groups (p < 10-16 and hazard ratio of zero). Whilst clearly an

expected result, the significance of the survival difference validates

the downstream comparison.
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Although the diagnosis age, cancer stage, gender, and

histological subtype are of known importance for MMe, there was

no statistically significant difference for any of these parameters

(based on p- and q-values; see Supplementary Figures 1–7) except

the histological subtype, with biphasic MMe being more common

in the “Low Survivors” group as opposed to the “High Survivors”

group alongside epithelioid histology being less common in the

“Low Survivors” group (Supplementary Figure 7). It should be

noted that there was the presence of the 9050/3 (Mesothelioma,

malignant, NOS) group. This group contains mesothelioma patients

who were diagnosed with mesothelioma but with no further

information on their histology (NOS = Not Otherwise Specified)

(37), but there was not a difference between “Low Survivors” and

“High Survivors” for this subtype designation (Supplementary

Figure 7). Epithelioid histology being less common in “Low

Survivors” whilst biphasic was more common is consistent with

known literature that epithelioid histology has the best prognosis of

the different histological types of mesothelioma (35).
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Microbiome analysis

Following the process described in the Methods, 175

microbiome signatures (genera) were initially identified to be

differentially abundant between the “Low Survivors” and “High

Survivors” groups (q < 0.05). After decontamination analysis, this

number was reduced to 107, of which four genera were more

abundant in low survivors and 103 were more abundant in high

survivors. Literature scoping highlighted that only one genus

(Klebsiella) returned an article in association with mesothelioma,

whilst even a broader general cancer search still yielded very few

results (Supplementary Table 1). Figure 3 below demonstrates the

frequency distribution of the number of results returned in PubMed

for the genera and cancer in general:

The relative scarcity of literature for the genera and cancer, and

especially so for the genera andmesothelioma, highlights the significant

infancy of this field, and warrants further investigation. As highlighted,

only one genus (Klebsiella) returned papers for MMe. Conversely,
FIGURE 3

Frequency distribution of PubMed results for genera and cancer.
FIGURE 2

Kaplan-Meier curve comparing the two patient subgroups. Low surviving patients are shown in black whilst high-surviving patients are shown in red.
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when searching for cancer in general, 27 genera returned papers.

Ranked in order from most to least papers, these were Klebsiella,

Lambdalikevirus, Cyclobacterium, Achromobacter, Yatapoxvirus, Leeia,

Magnetococcus, Leptonema, Pragia, Candidatus_Arthromitus,

Closterovirus, Vagococcus, Microchaete, Cetobacterium, Chelativorans,

Sulfuricurvum, Actinopolymorpha, Cycloclasticus, Beggiatoa,

Thalassospira, Pleurocapsa, Anaerofustis, Dichelobacter, Yokenella,

Crinivirus, Thioalkalimicrobium, and Gemmata.
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Differential gene expression and functional
annotation analysis

Following the approach described in the Methods and based on

q<0.05, a total of 60 genes were identified to be significantly more

expressed in the “High Survivors” group whilst 274 were

significantly more expressed in the “Low Survivors” group, listed

in Supplementary File 1. To assess the functional relevance of these
TABLE 1 Multiple linear regression model and iterations.

Model
Number

Independent
Variables
Included

P-Values for Independent
Variables (*≤0.05)

Adjusted R2

Value for Model
Independent Variables Removed for Subsequent

Model & Why

Model 1

Age 0.506623975

0.170160087
Negative Microbiome Value – with only four genera adding to its

value, it was unlikely to show significant differences

Stage 0.701255523

Histology 0.067083872

Positive
Microbiome Value

0.003256009*

Negative
Microbiome Value

0.368887571

Model 2

Age 0.567797635

0.17203895
Age and Stage—as p-values remained high despite previous

refinement (in fact, they increased)

Stage 0.764346949

Histology 0.017645789*

Positive
Microbiome Value

0.000343888*

Model 3

Histology 0.0064759*

0.188463827 N/APositive
Microbiome Value

0.000318305*
Model number, independent variables included alongside their p-values are provided, as well as the adjusted R2 value for the model. All models used overall survival (in months) as the dependent
(outcome) variable. Raw data behind the models can be seen in Supplementary File 2.
A

B

FIGURE 4

Metascape analysis for differentially expressed genes. (A) is the High Survivors group, whilst (B) is the Low Survivors group.
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genes, the DAVID (28, 29) and Metascape (30) tools were accessed,

with the latter shown in Figure 4.

In addition to the figures generated by Metascape, DAVID

analysis identified 64 clusters of annotations for the genes

upregulated in the Low Survivors group, with the top three

containing terms related to cell division and DNA repair

(Supplementary File 1). Comparatively, DAVID identified ten

clusters of annotations for genes upregulated in the High

Survivors group, with the most enriched cluster containing lipid

metabolism (Supplementary File 1). Thus, the DAVID analysis

complements the Metascape analysis, highlighting the distinct

biological processes that are overrepresented in each group.
Multiple linear regression modelling

As described in the Methods, multiple linear regression

modelling was performed to identify the independent prognostic

value of the microbiome in mesothelioma. The first iteration of the

model—”Model 1”—incorporated the patients’ age, stage, tumor

histology, Positive Microbiome Value (the sum abundance of the

103 identified to be significantly more abundant in High Survivors),

and Negative Microbiome Value (sum abundance of the 4 genera

identified to be significantly more abundant in Low Survivors).

Table 1 below summarizes the iterations (refinement) of the model,

the independent variables they include, alongside the adjusted R2

values and independent variable p-values.

As highlighted above in Table 1, despite the low adjusted R2

indicating that the independent variables explain at most 18.8% of

the variation in overall survival, it remains clear that—at least for

this patient cohort—the Positive Microbiome Value was the best

predictor for overall survival (based on p-value). This was true

against known prognostic factors, including age, stage, and

tumor histology.
Cox proportional hazards modelling

To independently validate the prognostic value of the

microbiome further using an additional method, Cox

proportional hazards modelling (also known as Cox regression)

(36) was employed. The same data as for the multiple linear

regression model above was used, with the only additional input
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being the overall survival status (0=alive; 1=deceased) for each

patient. The p-value for the Cox proportional hazards model when

compared to a null model was <0.001, indicating significant

predictive utility. Table 2 below summarizes the coefficients, p-

values, hazard ratios, and 95% confidence intervals for each

input variable:

Consistent with the multiple linear regression model, only

Positive Microbiome Value and Histology were significantly

associated with survival in this patient cohort. Positive

microbiome had a negative coefficient and a hazard ratio

significantly below 1 (based on the 95% confidence interval),

emphasizing the protective role of these genera. Comparatively,

histology (which was a dummy variable with zero for epithelioid

and one for non-epithelioid) had a positive coefficient and a hazard

ratio significantly above 1 (based on the 95% confidence interval).

Thus, it is again demonstrated that non-epithelioid histology is a

negative prognostic factor, consistent with previous literature (35).
Discussion

This study interrogated existing and publicly available patient

data with a novel analytical approach to identify genera that were

associated with patient survival. It is clear, despite the rising

importance of the microbiome in cancer, that the microbiome

remains a factor that is highly under-investigated. This is true for

cancer in general, with only 27 of the 107 genera identified herein

having published literature surrounding them in the context of

cancer. The statement of the microbiome being under-investigated

is particularly true for MMe, where only one genus out of 107 had

literature returned resulting from the search.

Klebsiella, whose signature was more abundant in low survivors,

returned only three papers in the context of MMe. However,

analysis of these papers further highlights the very limited

knowledge that exists around the microbiome in MMe. The first

study (38) was a case report highlighting incidence of cerebral air

embolism in a patient with chronic hydropneumothorax secondary

to epithelioid MMe following pleural catheter insertion. Whilst case

reports are naturally limited, the only mention of Klebsiella was

detailed in the pleural fluid culture, where Klebsiella oxytoca and

Enterococcus faecalis were identified. However, it was not stated if

this originated from the pleural fluid or if it was a potential

contaminant from the catheter. Thus, it is highly probable that
TABLE 2 Cox proportional hazards modelling.

Variables in the Equation Coefficient (B) Sig. Hazard Ratio (Exp(B))
95.0% CI for Exp(B)

Lower Upper

Positive Microbiome Value -0.014 0.001 0.986 0.978 0.995

Negative Microbiome Value 0.093 0.097 1.097 0.983 1.224

Age 0.011 0.467 1.011 0.981 1.042

Stage -0.087 0.534 0.916 0.696 1.207

Histology 0.577 0.045 1.781 1.013 3.131
front
Coefficients, p-values, hazard ratios, and 95% confidence intervals for each variable are shown. Statistically significant p-values are in bold.
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these genera in this instance were not associated with the

intratumor microbiome.

The second paper returned from the search for Klebsiella and

MMe highlighted sputum-obtained Klebsiella pneumoniae from a

MMe patient (39). However, this detection did not describe the link

to the cancer, only that it was detected in the patient, and may in

fact have originated from an upper respiratory infection. The third

and final paper that was returned described a novel compound that

had demonstrated efficacy against both microbes (including

Klebsiella) and MMe cells cultured in vitro (40). However, no link

was made between Klebsiella and MMe.

It is evident from the above that there is currently no literature

explaining why the microbiome signature of Klebsiella was more

abundant in low-surviving patients. The fact that the remaining 106

genera had zero papers returned from the literature search

highlights the degree of under-exploration that the microbiome

suffers in MMe.

Interrogation of the wider literature around Klebsiella in other

types of cancers highlights some findings that may be of note. In the

case of lung cancer, from the analysis of the microbiome in 67

patients with adenocarcinoma (AD) and 47 cases with squamous

cell cancer (SCC), Klebsiella, alongside Acidovorax, Rhodopherax

and Anerococcus were identified. These genera were found to be

more significantly present in SCC than in AD. In addition, the

bacterial flora of patients with lung cancer consists mainly of

Proteobacteria (especially Acinetobacter and Acidovorax) with a

reduced presence of the genus Firmicutes (such as Streptococcus)

and Bacteroidetes (Prevotella); instead they were present in the flora

of patients with pulmonary emphysema. This composition is

different in smoking patients with lung cancer, thus attributing an

important role to smoking in carcinogenesis and microbiome

change. Of note, smoking patients not only had these more

abundant genera, but TP53 mutations in the tissue of these

subjects also correlated with impaired epithelial function in the

lung and thus with the change in the microbiome (41–43).

Furthermore, polyketide synthase positive strains of E. coli and K.

pneumoniae (this locus codes for the bacterial toxin colibactin) were

isolated in samples from patients with colorectal cancer. This

expression has been related to K. pneumoniae hypervirulence and

intestinal mucosal invasion (44). Finally, it should be noted that a

retrospective study revealed that adjuvant treatment with

gemcitabine improves survival in K. pneumoniae-negative

pancreatic cancer patients, whereas adjuvant treatment with

quinolones (which are bactericidal) was associated with better

overall survival (OS). This result suggests that the presence of K.

pneumoniae may promote chemoresistance to adjuvant

gemcitabine in pancreatic cancer (45). Taken together, is evident

that the wider literature supports the negative impact Klebsiella has

on patients, which is consistent with our finding that Klebsiella was

more abundant in Low Survivors than High Survivors.

The independent prognostic value of the microbiome was

validated through the multiple linear regression model (Table 1).

It may initially be surprising that neither age nor stage were

validated as predictors of overall survival; however, examination

of the underlying data (Supplementary File 2) alongside access of

the wider literature highlights that this may not be unusual. The 86
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patients included within this study were relatively uniform in age;

the median age was 64 (mean 63.08) with a standard deviation of

9.78. The more restricted variability in age could help explain the

lack of predictive utility for this variable. Similarly, the number of

patients at different stages were uneven: ten patients were Stage 1;

sixteen patients were Stage 2; forty-four patients were Stage 3; and

sixteen patients were Stage 4. This again indicates a skew in the data,

potentially explaining the lack of predictive utility for this variable.

Whilst the histology dummy variable was still skewed (62

epithelioid to 24 non-epithelioid) it was less so than the other

variables explained previously. An extended analysis

(Supplementary File 3) divided patients into “more malignant”

and “less malignant” using two independent analyses as a proxy:

firstly, division by lymph node involvement and secondly

(separately) division by metastatic status. No differential

abundance in microbiome signatures between the lymph node

groups was observed (based on q-value), and only one genus was

differentially abundant based on metastatic state (Bromovirus);

however, this genus was not present on the list of 107 genera

linked to survival (Supplementary File 3). As such, it may be that the

genera influence survival through mechanisms outside of malignant

state (/lymph node involvement/metastasis).

Further to the above, the identification that epithelioid histology

was a significant prognostic indicator compared to other variables

has evidence in the literature (46). As Petersen and colleagues

published in 2021, epithelioid histology was the only positive

independent prognostic factor for treated pleural mesothelioma

patients (46). In this patient cohort, neither age nor gender nor

stage were significant by univariate analysis for overall survival

(OS). It should be noted that another group in the same study (46),

those receiving best supportive care (BSC) rather than anti-tumor

treatment, did demonstrate, via univariate analysis, significant

association for gender (female), epithelioid histology, and

performance status. However, stage was significant for the BSC

group only at the p<0.1 level, not p<0.05 level, thus indicating

general agreement between the results by Petersen (46) and the

results presented in this article. It is evident that the potential

prognostic value of the microbiome should be explored further.

It is also recognized that tumor-associated macrophages have an

impact on mesothelioma prognosis, with the presence of M2-like

macrophages leading to worse outcomes (47). As such, given the

importance of the microbiome identified herein, it would be

interesting to investigate any potential links between M2

macrophages, the microbiome, and mesothelioma. However, as of

17th February 2023, there were zero articles returned on PubMed for a

basic Boolean search of this (search terms: (Mesothelioma) AND

((M2-like macrophages) OR (M2 macrophages)) AND

(microbiome)). Looking into the wider literature also yielded

limited results; only sixteen articles were returned for a search for

these terms without mesothelioma on the 17th February 2023 (search

terms: (Microbiome[Title/Abstract]) AND ((M2-like macrophages

[Title/Abstract]) OR (M2 macrophages[Title/Abstract]))), dropping

to nine when “cancer” was added as a search term (without the Title/

Abstract] filter). That said, despite the limited literature, some

valuable insights are present. Examples of the microbiome affecting

M2 macrophages include positive effects of Lactobacillus murinus on
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the reduction of intestinal injury in mice via stimulation of IL-10

release from macrophages (48) and stimulation of tissue remodelling

through M2 macrophages in inflammatory bowel disease by

Clostridium innocuum (a gut bacteria) (49). Clostridium butyricum-

derived extracellular vesicles affect repolarization of M2macrophages

and protect against colitis (50). In extramammary Paget’s disease

high levels of Staphylococcus aureuswere detected that coincided with

CD163-positive M2-like macrophages (51), whereas potential

associat ion of Shewanel la , V. parahaemolyt icus , and

Microbacterium sp. with prostate cancer has been described, with

indications that malignant tissue has higher proportion of M2

microphages (52). High risk colon cancer patients were shown to

have increased proportion of M2 macrophages (53), whereas

Fusobacterium nucleatum is negatively associated with M2

macrophages and positively associated with better outcome in

patients with oral squamous cell carcinoma (54). As highlighted,

there were no mesothelioma-specific articles returned on this topic,

and half of the articles found from the wider search were published in

2020 or later, again indicating this field’s relative infancy. The

importance of immune infiltration and inflammation lead to a

supplementary analysis involving GeneCards (55, 56), where the

differentially expressed genes between the Low and High Survivors

were compared to the top 5% of genes involved in each process

(Supplementary File 4). However, there was minimal overlap between

the genes involved in each process and the differentially expressed

genes (3/334), indicating that further exploration is required.

Complementing the microbiome analysis was the differential

gene expression and functional annotation analyses. Through this,

60 genes were identified to be upregulated in high surviving

patients, whilst 274 were upregulated in low surviving patients.

The functional annotation analysis also generated insight, with the

low surviving group having enriched annotations in terms relating

to the cell cycle, cell division, and DNA repair. These processes, if

upregulated and deregulated, could potentially explain the poor

survival rate of these patients. Comparatively, the most enriched

term (according to Metascape) for the high surviving patients was

fatty acid metabolic process. Of note is that the high surviving

patients had 103 genera signatures more abundant than in the low

surviving patients, versus four genera signatures in the reverse

direction. This could be interpreted as the high survivors having

more abundant microbiome in general, or at least a higher

proportion of certain genera in their microbiome composition.

Building on this, there are published links between dietary lipids/

lipid metabolism and the gut microbiota (57). Fatty acids have the

ability to lyse and solubilize bacterial cell membranes (57–59) whilst

the gut microbiome may influence lipid metabolism. The links

between lipids and gut microbiota have been comprehensively

reviewed (57) and although the present study examined the

cancer intratumor microbiome rather than the gut microbiome,

the fact that “fatty acid metabolic process” was the most enriched

term in the group which most genera were increased in

demonstrates a potentially direct link between the microbiota/

microbiome signatures, the differentially expressed genes and

annotations, and the patient survival. Furthermore, it is intriguing

that Klebsiella, whose signature was more abundant in “Low

Survivors”, is known to modify its lipopolysaccharide to evade
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immune surveillance, in the lungs of mice (60). Thus, this

demonstrates further potential linkage between the microbiome

and cancer, as evading immune detection is a known cancer

hallmark (61). Although the association between these genera and

fatty acid metabolism in MMe could be correlational rather than

causative, we believe it certainly lays the groundwork for further

studies to investigate these in more detail.

Although age was not found to be an independent predictor of

survival, we observed that the low survivor group tended to have a

higher age at diagnosis (median age 66 versus 62, with standard

deviations of 11.52 and 7.86 respectively). This, although not

statistically significant, may be due to a generally worse clinical

status of older patients, but it is interesting to note that ageing

affects the microbiota composition and, in turn, the microbiome

impacts on organismal ageing and lifespan (62). Indeed,

microbiome dysbiosis has been proposed as an additional

hallmark and biomarker of aging (62). Ageing is associated with a

reduced microbiome diversity and with commensals which favor

inflammageing and impair immune functions (63, 64). Compared

with the healthy elderly, frail elderly people host more

proinflammatory Bacteroidetes commensals and fewer producers

of beneficial short-chain fatty acids (65), which is notable given the

high surviving group in this study, who could be argued to have

‘more’ intratumor microbiota due to abundance differences, had

fatty acid metabolism as the most enriched biological function. A

recent study performed on the duodenal microbiome of elderly

patients showed that beyond chronological age, also the number of

concomitant diseases and the number of medications affected the

microbiome composition with the latter increasing the presence of

Klebsiella (65). Taken together, such evidence seems consistent with

the scenario that we unveiled analyzing the tumor microbiome in

mesothelioma patients, which deserves further investigation.

A key limitation of this article is that only pleural mesothelioma

has been explored. Indeed, it is recognized that the different

subtypes of mesothelioma—pleural, pericardial, peritoneal and

testicular—may have different underlying development

mechanisms and response to stimuli e.g. a difference in the

response to asbestos was noted between peritoneal and pleural

mesothelioma (66). Regrettably, cBioPortal (19, 20) had no

available information on peritoneal mesothelioma patients. As

such, a key area for further exploration would be the investigation

in this mesothelioma subtype.

In summary, this article has identified 107 cancer microbiome

genera that are pertinent to MMe patient survival, which opens

avenues for a new research area in this under-researched cancer.

Furthermore, the microbiome was validated in this article as being

important for survival through two separate approaches (multiple

linear regression modelling and Cox proportional hazards

modelling), both of which recognized it as more statistically

significant than patient age, tumor stage and even histology

(though the effect size of histology remained greater due to its

hazard ratio). Laboratory analyses, for example in vitro co-culture

methods, could be used to start generating solid mechanistic insight

at the preclinical level. This foundation will improve understanding

of how the microbiome is relevant in MMe and may lead to

improved patient outcomes.
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Excess of blood eosinophils prior
to therapy correlates with worse
prognosis in mesothelioma
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Background: Only a fraction of patients with malignant pleural mesothelioma

(MPM) will respond to chemo- or immunotherapy. For the majority, the

condition will irremediably relapse after 13 to 18 months. In this study, we

hypothesized that patients’ outcome could be correlated to their immune cell

profile. Focus was given to peripheral blood eosinophils that, paradoxically, can

both promote or inhibit tumor growth depending on the cancer type.

Methods: The characteristics of 242 patients with histologically proven MPM

were retrospectively collected in three centers. Characteristics included overall

survival (OS), progression-free survival (PFS), overall response rate (ORR) and

disease control rate (DCR). The mean absolute eosinophil counts (AEC) were

determined by averaging AEC data sets of the last month preceding the

administration of chemo- or immunotherapy.

Results: An optimal cutoff of 220 eosinophils/µL of blood segregated the cohort

into two groups with significantly different median OS after chemotherapy (14

and 29 months above and below the threshold, p = 0.0001). The corresponding

two-year OS rates were 28% and 55% in the AEC ≥ 220/µL and AEC < 220/µL

groups, respectively. Based on shorter median PFS (8 vs 17 months, p < 0.0001)

and reduced DCR (55.9% vs 35.2% at 6 months), the response to standard

chemotherapy was significantly affected in the AEC ≥ 220/µL subset. Similar

conclusions were also drawn from data sets of patients receiving immune

checkpoint-based immunotherapy.

Conclusion: In conclusion, baseline AEC ≥ 220/µL preceding therapy is

associated with worse outcome and quicker relapse in MPM.
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Introduction

Malignant pleural mesothelioma (MPM) is a cancer associated

with very poor prognosis mainly induced by occupational exposure

to asbestos fibers (1). Despite the ban or limitation of asbestos use

(2), incidence of MPM is still increasing worldwide (3) due to the

long latency time between exposure and neoplasm development.

There are 3 main histological subtypes of MPM: epithelioid (60–

80% of cases), sarcomatoid (< 10%) and biphasic/mixed (10–15%)

(4, 5). Therapeutic standard options include conventional

treatments (surgery, radiotherapy, chemotherapy) and, more

recently, immunotherapy (6–8). Thus, since 2003 the first-line

standard-of-care for unresectable MPM has been chemotherapy

based on the combination of a DNA cross-linking agent (cisplatin

or carboplatin) and an antifolate (pemetrexed) (6). The median

overall survival (mOS) obtained with this regimen ranges between

13 and 16 months (6, 9). Addition of an anti-VEGF antibody

(bevacizumab) to cisplatin/pemetrexed improved mOS up to 18.8

months compared to 16.0 months in the control arm (9). As many

MPM patients have a weakened immune system, chemotherapy

initially seemed to be a better option than immunotherapy (10).

However, the recent first-line dual immunotherapy by immune

checkpoint inhibitors (ICIs) (nivolumab and ipilimumab, targeting

PD-1 and CTLA-4, respectively) extended mOS from 14.1 months

with standard chemotherapy to 18.1 months (11). Immunotherapy

has only a limited benefit for the epithelioid subtype but is

particularly effective for non-epithelioid MPM (12). Compared

with chemotherapy, ICIs clearly provide much better OS rates at

4 years in non-epithelioid MPM (i.e., 14% vs 1%, respectively).

Despite these recent improvements, the prognosis of MPM

remains globally poor. The biological mechanisms that drive the

effectiveness of available therapies are still not well understood.

However, the recent breakthroughs of ICIs indicate that the tumor

microenvironment (TME) is a major parameter in cancer

development and response to therapy. Even though mesothelioma

was initially considered as a “cold” tumor (i.e., absence of T cells

within or at the edges of the tumor), the paradigm has recently been

revisited (10). In the mesothelioma TME, tumor-associated

macrophages (TAMs) are the most abundant immune infiltrating

cells (13–18). The phenotype of these TAMs is shaped by mediators

expressed by tumor cells. Therefore, the ability of TAMs to

orchestrate the innate immune response and to modulate

activation of effector T-cells is impaired in MPM. Among

immune cells that regulate macrophage polarization, eosinophils

favor the M1 phenotype through the production of IFN-g and TNF-
a. However, eosinophil-derived IL-4 and IL-13 can also promote

suppressive TAMs and shape the TME (19, 20). The balance

between Th1- and Th2-related cytokines modulates the migration

and activation of CD8+ T-cells and affects the local anti-tumor

response. Among their pleiotropic activities, eosinophils also

promote angiogenesis and tissue healing via VEGF, FGF and

PDGF production. Besides their ability to shape the TME through

the expression of cytokines, eosinophils display cytotoxic effects by

secreting granule proteins and granzyme A.

Altogether, this evidence thus indicates that eosinophils exert

both pro- and anti-tumorigenic activities. The final outcome will
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depend on a variety of parameters that include the cytokine balance,

the interaction of eosinophils with other immune cells and the

resulting cytotoxicity against the tumor. In this context, we

investigated the correlation of blood eosinophil counts with mOS,

progression-free survival (PFS) and duration of response in patients

undergoing chemo- or immunotherapy.
Materials and methods

Patients’ selection and data collection

Two hundred and forty-two eligible MPM patients were

included in this study. Between January 2009 and December

2021, these patients were given chemo- or immunotherapy in 3

hospitals: 68 at the University Hospital of Liege (Belgium), 61 at the

University Hospital of Antwerp (Belgium) and 101 at the University

Hospital of Lille (France). According to standard guidelines, 230

patients received cisplatin or carboplatin and pemetrexed as first-

line chemotherapy (4, 21). Among these, 32 patients also received

2nd or 3rd line immunotherapy with nivolumab and ipilimumab.

Twelve patients were given ICIs in first-line therapy.

Exclusion criteria included autoimmune disease, congenital or

acquired immunodeficiency including HIV, asthma, and active

parasitic infection at diagnosis, requiring systemic treatment.

Patients diagnosed less than a year before the study was initiated

or who did not complete a full treatment plan were also excluded as

the follow-up period was too short.

All data were collected for medical purposes and obtained

retrospectively. The following data were collected from hospital

databases: date of birth; date of diagnosis; sex; histological subtype;

BAP-1 deletion; date and type of treatment; response to treatment

at 3 months, 6 months and 1 year; hematological lab tests before,

during and after treatment; smoking status; diabetes status; asbestos

exposure information; comorbidity information; date of death if

applicable. Clinical staging was not available for most patients.

This study was performed in compliance with the Helsinki

Declaration and was approved by the local Ethics Committee with

the reference 2020/45 (University Hospital of Liege) and 2022/1844

(University Hospital of Antwerp) and declared to the local Data

Protection Officer (DPO), per General Data Protection Regulation

(University Hospital of Lille). As this was a retrospective and non-

interventional study, informed consent was not required. Medical

records were analyzed pseudonymously.
Outcomes and statistical analysis

Absolute eosinophil counts (AEC) are routinely determined

from hemograms collected at presentation. They were retrieved

from the available medical records. Optimal AEC cutoff was

determined with the X-tile 3.6.1 software (Yale University, New

Heaven, CT) and validated by the receiver operating characteristics

(ROC) curve. The analysis was based on the mean AEC, averaged

during the last month preceding the administration of chemo-

or immunotherapy.
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The primary studied endpoint was mOS, defined as the time

from the diagnosis to the date of death due to any cause. Secondary

endpoints included PFS, response rate, duration of response and

disease control rate. The response was assessed with radiographic

tumor assessment according to the modified Response Criteria

(mRECIST) [version 1.1] (4, 22). PFS was defined as the time

between diagnosis and first-documented tumor progression or

death due to any cause, whichever came first. Response rate was

defined as the best overall response of complete response (CR) or

partial response (PR). Duration of response was defined as the time

from the first response to the first documented tumor progression

or death due to any cause, whichever occurred first. Disease control

rate was defined as the best overall response of CR, PR, or stable

disease (SD).

Hazard ratios (HRs) and confidence intervals (CIs) of 95% were

assessed using an unstratified Cox proportional hazards regression

model. Survival curves and rates were estimated with the Kaplan-

Meier method and Log-Rank test. Patients with missing values were

excluded from the analysis. For statistical purposes, age was

categorized as less than 65 years and more or equal to 65 years,

whereas subtype was classified as epithelioid and non-epithelioid

(i.e., sarcomatoid, biphasic or desmoplastic).

Statistical analysis and graphs were performed by using Prism

GraphPad 8 or RStudio 2022.07.1 + 554.
Results

A threshold of AEC at 220/µL splits the
cohort into two groups with different
overall survival

The X-tile software was used to identify the optimal AEC cutoff

associated with survival in the cohort of 230 MPM patients

receiving first-line chemotherapy. This bioinformatic tool is a

graphical method for biomarker assessment and outcome-based

cut-point optimization (23). The program provides the optimal

division of the data by selecting significant uncorrected p-value and

the highest Chi-square. An average AEC was calculated for each

patient using the counts of the last month preceding the first

administration of chemotherapy. The optimal AEC cutoff

determined with the X-tile software was 220 eosinophils/µL of

blood (Chi-square = 10.5992, uncorrected p = 0.00113,

Figure 1A). This threshold divided the cohort into two groups of

169 (72.40%) and 61 (27.60%) subjects with AEC < 220/µL (in grey)

and AEC ≥ 220/µL (in blue), respectively (Figure 1B). These settings

optimally segregated the Kaplan-Meier survival curves of the two

subsets (Figure 1C). The relative risk was estimated by dividing the

death incidence corresponding to each AEC by that of the

population (Figure 1D). The AEC 220/µL cutoff classified the

patients into two populations with highly significant different

distributions (p = 0.0005, Figure 1E). The ROC curve illustrating

the true (sensitivity) and false (1-specificity) positive rates validated

the cutoff of 220 eosinophils/µL of blood (AUC = 0.6475, p =

0.0006, Figure 1F).
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To verify that the measured AEC levels did not result from an

increase of all white blood cells, the average absolute counts of other

leukocytes were calculated. In populations with AEC < 220/µL and

AEC ≥ 220/µL, the absolute counts of lymphocytes, monocytes and

neutrophils were similar (Figure 1G). Since the absolute counts of

eosinophils differed significantly (p < 0.0001), it was concluded that

high levels of AEC did not result from a general increase of all

leukocyte subsets. Furthermore, X-tiles analysis of neutrophils,

lymphocytes, monocytes and neutrophil-to-lymphocyte ratio

(NLR) did not highlight any threshold or correlation with mOS.

This cut-point selection analysis thus indicated that a threshold

of AEC ≥ 220/µL within the last month preceding the first

administration of chemotherapy optimally divided the total

population into two subsets displaying statistically significant

different overall survival times.
Study population

Among the 230 eligible patients treated by chemotherapy, 53

males and 8 females’ cases were above the threshold of AEC ≥ 220/

µL (Table 1). The median age at the time of diagnosis of the patients

with AEC < 220/µL and AEC ≥ 220/µL was similar (67 +/- 10.4 vs

67 +/- 10.9 years, respectively). In both categories, most patients

were male (74.0% and 86.9%) and presented an epithelioid subtype

of MPM (87.0% and 77.0%). These characteristics were thus

representative of typical gender and histologic distributions of

MPM (4).

Due to limitations of a retrospective study, only partial

information was available for asbestos exposure, Eastern

Cooperative Oncology Group (ECOG) performance status prior

to chemotherapy, smoking status, diabetes, and BAP-1 expression

(Table 1). Prior exposure to asbestos was confirmed in 28.4% and

34.4% of patients with AEC < and ≥ 220/µL, respectively. The

proportions of patients presenting different ECOG performance

status were similar. OS and AEC/mL were not statistically different

in patients with ECOG status 0, 1 and 2 (Supplementary Figure 1).

Both active tobacco consumption and diabetes affected a minority

of patients. Loss of BAP-1 expression determined by

immunohistochemistry was validated in 24.9% of AEC < 220/µL

and 18.0% of AEC ≥ 220/µL subsets.

It thus appeared that the two populations split by the AEC

220/µL cutoff shared similar characteristics of age, gender and

histological subtype.
AEC ≥ 220/µL is correlated with shorter
overall survival

Kaplan-Meier analysis showed that patients characterized by

AEC ≥ 220/µL during the month preceding their chemotherapy had

a highly significant shorter OS compared to subjects with AEC <

220/µL (Figure 2A). The mOS of the 230 individuals enrolled in this

study were 14 months and 29 months for AEC above or equal to

and below 220/µL, respectively (p = 0.0001, HR of 2.063 [95% CI
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1.420 – 2.998]). At 1 year, the OS rates were 58% [44.8 – 68.4] in

subjects with AEC ≥ 220/µL compared to 79% [72.1 – 84.9] in the

AEC < 220/µL group. The difference between the two categories was

more pronounced at 2 years (28% [17.4 – 39.0] vs 55% [46.6 – 62.6])

corresponding to a 2.0-fold improvement in mOS when AEC < 220/
Frontiers in Immunology 0498
µL. The lower mOS in the AEC ≥ 220/µL subset was observed

independently of the histologic subtype (Figures 2B, C).

Although the proportion of patients with AEC ≥ 220/µL differed

in the 3 hospitals (i.e., 17.8% in Lille, 32.35% in Liege and 34.4% in

Antwerp; Supplementary Table 1), the mOS was significantly
A

B

D E

F G

C

FIGURE 1

Determination of the AEC cutoff that optimally segregates the cohort according to OS. (A) An average AEC was calculated for each patient using the
counts of the last month preceding the first administration of chemotherapy. The X-tile 3.6.1 software divided the data set into two populations by
selecting significative uncorrected p-value and the highest Chi square. (B) Distribution of patients according to their AEC (below 219 per ml of blood
in grey and 220-1,020 in blue). (C) Kaplan-Meier survival curve according to the AEC < 220/µL and AEC ≥ 220/µL. (D) The relative risk estimated by
dividing the death incidence at each AEC by the death incidence of the population. (E) Median survival (in months) of the populations according to
the AEC threshold. Normality of the populations was analyzed by the Shapiro-Wilk test and distributions were compared by Mann-Whitney test.
(F) The ROC analysis of the true (sensitivity) and false (1-specificity) positive rates. (G) Absolute leucocyte counts (mean +/- standard deviation) in
patients with AEC < 220/µL and AEC ≥ 220/µL. Statistical significance was calculated with the unpaired t-test. AEC, absolute eosinophil count; ROC,
receiver operating characteristics; AUC, area under the curve.
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reduced from 36 to 17 months (p = 0.0062 for CHU of Lille) and

from 29 to 16 months (p = 0.0184 for UZ Antwerp) (Supplementary

Figure 2). However, there was no statistical difference in patients

from the Liege CHU (17 vs 15 months, p = 0.4610) which may
Frontiers in Immunology 0599
indicate a center bias. Furthermore, OS was shorter for patients with

AEC ≥ 220/µL in predefined subgroups (Supplementary Figure 3).

Altogether, this retrospective observational study thus indicated

that MPM patients with AEC ≥ 220/mL had a shorter mOS.
TABLE 1 Baseline characteristics of all patients receiving chemotherapy, segregated by the AEC cutoff of 220/µL.

AEC < 220/µL AEC ≥ 220/µL

N of patients
(total 169) % of patients N of patients

(total 61) % of patients

Age at diagnosis: 67 ± 10.4 years 67 ± 10.9 years

Sex

Male 125 74.0% 53 86.9%

Female 44 26.0% 8 13.1%

Histological subtype

Epithelioid 147 87.0% 47 77.0%

Sarcomatoid 10 5.9% 7 11.5%

Biphasic 6 3.6% 5 8.2%

Desmoplastic 3 1.8% 1 1.6%

Unknown 3 1.8% 1 1.6%

Known asbestos exposure

Yes 48 28.4% 21 34.4%

No 91 53.8% 25 41.0%

Unknown 36 21.3% 15 24.6%

ECOG status prior to chemotherapy

0 28 16.6% 8 13.1%

1 84 49.7% 26 42.6%

2 6 3.6% 2 3.3%

Unknown 57 33.7% 25 41.0%

Smoking status

Smoking 25 14.8% 11 18.0%

Detoxed 56 33.1% 14 23.0%

No 78 46.2% 35 52.5%

Unknown 10 5.9% 4 6.6%

Diabetes

Insulin-dependent 13 7.7% 5 8.2%

Non-insulin-dependent 19 11.2% 3 4.9%

No 128 75.7% 51 83.6%

Unknown 9 5.3% 2 3.3%

BAP-1 loss of expression

Yes 42 24.9% 11 18.0%

No 17 10.1% 4 6.6%

Unknown 110 65.1% 46 75.4%
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AEC superior or equal to 220/mL is
associated with earlier relapse

The median PFS after chemotherapy was significantly lower in

the AEC ≥ 220/mL group compared to the AEC < 220/mL subset (8

months vs 17 months; p < 0.0001, HR 2.589 [1.606 – 4.173])

(Figure 3A). Notably, PFS at 2 years was 13% [4.6 – 25.4] vs 42%

[33.5 – 51.1] in patients with AEC ≥ 220/mL and AEC < 220/mL,
respectively. Furthermore, the median time until progression or
Frontiers in Immunology 06100
relapse differed significantly (7 months when AEC ≥ 220/mL vs 16

months when AEC < 220/mL; p = 0.0011, HR 1.950 [1.307 – 2.908])

(Figure 3B). Analysis of this retrospective dataset thus indicated that

relapse after chemotherapy occurred more rapidly when AEC ≥

220/mL.
Partial information on response to treatment was available in

the retrospective data set (145 and 45 patients in the AEC < 220/mL
and AEC ≥ 220/µL groups, respectively (Table 2). Information on

response to treatment was missing in 31 patients. A single CR was
A

B

C

FIGURE 2

Kaplan-Meier analysis of OS in chemotherapy-treated patients with AEC ≥ 220/µL (in red) and AEC < 220/µL (in blue). (A) All patients of the cohort,
(B) epithelioid MPM and (C) non-epithelioid MPM. AEC, absolute eosinophil count; OS, overall survival; L-R test; Log-Rank test; HR, hazard ratio; CI,
confidence interval.
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observed in each category, consistently with other MPM trials (11,

24, 25). The objective response rate (ORR) combining CR and PR

was similar in the 2 subsets (15.9% vs 20.4% at 3 months and 9.0%

vs 9.3% at 6 months). In contrast, SD was significantly more

common in patients with AEC < 220/mL (56.6%) than in those

with AEC ≥ 220/µL (38.9%). This difference in SD was due to a

higher proportion of patients with progressive disease (PD) in the

AEC ≥ 220/µL subgroup (33.3%, vs 17.2%). Only 33% [21.4 – 45.6]

of patients with AEC ≥ 220/mL displayed a disease control,

including CR, PR and SD of at least 1 year, compared to 53%

[43.9 – 61.0] in subjects with AEC < 220/mL. This difference was still
Frontiers in Immunology 07101
observed after 2 years (17% in AEC ≥ 220/µL vs 41% in AEC <

220/mL).
Together, these data showed that the AEC cutoff of 220/µL

identified groups of patients with different mOS (Figure 2A) and

response to chemotherapy (Figure 3C). The same conclusion was

drawn when the study was extended to patients who received

immunotherapy (Supplementary Figures 4, 5). Indeed, Kaplan-

Meier analysis highlighted that, patients with AEC ≥ 220/µL prior

to immunotherapy had a shorter OS (p = 0.0022) and was

characterized by a higher proportion of PD (42.9% vs 18.9%)

compared with the AEC < 220/µL group.
A

B

C

FIGURE 3

Response to chemotherapy according to AEC cutoff. (A) Progression-free survival in all randomized patients. (B) Duration of response in confirmed
responders segregated by the AEC cutoff of 220/µL. (C) Schematic representation of response to chemotherapy, survival distribution and AEC.
Dashed lines are the median survival (in months) corresponding to the type of response. L-R test, Log-Rank test; HR, hazard ratio; AEC, absolute
eosinophil count.
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Discussion

In this report, we showed that patients with an AEC ≥ 220/µL prior

to their therapy appear to have a worse outcome and relapse more

rapidly. Importantly, we have considered the mean AEC value

measured during the month preceding administration of chemo- or

immunotherapy. In particular, the disease control rate was improved in

chemotherapy-treated patients with AEC < 220/µL and, consistently,

the proportion of subjects with a response at two years was increased

by 2.4-fold (i.e., 41% vs 17%, Table 2). While the proportion of patients

with objective response rate (CR + PR) was similar above and below

the threshold of AEC 220/µL, there was a statistically significant

difference of SD (Table 2; Supplementary Figures 4C and 5C).

It should be mentioned that, in this study, we excluded patients

with hypereosinophilia induced by asthma, allergy, parasitic

infection, autoimmune disease, and medication (26, 27). Indeed,

these conditions require systemic treatments that would have

affected the immune system. It should also be noted that, within

the “normal” range (0-450 eosinophils/µL of blood), there is no

clear mechanism that explains the fluctuations of eosinophil levels.

In this retrospective study, successive CT evaluations and over

time distinguishable tumor margins were often missing. It should

however be mentioned that multiple radiographic assessments are

particularly challenging inMPM (28). Therefore, OS is preferred and

considered to be a more objective and reliable endpoint compared to

PFS, response rate and duration of response (11). In this perspective,

we showed that the AEC 220/mL threshold predicted a significant
Frontiers in Immunology 08102
difference in mOS (14 vs 29 months in patients treated with

chemotherapy and 25 vs 48 months with immunotherapy,

Figure 2 and Supplementary Figure 4). The significant association

between AEC and OS does not preclude that eosinophilic MPM

patients could still respond to chemotherapy or ICIs (29).

Consistently, MPM case reports of poor response and fast

deterioration have been described in eosinophilic patients (29–31).

If validated by prospective and interventional studies, this conclusion

could thus be of particular interest for MPM management.

In fact, the association of AEC and OS has been investigated in

other cancers, yielding to opposite conclusions. Indeed, excess of

eosinophils in the peripheral blood has been correlated with either a

better or a worse prognosis depending on the cancer type (20, 32, 33).

For example, in non-small cell lung cancer (NSCLC) and melanoma,

an AEC equal or superior to 300/µL measured before therapy was

associated with a better outcome (34–43). By contrast, the level of

peripheral blood eosinophils is an independent prognostic factor for

disease progression and disease-specific death in Hodgkin’s

lymphoma and primary cutaneous T-cell lymphoma (40, 44–46).

Due to the more recent advent of immunotherapy in MPM, the

number of first-line immunotherapy-treated patients included in this

study was limited. However, the difference of OS in the AEC ≥ 220/µL

and AEC < 220/µL groups was nevertheless statistically significant (L-

R test p = 0.0022; Supplementary Figure 4). This conclusion was valid

providing that AECs were determined before, but not during or after,

the initiation of therapy. In contrast, increase of peripheral blood

eosinophils during treatment with ICIs is associated with better
TABLE 2 Summary of patient’s response in all randomized patients receiving chemotherapy, segregated by the AEC cutoff of 220/µL.

AEC < 220/µL AEC ≥ 220/µL

N of patients
(total 145) % of patients N of patients

(total 54) % of patients

Best overall response

Complete response 1 0.7% 1 1.9%

Partial response 37 25.5% 14 25.9%

Stable disease 82 56.6% 21 38.9%

Progressive disease 25 17.2% 18 33.3%

Disease control rate (CR + PR + SD)

3 months 99 68.3% 29 53.7%

6 months 81 55.9% 19 35.2%

Objective response rate (CR + PR)

3 months 23 15.9% 11 20.4%

6 months 13 9.0% 5 9.3%

Proportion of patients with a response of at least 1 year

1 year 53% 33%

95% CI 43.9 – 61.0 21.4 – 45.6

2 years 41% 17%

95% CI 32.0 – 49.7 7.9 – 28.1
Responses were assessed accordingly to mRECIST v1.1 criteria. CR, complete response; PR, partial response; SD, stable disease; CI, confidence interval.
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response and clinical outcome in NSCLC, indicating that the

correlation could be dependent on the tumor type (47, 48).

Although the biological mechanisms underlying this difference are

still not well understood, it is likely that the TME is a central parameter

of this cancer specificity. The TME most likely shapes the phenotype

of eosinophils into diverse subpopulations with opposite functions, as

illustrated in asthma (49–51). In MPM, the interaction of eosinophils

with other immune cells such as macrophages, monocytes and

neutrophils may direct pro- or anti-tumor functions as well as

response to therapy (13–18). Consistently, inflammation markers

such as lymphocyte predominance, NLR and absolute monocyte

count (AMC) have been correlated with poor survival (52–57).

Analysis of the data set of our cohort did not reveal any association

of OS with NLR, AMC and monocyte-to-lymphocyte ratios.

Although a causal link still needs to be demonstrated, the

correlation between AEC and OS possibly opens direct prospects

for therapeutic intervention. Indeed, our report suggests that there

might be a benefit to decrease the AEC below the 220/mL threshold

before initiating the chemo- or immunotherapy. For example,

glucocorticoids (e.g., methylprednisolone) used to prevent

pemetrexed-associated rash, emesis and inflammation (58–60) are

able to induce apoptosis of eosinophils (61). In our study, a single

dose of methylprednisolone at 48mg effectively reduced

inflammation but did not reduce myeloid cell counts as numbers

remained approximately constant before and after administration.

More specific approaches targeting eosinophils have recently been

developed in the treatment of asthma (62). Monoclonal antibodies

interacting with cytokines associated with eosinophilia (e.g., IL-5,

IL-33) are currently evaluated in clinical trials to treat eosinophilic

COPD patients: Mepolizumab (anti-IL-5; NCT04075331),

MEDI3506 (anti-IL-33; NCT04570657), REGN3500 (anti-IL-33;

NCT04701983 and NCT04751487) and Astegolimab (anti-ST2;

NCT03615040). Whether these targeted approaches are effective

as add-on therapy in MPM could thus merit further evaluation.
Conclusion

In summary, this retrospective study shows that an AEC

threshold of 220/µL measured prior to therapy identifies

populations with distinct outcomes in mesothelioma, supporting

further prospective analysis and possibly interventional trials.
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Damage-associated molecular
patterns and sensing
receptors based molecular
subtypes in malignant pleural
mesothelioma and implications
for immunotherapy

Zheng Liu, Rui Wan, Hua Bai and Jie Wang*

State Key Laboratory of Molecular Oncology, Department of Medical Oncology, National Cancer
Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China
Objectives: Malignant pleural mesothelioma (MPM) is characterized as an

incredibly aggressive form of cancer with a dismal diagnosis and a dearth of

specific biomarkers and therapeutic options. For MPM patients, the effectiveness

of immunotherapy may be influenced by damage-associated molecular pattern

(DAMP)-induced immunogenic cell death (ICD).The objective of this work is to

create a molecular profile associated with DAMPs to categorize MPM patients

and predict their prognosis and response to immunotherapy.

Methods: The RNA-seq of 397 patients (263 patients with clinical data, 57.2%male,

73.0% over 60 yrs.) were gathered from eight public datasets as a training cohort to

identify the DAMPs-associated subgroups of MPMs using K-means analysis. Three

validation cohorts of patients or murine were established from TCGA and GEO

databases. Comparisons were made across each subtype’s immune status, gene

mutations, survival prognosis, and predicted response to therapy.

Results: Based on the DAMPs gene expression, MPMs were categorized into two

subtypes: the nuclear DAMPs subtype, which is classified by the upregulation of

immune-suppressed pathways, and the inflammatory DAMPs subtype, which is

distinguished by the enrichment of proinflammatory cytokine signaling. The

inflammatory DAMPs subgroup had a better prognosis, while the nuclear

DAMPs subgroup exhibited a worse outcome. In validation cohorts, the

subtyping system was effectively verified. We further identified the genetic

differences between the two DAMPs subtypes. It was projected that the

inflammatory DAMPs subtype will respond to immunotherapy more favorably,

suggesting that the developed clustering method may be implemented to

predict the effectiveness of immunotherapy.
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Conclusion: We constructed a subtyping model based on ICD-associated

DAMPs in MPM, which might serve as a signature to gauge the outcomes of

immune checkpoint blockades. Our research may aid in the development of

innovative immunomodulators as well as the advancement of precision

immunotherapy for MPM.
KEYWORDS

malignant mesothelioma, damage-associated molecular patterns, immunogenic cell
death, immunotherapy, tumor microenvironment
1 Introduction

Mesothelioma is an unusual malignancy that originates from

the mesothelial cells of the pleural or other regions. About 81% of

the tumors originate from the pleura. The prevalence of malignant

mesothelioma is increasing, but the mortality remains unchanged.

In China, the incidence rate of malignant mesothelioma was only

1.50/106 whereas the fatality rate was 1.22/106 (1). MPM is mainly

seen in older men exposed to asbestos. Compared with European

and American countries, the onset age of mesothelioma is younger

in China. The prevalence and fatality of malignant mesothelioma in

China increase rapidly after the age of 35 or 40, reaching a peak at

the age of 80 or 85 (1). Malignant pleural mesothelioma (MPM) is

difficult to treat and has a dismal prognosis because most patients

are at advanced stages when first diagnosed and are with early onset

of evident clinical manifestations. Due to its resistance to

conventional therapies and the absence of effective alternative

regimens, MPM presents a highly difficult challenge. Despite the

prompt advancement of immunotherapy and the fairly encouraging

outcomes of ICIs in treating MPM, it remains high mortality on a

global scale. The 5-year survival rate is around 10%, and the median

overall survival is roughly one year.

Based on multiple studies conducted in MPM with

immunotherapy alone or combined applied, the median PFS of

4~7 months does not seem particularly impressive. However, the

increased median OS is mainly driven by a small portion of patients

with long-lasting responses and deserves more explorations (2).

CheckMate-743, a phase 3 randomized controlled trial, recently

showed that MPM could benefit from PD-1 inhibitors combined

with CTLA-4 inhibitors (3). Subgroup analyses revealed that the

response rate to ICIs in MPM is somewhat but not entirely related

to histology. Coupled with the fact that ICIs are more expensive and

not covered by health insurance, it will result in a low cost-benefit

ratio if the treatment is not effective. Therefore, there is an urgent

need for identifying the subtypes of MPM patients who would

potentially benefit from immunotherapy (4).

Immunogenic cell death (ICD) is a form of regulated cell death

(RCD), acting as a major initiator of adaptive immune response in

the context of malignant neoplasms (5). The promotion of ICD

sensitizes MPM to ICIs treatments, as demonstrated by in-vitro

experiments, preclinical models, and preliminary trials (6–11).

which raises the possibility that ICD-associated biomarkers could
02107
serve as prospective predictive indicators for immunotherapy. An

increased amount of work has discovered that induction of adaptive

immune responses by cancer cells undergoing ICD is dependent on

the emission and detection of a particular panel of DAMPs,

including cell surface-exposed calreticulin (CALR), high mobility

group box 1 (HMGB1) and extracellular adenosine triphosphate

(ATP) (12, 13). In addition, previous studies also have

demonstrated that ICD-associated DAMPs produced by

chemotherapy or radiotherapy activate the cytotoxic CD8+ T cell

and alleviate the immunosuppressive tumor microenvironment

(TME), thus suggesting an essential role of DAMPs in

immunotherapy (10). Pattern recognition receptors (PRRs) bound

by DAMPs present adjuvanticity by activating transcription factors,

eliciting APC cell activation, differentiation, and maturation,

promoting the release of type 1 interferons and chemokines,

resulting in the recruitment of APCs and T cells, and ultimately

modulating intrinsic and adaptive immunity (14). Whether there is

a pre-existing anti-tumor immune response is essential for effective

immune checkpoint blockade. Effector T cells release interferon-g
(IFN-g) by recognizing tumor neoantigens, which activates the

Janus kinase (JAK)– signal transducer and activator of

transcription (STAT) signaling pathway. The expression of

programmed cell death ligand 1 (PD-L1) on the surface of tumor

cells is mediated by the subsequent stimulation of the transcription

factor interferon regulatory factor 1 (IRF1), which negatively

regulates the effector T cell response in turn (15, 16). Immune

checkpoint inhibitors (ICIs) disrupt this negative feedback loop as

one of the primary mechanisms to restore anti-tumor immunity

and exert anti-tumor efficiency. Hence, sensitizing tumors to ICIs

by maneuvering ICD-associated DAMPs hinges on the

inflammatory tumor immune microenvironment of MPM. Thus,

we plan to assess the distinctive TiME to analyze the immune

profiles of distinct MPM subtypes, which is crucial to interpret

varied prognoses and efficacy of immunotherapy.

Despite the fact that an increasing amount of predictive models

related to immunotherapy have been constructed to elaborate

subtypes of MPM, ICD-associated DAMPs and their receptors

were barely based upon to construct a predictive classification

model. In this research, we performed consensus clustering

analysis based on the ICD-associated DAMPs gene set and

investigated the impact of DAMPs and their sensing receptors on

the immune status from a variety of perspectives and on the survival
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expectancy of MPM patients. Additionally, the DAMPs-based

classification we established was assessed for its predictive value

of immune checkpoint inhibitors (ICIs) applied to mesothelioma

(the flow chart of analysis is demonstrated in Figure 1). Our

research offers novel information to discover the potential

molecular mechanisms in different subtypes of MPM, which may

fulfill the demand for precision immunotherapy of MPM.

2 Materials and methods

2.1 Data collection

Normalized microarray gene expression data and clinical

information of GSE42977, GSE2549, GSE12345, GSE51024,

GSE163720, GSE163721, GSE29354, and GSE99070 were obtained

from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). Raw

microarray gene expression data and follow-up data were

downloaded from the ArrayExpress repository under accession

code E-MTAB-6877 (https://www.ebi .ac.uk/biostudies/

arrayexpress). TCGA sequencing data (including mRNA and

genomic data) and clinical data of MPM patients were collected
Frontiers in Immunology 03108
from Genomic Data Commons Data Porta l (https : / /

portal.gdc.cancer.gov/). Raw Next-Generation Sequencing (NGS)

data of GSE117358 and GSE153941 were obtained from GEO

database (https://www.ncbi.nlm.nih.gov/geo/).

Our study established one training cohort from malignant

pleural mesothelioma patients from GEO and ArrayExpress

datasets, including GSE42977, GSE2549, GSE12345, GSE51024,

GSE163720, GSE163721, GSE29354 and E-MTAB-6877 (a total of

397 MPM patients, 57.2% male, 63 patients with overall survival

data) and three validation cohorts consist of the TCGA-MESO

datasets (a total of 86 MPM patients with CNV and WES data,

82.5% male, 86 patients with overall survival data), two murine

GEO datasets (including GSE117358 and GSE153941), and one

GEO dataset(GSE99070), respectively.

The raw data were normalized by using the RMA

algorithm provided by “limma” package of R software (http://

bioconductor.org/packages/limma/). Furthermore, the batch effect

across datasets was subtracted using the “removeBatchEffect”

function implemented in the “limma” package.

The demographic information and clinical characteristics of the

training cohort are displayed in Table 1.
FIGURE 1

Flow chart of the data analysis process. The DAMPs-associated subtypes were established based on 397 TNBCs from the training cohort and
validated in the TCGA cohort. DAMPs, damage-associated molecular patterns; TCGA, The Cancer Genome Atlas.
TABLE 1 Correlation between clinical characteristics and pathological features and DAMPs associated subtypes.

Features Number of patients DAMPs associated subtypes

Inflammatory DAMPs Nuclear DAMPs

Total 397 230 167

Age P=0.193

>60 years 46 27 19

≤60 years 17 13 4

Gender P=0.719

Male 111 71 40

(Continued)
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2.2 Identification of DAMPs subgroups by
K-means analysis

32 DAMPs-related genes were collected according to previous

research (5, 17, 18). 25 DAMPs-related genes were contained in the
Frontiers in Immunology 04109
training and validation cohorts and their information is shown

in Table 2.

R package “ConsensusClusterPlus” based on the DAMPs-

related gene list expressed in cohorts were employed to conduct

unsupervised clustering. K-means clustering (the “kmeans”
TABLE 1 Continued

Features Number of patients DAMPs associated subtypes

Inflammatory DAMPs Nuclear DAMPs

Female 83 51 32

Stage P=0.982

I 2 2 0

II 7 4 3

III 25 14 11

IV 17 11 6

Histology P>0.05

Epithelial 88 51 37

Biphasic 17 10 7

Sarcomatoid 10 6 4

DMM 1 0 1

Asbestos exposure P>0.05

Exposed 44 28 16

Not exposed 13 7 6

Probably exposed 3 2 1
TABLE 2 DAMPs-associated genes.

Gene Protein Molecular
type Function (s)

TLR4 Toll-like receptor 4 PRRs (TLRs) Tumor Antigen processing and presentation

TLR2 Toll-like receptor 2 PRRs (TLRs) NLRP3 inflammasome activation

CLEC4E C-type lectin domain family 4 member E PRRs (CLRs)
Activates innate immune receptors on monocytes, macrophages, and
immature dendritic cells

CLEC7A C-type lectin domain family 7 member A(Dectin-1) PRRs (CLRs) Recognize a variety of glucans to activate innate immune response

NLRP3
NOD-like receptor thermal protein domain associated
protein 3 (cryopyrin)

PRRs (NLRs) Regulates inflammation, the immune response, and apoptosis

FPR1 Formyl peptide receptor 1 PRRs (GPCRs) Guide phagocytic leukocytes to regions of inflammation (19)

AIM2 Absent in melanoma 2 PRRs (ALRs) Initiates inflammasome assembly in response to DNA damage (20, 21)

IFIH1 Interferon induced with helicase c domain 1 PRRs (RLRs) Promotes the production of IFN-I and cytokines

DDX58 Retinoic acid-inducible gene I protein PRRs (RLRs) Trigger a transduction cascade

FPR2 Formyl peptide receptor 2 PRRs (GPCRs) Regulates monocyte chemotaxis

TLR7 Toll-like receptor 7 PRRs (TLRs) Stimulates autoreactive B cells (22, 23)

TLR3 Toll-like receptor 3 PRRs (TLRs) Promotes type I IFN secretion; initiates CXCL10 release (24–26)

(Continued)
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algorithm in R) was performed to define stable DAMPs-associated

subtypes of MPM.
2.3 Signaling pathways analyses

Differentially expressed genes (DEGs) between two groups were

defined as genes whose false discovery rate (FDR) value was < 0.05

and |Log2 (Fold Change (FC))|> 1.

Metascape database was used for Gene Ontology (GO) and

Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment

analysis (47).

Furthermore, gene set enrichment analysis (GSEA) and gene set

variation analysis (GSVA) were employed in two subtypes to exploit

the differences in mechanisms (48–50). An adjusted P-value < 0.05

was deemed as statistically significant.

The gene sets utilized for GSEA and GSVA were downloaded

from the MSigDB database.
2.4 Immune status analyses

CIBERSORT was applied to characterize immune infiltrating

cell type proportions in expression profiles using a validated

leukocyte gene signature matrix (LM22) (51).

The R package “estimate” contains the Estimation of Stromal

and Immune cells in Malignant Tumor tissues using Expression

data (ESTIMATE) program that derived the immune score (52).
Frontiers in Immunology 05110
2.5 Genomic analyses

Copy number variations (CNV) and genomic mutations were

analyzed using GISTIC2.0 in TCGA-MESO cohort (53). We depicted

the variances in gene amplification or deletion events and genomic

mutations between DAMPs-associated MPM subtypes.

The “ComplexHeatmap” package in R was implemented to

visualize the waterfall plot of CNV and genomic mutation data (54).

2.6 Statistical analyses

Statistical analyses were conducted by R (version 4.1.1, https://

www.r-project.org).

The Kaplan–Meier algorithm included in the “survival” R

package was used to perform the survival analysis.

For the comparison of the two groups, one-way analysis of variance

(ANOVA), Chi-square test, or Fisher exact test was performed.

Mantel-Haenszel test was used to analyze the rates of

occurrence of death over time.

A P<0.05 was deemed statistically significant.

3 Results

3.1 Consensus clustering identified two
DAMPs-associated subtypes

We included malignant pleural mesothelioma samples (n=397)

from GEO and ArrayExpress datasets as the training cohort. Based
TABLE 2 Continued

Gene Protein Molecular
type Function (s)

IL33 Interleukin 33 DAMPs Involves the activation of natural killer cells (27–29)

TREM1 Triggering receptor expressed on myeloid cells 1 PRRs (TREMs)
Triggers pro-inflammatory cytokine and chemokine secretion;
enhanced inflammatory responses (30–32)

BCL2 Apoptosis regulator Bcl-2 DAMPs Blocks the apoptotic death of lymphocytes (33)

CASR Extracellular calcium-sensing receptor PRRs (GPCRs) Promotes NLRP3 activation

AGER Advanced glycosylation end product-specific receptor PRRs Elevates pro-inflammatory genes expression

IL1A Interleukin-1 alpha DAMPs Cell activation, cytokine release

CALR Calreticulin DAMPs
Promotes the uptake of dying cells and type I IFN secretion by APCs
(34–36)

ROCK1 Rho-associated protein kinase 1 DAMPs
Regulates focal adhesions of fibroblasts and gathering of lymphocytes
(37)

HSP90AA1 Heat shock protein HSP 90-alpha DAMPs
Assists the proper folding of specific proteins through ATPase activity
(38, 39)

PANX1 Pannexin-1 DAMPs Mediates ‘find-me’ signal release during apoptosis (40, 41)

PPIA Peptidyl-prolyl cis-trans isomerase A DAMPs Assists to activate the tyrosine kinase Jak2 (42)

HMGN1 Non-histone chromosomal protein HMG-14 DAMPs Promotes B cell proliferation (43–45)

HSPA4 Heat shock 70 kDa protein 4 DAMPs Enable ATP binding activity (46)
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on the gene expression related to DAMPs, they were divided into

two subtypes via K-means clustering selecting 2 as the ideal and

meaningful value of K (Figures 2A–C).

Of the 397 MPM patients included in the training cohort, 167

patients were classified into the nuclear DAMPs subgroup, and 230

were clustered in the inflammatory DAMPs subgroup. The heatmap

reveals significant differences between the two subtypes in normalized

enrichment scores of genes associated with DAMPs (Figure 2D).

Cluster I is classified as the inflammatory DAMPs subtype

distinguished by increased expression of PRRs regulating activities

of inflammasome or immune cells, such as TLRs, FPR1, CLEC4E,

NLRP3, etc. Cluster II is defined as the nuclear DAMPs subtype, with

nuclear-associated DAMPs, such as HSP90AA1, HSPA4, CALR and

high-mobility group nucleosome binding protein 1 (HMGN1)

generally overexpressed, but the receptors being expressed at low

levels. According to Kaplan–Meier survival analysis revealed that

MPM patients enjoyed a better overall survival (OS) in the
Frontiers in Immunology 06111
inflammatory DAMPs subtype, whereas patients in the nuclear

DAMPs subtype had a worse prognosis (median overall survival

23.0months vs. 14.0months, P=0.021; Figure 2E).
3.2 Identification of differentially expressed
genes and enrichment of signal pathways
in different DAMPs-associated subtypes

We detected DEGs between tumor tissues belonging to two

subtypes and normal pleural tissues respectively and then

conducted GSEA analysis to investigate their putative signaling

pathways. A total of 327 DEGs were identified, among which 311

were belonged to the nuclear DAMPs subtype, and 219 were resided

in the inflammatory DAMPs subtype.

For the inflammatory DAMPs subtype, pro-inflammatory

pathways were primarily enriched. As shown by KEGG
A B

D E

C

FIGURE 2

Identification of DAMPs-associated subtypes by K-means analysis. (A–C) K=2 was identified as the optimum value for consensus clustering.
(D) DAMPs-associated subtyping of MPM patients (n = 397) from the training cohort. Heatmap displays normalized enrichment scores of the two
subtypes. (E) Kaplan-Meier curves of overall survival (OS) between the two subtypes in the training cohort.
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enrichment analysis, the DEGs were intensely enriched in the toll-

like receptor (TLR) signaling pathway. The DEGs were observed to

be enriched in immune-related signaling pathways by GO

enrichment analysis, including MHC protein binding, tumor

necrosis factor receptor (TNFR) binding, and regulation of type I

interferon-mediated signaling. GSEA similarly revealed that the

subtype of inflammatory DAMPs exhibited strong upregulation of
Frontiers in Immunology 07112
the ATM pathway, TNFR1 pathway, FGF pathway, inflammatory

response pathway, CD28-dependent PI3K-AKT signaling pathway,

and integrin-A4B1 pathway (Figure 3A).

Based on GSEA enrichment analysis, on the other hand, the

DEGs were comparatively elevated in heat shock protein (HSP)-

related signaling and immune-suppressed pathways for the nuclear

DAMPs subtype, including proteasome pathway, unfolded protein
A

B

FIGURE 3

GSEA analysis of DEGs in two subtypes. (A) GSEA analysis of canonical pathways, gene ontology, hallmark gene sets for patients in the inflammatory
DAMPs subtype. (B) GSEA analysis of canonical pathways, gene ontology, hallmark gene sets for patients in the nuclear DAMPs subtype.
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response (UPR), TGFB1 signaling, Rho GTPases activate formins

and regulation of HSF1-mediated heat shock response. The

retinoblastoma pathway, delta NP63 pathway, MYC targets,

defective intrinsic pathway for apoptosis, and retinoic acid

pathway were also enriched significantly indicating that the

nuclear DAMPs subtype proliferates fiercely (Figure 3B).

We then identified DEGs between two subtypes, and GSVA was

performed to compare the significantly differential pathway

(Figures 4A–C). GSVA analysis of cancer hallmarks, canonical

pathways, and gene ontology revealed that natural killer T cell

(NKT), DC, and T cell activation, complement, inflammatory

response, adaptive immune response, antigen binding, cytokine

receptor, IL-2 family, IL-12, IFN-g, TNF superfamily, TLR,

chemokine signaling, IL6-JAK-STAT signaling pathways were

triggered in the inflammatory DAMPs subtype. In contrast, the

DAMPs in the nuclear DAMPs subtype triggered cancer hallmark

MYC targets, NOTCH signaling, TGF-b signaling, unfolded protein
response (UPR), MTORC1 signaling, and IL-8 production.
3.3 Immune statuses of the patients in the
two molecular subtypes varied

The immune variances between the two subtypes were

investigated by immune analysis. The infiltration ratio of 22

immune cell types was analyzed in the training cohort using

CIBERSORT and compared between the two groups. As

demonstrated in Figure 5, the predominant infiltrating immune

cells in the inflammatory DAMPs subtype were memory CD4+ T

cells, while M1-like macrophages and activated DCs had a tendency

to infiltration more, whereas Treg cells increased significantly with

M2-like macrophages showed a tendency of higher infiltration in

the nuclear DAMPs subtype (Figure 5A). Moreover, ESTIMATE

indicated that patients within the inflammatory DAMPs subtype

had considerably greater stromal, immune, and ESTIMATE scores

compared to the others (Figures 5B–D). Additionally, the

expression of CD8A (P=0.0000), PD-1 (P=0.0000), PD-L1 (P=

0.0010), and CTLA4 (P=0.0000) in the inflammatory DAMPs

subtype were also notably greater than in the nuclear DAMPs

subtype (Figure 5E), implying that PD-1/PD-L1 and CTLA4 may be

the biomarkers of immune checkpoint inhibitors efficacy in MPM.
3.4 Solid validation of the immune
characteristics in the TCGA-MESO cohort

Patients of MPM were selected from the TCGA dataset as a

validation cohort and they were segregated into two DAMPs-

associated subgroups based on the processed algorithm in order

to further test whether the features we outlined in the two subtypes

of the training cohort could be generalized. By applying

CIBERSORT as above, we inferred that M2-like macrophages in

the nuclear DAMPs subtype infiltrated substantially and that

activated memory CD4+ T cells, M1-like macrophages, and

activated DCs infiltrated in the inflammatory DAMPs subtype

increased significantly (Figure 6A). These findings are comparable
Frontiers in Immunology 08113
to those of the training cohort. Additionally, patients of the

inflammatory DAMPs subtype also exhibited better immune,

stromal, and ESTIMATE scores (Figures 6C–E).

In terms of survival analysis, patients of the inflammatory

DAMPs subtype exhibited a superior OS than those in the

nuclear DAMPs subtype (median overall survival 20.7months vs.

15.1months, P=0.019; Figure 6B). Additionally, the expression of

CD8A (P=0.0024) and CTLA-4(P=0.0014) was notably higher in

the inflammatory DAMPs subtype than in the nuclear DAMPs

subtypes of TCGA cohort, while no statistical significance was

found in terms of PDCD1 (PD-1) and CD274 (PD-L1)

(Figure 6F), indicating that PD-L1 is possibly not the optimal

indicators for ICIs effectiveness in MPM.
3.5 Contrast of genomic variations in two
subgroups in the TCGA-MESO cohort

We employed waterfall plots in order to detect genomic

mutations and copy number variations between the two

subgroups in the TCGA (Figures 7A, B). Although TTN

mutations were more frequently detected in the inflammatory

DAMPs subtype with genetic alterations (21.6% vs 14.3%, P=0.73;

Figure 7C) and TP53mutations in nuclear DAMPs subtypes (21.6%

vs 28.6%, P=0.55; Figure 7C), it did not achieve statistical

significance, which may still be a hint to the significant prolonged

OS of inflammatory DAMPs subtypes.

Moreover, the ratio of patients which have a copy number

deletion in the nuclear DAMPs subtype was greater than in the

inflammatory DAMPs subtype (P<0.001; Figure 7D) while the

frequency of amplification between the two subtypes has no

significant difference (P>0.05; Figure 7E). Deletions in genes were

more frequently observed in the nuclear DAMPs subtype than in

the inflammatory DAMPs subtype significantly, among which copy

number loss in NF2 presented at the highest frequency (Figure 7F).

Deletion was observed in MTAP, FOCAD, MLLT3 and type I IFN

(e.g., IFNA1/2/4-10/13/14/16/17/21, IFNB1, IFNE, IFNK, IFNW1,

and etc.) but at lower frequencies. Deletions on other genes were

also analyzed as displayed in Figure 7F.
3.6 Prediction of immunotherapy efficacy
in two subtypes

Furthermore, we evaluated the predictive value of

immunotherapy efficacy between two subtypes. The expression of

major histocompatibility complex (MHC), and cytokines and their

receptors in two subtypes exhibited by heatmap (Figures 8A, B). It

notably demonstrated that MHC molecules, immunostimulatory

and immunoinhibitory molecules, and cytokines and their receptors

are unevenly expressed in distinct subtypes, with the higher

expressions, especially of CXCL10 and its receptor CXCR3, in the

inflammatory DAMPs subtype, both in the training cohort and the

validation cohort of TCGA. In the contrast, the expression of TGFB

and TGFBR elevated in the nuclear DAMPs subtype, consistent

with the GSEA and GSVA results.
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Then the efficacy of ICIs treatment was validated in a murine

cohort and a MPM patient cohort treated with ICIs. The

inflammatory DAMPs subtype showed a greater response rate

than the nuclear DAMPs subtype in the validation cohort of 48

MPM mice receiving PD-L1 inhibitor combined with CTLA-4
Frontiers in Immunology 09114
inhibitor (100% vs. 7.7%, P<0.001; Figure 9A). The response rate

of the two subtypes from the validation cohort of 10 MPM patients

receiving PD-1 inhibitor as a single agent suggested a similar trend

to the results of the murine cohort but failed to achieve statistical

significance (57.1% vs. 0%, P=0.2; Figure 9B), while the disease
A

B

C

FIGURE 4

GSVA analysis of DEGs in the inflammatory DAMPs and nuclear DAMPs subtype. (A) GSVA analysis of canonical pathways (BIOCARTA, KEGG, PID,
REACTOME and WIKIPATHWAYS) for patients in the inflammatory DAMPs and nuclear DAMPs subtype. (B) GSVA analysis of gene ontology (GO) for
patients in the inflammatory DAMPs and nuclear DAMPs subtype. (C) GSVA analysis of hallmark gene sets for patients in the inflammatory DAMPs
and nuclear DAMPs subtype.
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control rate of the two subtypes was deemed to be statistically

significant (85.7% vs. 0%, P=0.033; Figure 9C). These findings

indicated that the developed DAMPs-associated clustering is

capable of forecasting the efficacy of ICBs in MPM.
4 Discussion

Our study categorized MPM patients into two subgroups based

on DAMPs and PRRs. In the nuclear DAMPs subtype, nuclear-

associated HSP90AA1, HSPA4, CALR and HMGN1 were strongly
Frontiers in Immunology 10115
expressed in the nuclear DAMPs subtype, whereas PRRs

modulating activities of inflammasome or immune cells, such

as TLRs, AIM2 and NLRP3, were primarily expressed in the

inflammatory DAMPs subtype.

HMGN1(also known as alarmin), as a member of the high-

mobility group protein family, is activated in undifferentiated

cells which proliferate continuously. Extracellular HMGN1

functions as an innate danger-associated inflammatory

mediator directly inducing the generation of cytokine and DC

maturation. Upon translocation to the cytoplasm, it binds to

PRRs to initiate proinflammatory signaling. Increasing expression
A

B D

E

C

FIGURE 5

Comparison of differences between two subtypes in immune microenvironment status and immune signature expression levels. (A) The differential
estimated proportion of 22 CIBERSORT immune cell types in DAMPs-associated subtypes. The central line represents the median value. The bottom
and top of the boxes are the 25th and 75th percentiles (interquartile range). (B) Stromal score in DAMPs-associated subtypes. (C) Immune score in
DAMPs-associated subtypes. (D) ESTIMATE score difference between the two subtypes in the training cohort. (E) Expression differences in CD8A,
PD-1, PD-L1 and CTLA4 between two subtypes. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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of HMGN1 might provoke chronic inflammation contributing to

carcinogenesis and indicating a poorer prognosis (55). The

intracellular functions of CALR as a crucial regulator of Ca2+

homeostasis and the integrin-dependent signaling is probably

required for tumor progression (56) which therefore implies that

CALR expression is robustly related to prompt tumor progression

and poor prognosis (57, 58) in the nuclear DAMPs subtype. HSPs in

cells are essential in protein folding. The enriched Notch signaling

positively regulate the activity of the mTOR pathway (59), and

mTOR complex 1 (mTORC1) activates MYC-induced protein

synthesis (60). Extreme endoplasmic reticulum (ER) stress and

UPR are triggered by the uncontrolled buildup of misfolded

proteins in the ER, which induce biological effects via

upregulation of molecular chaperones such as HSP (e.g.,
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HSP90AA1 and HSPA4). Elevated expression of HSPA4 and

HSP90AA1 is related with poor clinical outcomes in cancer

patients (61).

However, DAMPs alone are insufficient to elicit an ICD, and a

corresponding receptor is required to generate biological effects. Toll-

like receptors (TLRs), an evolutionarily conserved transmembrane

protein expressed in epithelial cells and immune cells, serve as an

important receptor to identify the DAMPs. TLRs bind with ligands

such as HMGN1, CALR, HSPA4 and HSP90 to generate the affiliated

biological effects via activation of MyD88-dependent and

independent pathways. AIM2 and NLRP3 are sensors of DNA

released from necrotic cells or increased Ca2+ release that initiate

the inflammasome assembly (62, 63). Interleukin (IL)-1b and IL-18

are the inflammasome effector cytokines released as a result of
A B

D E
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C

FIGURE 6

Successful validation of DAMPs-associated subtypes in the validation cohort of TCGA. (A) The differential estimated proportion of 22 CIBERSORT
immune cell types in DAMPs-associated subtypes. The central line represents the median value. The bottom and top of the boxes are the 25th and
75th percentiles (interquartile range). (B) Kaplan-Meier curves of overall survival (OS) between the two subtypes in the validation cohort of TCGA.
(C) Stromal score in DAMPs-associated subtypes. (D) Immune score in DAMPs-associated subtypes. (E) ESTIMATE score difference between the two
subtypes in the validation cohort of TCGA. (F) Expression differences in CD8A, PD-1, PD-L1 and CTLA4 between two subtypes. *P < 0.05; **P < 0.01;
***P < 0.001; ns, not significant.
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signaling pathways that are regulated by inflammasomes. These

cytokines assure an optimum inflammatory immune response

against cancer cells (64). Therefore, MPM belonging to nuclear

DAMPs subtype with higher expression of nuclear-associated

DAMPs genes and lower corresponding PRRs expression are more

likely to exhibit more aggressive biological behaviors. Nuclear-

associated DAMPs are needed to regulate the progression of

nuclear DAMPs subtype of MPM, which in consequence leads to
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poor outcomes. Under the circumstances of PRRs deficiency, the

downstream signaling pathway cannot be activated, even with the

presence or overexpression of DAMPs, causing effector cells

suppressed and adapted immunity muted, which probably accounts

for the suppressed immune microenvironment of the nuclear

DAMPs subtype and primary resistance to immunotherapy,

consistent with the predicted results of our survival analysis and

exploration of immune status and ICIs efficacy.
A
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FIGURE 7

Comparison of genomic alterations of DAMPs-associated subtypes in the validation cohort of TCGA. (A) Differential somatic mutation analysis
between the two subgroups. (B) Differential CNV analysis between the two subgroups. (C) Somatic mutation percentage of mostly mutated genes.
(D) Arm-level copy number deletion in DAMPs-associated subtypes. (E) Arm-level copy number amplification in DAMPs-associated subtypes.
(F) Comparison of Genes with copy number deletion in DAMPs-associated subtypes. *P < 0.05; **P < 0.01; ***P<0.001; ns, not significant.
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A

B

FIGURE 8

(A) Expression of MHC, chemokines and receptors, and immunomodulatory molecules for DAMPs-associated subtypes in the training cohort.
(B) Expression of MHC, chemokines and receptors, and immunomodulatory molecules for DAMPs-associated subtypes in the TCGA cohort.
A

B

C

FIGURE 9

DAMPs-associated clusters can predict immunotherapy outcome. (A) Proportion of Responder and Non-responder to ICIs in mice. (B) Proportion of
Responder and Non−responder to ICIs in MPM patients. (C) Proportion of Disease Control (CR+PR+SD) and Disease Progression (PD) to ICIs in
MPM patients.
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The underlying biological pathways were then explored

with functional analyses. Based on the DEGs, GSEA and

GSVA identified inflammatory DAMPs subtype considerably

enriched in the pro-inflammatory pathways that enhance adaptive

immune responses. Apart from the toll-like receptor signaling

pathway in line with higher expression of TLRs, TNFR binding

and regulation of type I interferon-mediated signaling generates the

antiproliferative effects of type I IFNs and TNFs (65) via activating

the proinflammatory NF-kb pathway (66). Cytokine/chemokines

pathways (such as IL-2 family, IL-12, IFN-g, TNF superfamily,

chemokine signaling, and IL6-JAK-STAT signaling) and effector

immune cell pathways (such as NKT, DC, and T cell activation)

were also significantly overexpressed. Upregulated IFN-g signaling
amplifies the antitumor response by mediating induced effects of

IL-12 (67) and produces chemokines that attract immune effector

cells, effectively changing the TME (68). The release of IFN-g also
leads to increasing antigen presentation of cancer and noncancer

cells. Inflammatory chemokines induce recruitment of monocytes

and help to support and regulate activated T cells (69). IL-2 mainly

produced by CD4+ T cells activates effector T cells and innate

lymphoid cells (ILCs) (70). The cytokines aforementioned regulate

pro-inflammatory immunity by linking intrinsic and adaptive

immune responses. Furthermore, ATM pathway, integrin A4B1

pathway and FGF pathway are enriched in this subtype. ATM

(Ataxia-telangiectasia mutated proteins) is a key regulator of the

DNA damage response (DDR) and contributes to cell cycle

checkpoint maintenance, DNA damage repair and telomere

maintenance in DNA double-strand breaks (DSB). The ATM

pathway also regulates the suppression of anti-tumor immune

cancer-associated fibroblasts (CAFs) differentiation (71).

Advanced desmoplasia and stromal changes caused by CAFs have

been identified as substantial factors in the progression of MPM

(72). Accordingly, inhibition of ATM has the potential to overcome

immune resistance in combination with ICIs in a minor subset of

MPM patients of inflammatory DAMPs subtype. Fibroblast growth

factors (FGFs) and integrin-a4b1 pathways are involved in

oncogenic behaviors such as metastasis, angiogenesis, and

activation of CAFs (73–75). Thereby, inhibitors targeting FGFs or

integrin A4B1, or administrating anti-angiogenic agents may

introduce promising directions for the management of this

subtype. For the nuclear DAMPs subtype, GSEA revealed that

expression of cancer hallmarks of MYC targets, NOTCH

signaling, TGF-b signaling, unfolded protein response (UPR),

MTORC1 signaling, and IL-8 production was higher in the

nuclear DAMPs subtype. MM cells are dependent on Notch

signaling, leading to activation of the phosphatidylinositol 3-

kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR)

signaling pathway (76). NOTCH signaling facilitates immune

escape by up-regulating PD-L1 and is associated with the

expansion of exhausted CD8+ T cells (76). Expression profiles of

malignant mesotheliomas revealed that 46% displayed altered

expression of RPTOR (mTORC1 component) that activates the

mechanistic target of rapamycin complex 1 (mTORC1) to enhance

MM cell growth (77) suggesting the worse outcome of nuclear

DAMPs subtype. On the other hand, studies have demonstrated the
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potential role of IL-8 as a driver of resistance to ICIs and that IL-8

has an essential role in reinforcing the immunosuppressive

microenvironment and triggering EMT by determining the types

and quantity of myeloid cells infiltrating tumors (78, 79). TGF-b is

correlated with suppressing T cell proliferation and activation,

impairing DC and NK cell function, encouraging Treg cell

differentiation, and boosting CAF activities, ultimately gives rise

to resistance to the immunotherapy (80) in the nuclear DAMPs

subtype. Thus, targeting the aforementioned pathways is a plausible

way to modify the suppressive immune microenvironment and

provides new therapeutic options for this subtype.

The components in the tumor immune microenvironment

(TiME) provide clues to predict MPM patient outcomes and ICIs

responses (81). Activated memory CD4+ T cells, M1-like

macrophages, and activated DCs were more prevalent in the

inflammatory DAMPs subtype according to the CIBERSORT,

while the ESTIMATE revealed that a significantly higher immune

score, which have positive relations with better outcomes and more

benefits from ICIs. Comparatively, M2-like macrophages of the

nuclear DAMPs subtype were massively recruited, which have

recently been discovered to participate in promoting resistance to

ICIs therapy and predicting a poor outcome (82, 83). Furthermore,

the improved OS and response rate to ICIs in the inflammatory

DAMPs subtype may be associated with the dramatically elevated

expression of CD8A and PD-1. These findings support the previous

report that MPM patients with increased expression of CD8A and

PD-1 enjoy a favorable prognosis and potentially benefit from ICIs

in preceding clinical trials (84) (85). The expression of MHC class I

and class II protein, particularly human leukocyte antigen class I

(HLA-I) alleles, and proinflammatory chemokines and

immunomodulators, especially CXCL10 and CXCR3, is more

robust in the inflammatory DAMPs subtypes than the other.

MHC expression on tumor cells from treatment-naive patients

positively correlates with the clinical outcome and response to

anti-CTLA-4, anti-PD-1, or their combination by recognizing

tumor-specific antigens (86). In respect of CXCL10 and CXCR3

as downstream adjuvant effectors of type I IFNs, their signaling

boosts the efficacy of immunotherapy by increasing immune

infiltration of cytotoxic lymphocytes (CTLs), natural killer cells

(NKs) and DCs (87). Therefore, upregulated CXCL10 and CXCR3

are positively linked with the efficacy of immunotherapy (88, 89).

The above results laid further foundations for our reasonably

predicting the better prognosis and response rate of ICIs

treatment in the inflammatory DAMPs subtype than the other.

In the TCGA cohort, mutations of TTN were found more

frequently in the inflammatory DAMPs subtypes and mutations

of TP53 in the nuclear DAMPs subtypes were clinical outcome and

efficacy on the trend. Previous studies showed that patients with

mutated TTN are associated with longer progression-free survival

or overall survival (90). TTN expression was favorably associated

with the infiltration levels of effector T cells owning an

inflammatory TiME and TMB in numerous tumor types, and

therefore is linked with susceptibility to immune checkpoint

inhibitors (91–93). We can infer that TTN may have a connection

with clinical outcomes and efficacy of immunotherapy as our model
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projected (94). As for TP53 mutation implying a more malignant

nature, the nuclear DAMPs subtype is indicated to require more

intense management (95).

Copy number deletion in MPM is a characteristic genetic

alteration that may result from altered methylation caused by

external factors such as asbestos. Copy number deletions of

cancer suppressor genes (including CDKN2A/B, FOCAD, NF2,

etc.) are always accompanied by adjacent functional genes

(including MTAP, MLLT3, etc.) deletion that synergistically

contributes to oncogenesis. Studies have shown that copy

number deletion is associated with loss of tumor neoantigens and

reduced gene expression of immune-related pathways (96), which

predicts dismal immune efficacy in this subtype as our subtyping

model does (97). Copy number loss of Cyclin-dependent kinase

(CDK) inhibitor 2A (CDKN2A) occurs at a significantly higher

frequency in the nuclear DAMPs subtype. CDKN2A copy number

loss suggests dismal outcomes and predicts immunotherapy

resistance (98). CDKN2A encodes p16INK4a which regulates cell-

cycle by inhibition of CDK4/6. Emerging clinical data demonstrates

selective CDK4/6 inhibitors widely used in clinical practice

contribute to PD-L1 up-regulation and immune surveillance

enhancement. Hence the combination of ICIs and CDK4/6

inhibitors is a worthwhile strategy for improving outcomes in the

immunotherapy-tolerant nuclear DAMPs subtype of MPM. Fifty-

seven percent of patients with CDKN2A copy number loss had

methylthioadenosine phosphorylase (MTAP) co-deletion in the

TCGA validation cohort, since both genes reside in the same

cluster of the 9p21 region (99). Co-deletion occurs more

frequently indicating poorer prognosis in nuclear DAMPs subtype

than the other (72% vs 48%, P=0.032). Studies show that

methionine adenosyltransferase 2A (MAT2A) inhibitors induce

synthetic lethality of MTAP-deleted cancer, especially in

combination with taxanes and gemcitabine (100), which

demonstrate a potential to treat MPM of the nuclear DAMPs

subtype. Accordingly, distinctive copy number deletion also offers

novel approaches to the management of the immune-resistant

subtype of MPM.

The antigenic i ty and adjuvantic i ty determine the

immunogenicity of cell death. Despite MPM is characterized by

genetic alterations in tumor suppressor genes (101, 102) suggesting

a lack of tumor-associated antigens (TAAs) and a low level of tumor

mutation burden (TMB) (103), studies showed that the lowest

antigenicity associated with tumorigenesis might be minor but is

sufficient to support immunogenicity (12). In this regard, the

adjuvanticity of DAMPs and their PRRs in immunogenic cell

death may constitute a promising target for activating the

immune response, since it is in a superior position to preserve

homeostasis of immune microenvironment. Counteracting the

inhibition of DAMPs and PRRs (e.g., TLRs stimulators) may

suppress tumor growth as well as balance the production of

cytokines within the TiME, and further, suppress the

immunosuppressive cells while activating the immunostimulatory

or effector cells (12), and thus the efficacy of immunotherapy can be
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enhanced by intervening with the immunomodulatory effects of

DAMPs and its downstream signaling. According to the

perspectives above, pathways and genomic alterations more

peculiar in the nuclear DAMPs subtype of MPM which is

primarily resistant to ICIs can be manipulated to modulate the

immune status to some extent.

However, there are drawbacks to our study. Firstly, a few genes

in the established gene list were excluded due to limitations of

expression sequencing by microarray, yet the modified gene set was

representative of the concerned genes in the process of ICD.

Secondly, there is insufficient sequencing data on patients treated

with ICIs since mesothelioma is a rare tumor. Models constructed

of mice of the same strain (BALB/c) with identical genetic

backgrounds inoculated subcutaneously with the same cell lines

(AB1-HA cells) and then treated with anti-CTLA-4 and anti-PD-L1

were selected for additional validation. Moreover, the ORR of PD-1

inhibitors applied to MPM patients of two separate subtypes in the

validation cohort did not reach statistical significance, although

there was a trend that implied patients belonging to the

inflammatory subtype benefit more from ICIs and the DCR,

probably on account of small sample size or limited efficacy of

ICIs as a single agent in MPM. Additional research is expected to

confirm the validity and clinical practicability in larger cohorts or

elaborately designed clinical trials.
5 Conclusion

In conclusion, we identified two molecular subtypes via K-

means analysis based on the expression of ICD-associated DAMPs

and their corresponding receptors in MPM. Characteristic signaling

pathways and different immune statuses in these two subtypes

result in disparate prognoses and efficacy of immune

checkpoint inhibitors.

Our research offers a novel method to predict the prognoses and

identify the MPM patients with a potential to benefit from ICIs and

provides a new perspective to enhance the efficacy of

immunotherapy for MPM patients with primary resistance to

ICIs. Our work has made a step forward in the process of

development of precision therapy in MPM.
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Important functional role of the
protein osteopontin in the
progression of malignant
pleural mesothelioma

Elisabeth Digifico1, Marco Erreni2, Laura Mannarino3,4,
Sergio Marchini3, Aldo Ummarino1,4, Clément Anfray1,
Luca Bertola5, Camilla Recordati5, Daniela Pistillo6,
Massimo Roncalli 7, Paola Bossi7, Paolo Andrea Zucali4,8,
Maurizio D’Incalci3,4, Cristina Belgiovine1*† and Paola Allavena1,4*

1Department Immunology, IRCCS Humanitas Research Hospital, Milan, Italy, 2Unit of Advanced
Optical Microscopy, IRCCS Humanitas Research Hospital, Milano, Italy, 3Lab. Cancer Pharmacology,
IRCCS Humanitas Research Hospital, Milano, Italy, 4Department Biomedical Sciences, Humanitas
University, Milano, Italy, 5Mouse and Animal Pathology Lab., Fondazione Unimi, and Department of
Veterinary Medicine and Animal Sciences, University of Milano, Lodi, Italy, 6Biobank, Humanitas IRCCS
Humanitas Research Hospital, Milano, Italy, 7Department Pathology, IRCCS Humanitas Research
Hospital, Milan, Italy, 8Department Oncology, IRCCS Humanitas Research Hospital, Milano, Italy
Background: Malignant Pleural Mesothelioma (MPM) is an aggressive cancer of

the mesothelial lining associated with exposure to airborne non-degradable

asbestos fibers. Its poor response to currently available treatments prompted us

to explore the biological mechanisms involved in its progression. MPM is

characterized by chronic non-resolving inflammation; in this study we

investigated which inflammatory mediators are mostly expressed in biological

tumor samples from MPM patients, with a focus on inflammatory cytokines,

chemokines and matrix components.

Methods: Expression and quantification of Osteopontin (OPN) was detected in

tumor and plasma samples of MPM patients by mRNA, immunohistochemistry

and ELISA. The functional role of OPN was investigated in mouse MPM cell lines

in vivo using an orthotopic syngeneic mouse model.

Results: In patients with MPM, the protein OPN was significantly more expressed

in tumors than in normal pleural tissues and predominantly produced by

mesothelioma cells; plasma levels were elevated in patients and associated

with poor prognosis. However, modulation of OPN levels was not significantly

different in a series of 18 MPM patients receiving immunotherapy with

durvalumab alone or with pembrolizumab in combination with chemotherapy,

some of whom achieved a partial clinical response. Two established murine

mesothelioma cell lines: AB1 and AB22 of sarcomatoid and epithelioid histology,

respectively, spontaneously produced high levels of OPN. Silencing of the OPN

gene (Spp1) dramatically inhibited tumor growth in vivo in an orthotopic model,

indicating that OPN has an important promoting role in the proliferation of MPM

cells. Treatment of mice with anti-CD44 mAb, blocking a major OPN receptor,

significantly reduced tumor growth in vivo.
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Conclusion: These results demonstrate that OPN is an endogenous growth

factor for mesothelial cells and inhibition of its signalingmay be helpful to restrain

tumor progression in vivo. These findings have translational potential to improve

the therapeutic response of human MPM.
KEYWORDS

osteopontin (OPN), MPM (malignant pleural mesothelioma), immune system and
cancer, immunotherapy, novel therapeutic approach
Introduction

Malignant Pleural Mesothelioma (MPM) is an aggressive cancer

of the mesothelial lining that covers the lungs. It is characterized by

a non-resolving, long-lasting inflammation, driven by the presence

of non-degradable asbestos fibers inhaled from the environment.

Although asbestos production has been discontinued in several

western countries in the ‘90s, MPM incidence is still rising, as the

latency period for its development is very long (up to 20-40 years)

and the peak is estimated around 2025-2030 (1–3). MPM is usually

identified at advanced stages because there are no useful biomarkers

for an early diagnosis, and radiological diagnostic tools are not

effective for its early detection. This cancer has a very poor

prognosis with a median survival time from presentation of

approximately 9–12 months (2–4). MPM has been classified into

three different histotypes: the most common type is the epithelioid

(70%), the sarcomatoid (∼20%) has the worst prognosis, and an

intermediate third histotype, the biphasic, is characterized by a

combination of cells with both epithelioid and sarcomatoid

morphology (2, 3).

Chronic inflammation triggered by the non-degradable asbestos

fibers has been established as the first pathogenic step in the long

chain of events that drives the development of MPM. Over several

years, chronic inflammation causes DNA damage and

accumulation of DNA mutations. Genetic abnormalities have

been extensively studied in MPM; a wide range of different

mutations was found in several genes, most prominently in the

BRCA1-associated protein–1 (BAP1) gene, and in other genes:

CDKN2A, Wnt, p16, TP53, SMACB1, NF2, PI3K (5–11).

Recently, point mutations or overexpression of KRAS have been

reported in a proportion of human MPM (12).

Malignant mesothelioma is a tumor dramatically resistant to

chemotherapy. Despite the introduction of modern therapeutic

interventions, only modest changes in survival have been

observed over time (2–4, 13–16). Immunotherapy based on

checkpoint blockade (ICB) is currently under investigation in

clinical trials with - so far - disappointing results (17). Recently,

clinical studies using a combination of nivolumab plus ipilimumab

have reported a significant extension of patient survival, restricted

to the sarcomatoid histotype (18). Another treatment modality that

gained credit is the use of alternating electric fields, a noninvasive

therapeutic approach that can complement chemotherapy in

mesothelioma patients. A combination of cisplatin-based
02125
therapies with Tumor-Treating Fields (TTF) has shown in vitro

anti-tumor activity (19) and clinical activity in a phase 2 study (20).

Despite these encouraging successes, it is clear that more effective

treatments are urgently needed to assist these patients, and for this

we need to increase our knowledge on the biology of MPM,

especially on the molecular pathways that govern its continuous

proliferation and resistance to treatments.

Our group has a long-lasting interest in the mechanisms of the

inflammatory cascade that actively support neoplastic

transformation (tumor-promoting inflammation), a condition

paradigmatically represented in malignant mesothelioma (21–25).

In this study, we performed a transcriptomic analysis of genes of the

inflammatory response in human mesothelioma tumor samples to

identify which molecular pathways are mostly upregulated. Our

attention was caught by the high expression of the Spp1 gene,

coding for the protein osteopontin (OPN). OPN is a highly

phosphorylated matricellular protein produced by several cell

types: macrophages, stromal and epithelial cells. OPN can interact

with integrins and with the CD44 receptor and regulates several cell

functional pathways, including cell motility, immune responses, cell

proliferation and apoptosis (26–28). Furthermore, OPN is

abundantly present in inflamed tissues favoring immune cell

accumulation, retention of macrophages and activation of cell

survival, thus exacerbating the chronic inflammatory response

(29, 30). The expression of OPN in MPM is well known: several

studies have investigated this protein as a potential diagnostic or

prognostic biomarker (31–39); its functional role in malignant

mesothelioma, however, has not been elucidated.

In this study, we have done a comprehensive analysis of the

expression of OPN in human MPM patients, including patients

undergoing checkpoint blockade immunotherapy, and in vivo

studies using a murine orthotopic model of mesothelioma. Our

findings demonstrate that OPN has an important functional role

and promotes the progression of malignant mesothelioma.
Materials and methods

Mesothelioma patients

Tumor and plasma samples were obtained from patients with

pathologically confirmed malignant mesothelioma admitted at the

IRCCS Humanitas Clinical and Research Center (Rozzano, Milano-
frontiersin.org
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Italy). Samples were collected upon the signing of an informed consent

and immediately frozen and stored in the Institutional Biobank. Plasma

samples were obtained also from 18 MPM patients with epithelial

histology treated with checkpoint blockade immunotherapy: 10

patients with durvalumab as single agent in second-line setting, 8

patients with pembrolizumab combined with carboplatin and

pemetrexed in first-line setting. Plasma samples were collected also

from 61 MPM patients enrolled in the ATREUS study (ClinicalTrials.

gov, NCT02194231), a phase II, single arm, multicenter study aimed to

explore the activity of trabectedin in second-line setting (40). Plasma

samples were collected before start of therapy. All studies were

conducted after approval by the Ethic Committee. Written informed

consent was obtained from each patient before entering the study.

Recommendations of the Declaration of Helsinki were followed.

The human mesothelioma cell lines CD288 and CD484 were

derived from tumor samples of patients with diagnosed epithelioid

MPM implanted in athymic nude mice, then established in vitro, as

described (41).
Murine mesothelioma cell lines

The murine mesothelioma cell lines AB1 (sarcomatoid

histology) and AB22 (epithelioid histology), were generated in

BALB/c mice upon intraperitoneal injection of crocidolite

asbestos fibers and deposited in the Australian cell bank (42).

Luciferase‐expressing AB1 and AB22 cells were kindly provided

by Dr. M. Bianchi, San Raffaele Scientific Institute, Milan, Italy (43).

Cell lines were cultured in RPMI 1640 (Lonza) supplemented with

10% FBS (Sigma), 2mM L-glutamine, 100 U/mL penicillin and 100

mg/mL streptomycin (Life Technologies Inc.) at 37°C and 5% CO2.

To silence the Spp1 gene coding for osteopontin, AB1 and AB22

cells were stably transduced with the lentiviral vector MISSION

shRNA (SHCLNG, 10041725MN, SIGMA). Viral particles were

generated in HEK293T cells transfected with Lipofectamine2000

(ThermoFisher Scientific) according to manufacturer’s instruction.

Selection of transduced cells was performed using Puromycin (2 ug/

ml for three days after each defrosting). A non-targeting shRNA

(scrambled) was used to transduce the control cell lines. All cell

types were routinely checked for Mycoplasma contamination.
In vitro colony assay

Proliferation of mesothelioma cell lines in the presence of anti-

CD44 mAb or isotype control (BioXcell, BE0039, 5mg/ml) was

quantified by staining with Crystal violet after 1 week; colonies were

dissolved in pure DMSO and optical density measured by

spectrophotomer at 590 nm.
In vivo experiments in mice

Mice were used in compliance with national (D.L. N. 26, G.U.

March 4, 2014) and international law and policies (EEC Council

Directive 2010/63/EU, OJ L 276/33, 22-09-2010; National Institutes
Frontiers in Immunology 03126
of Health Guide for the Care and Use of Laboratory Animals,

(authorization N° 296/2020-PR), and US National Research Council,

2011). BALB/c mice 8 weeks-old were purchased from Charles River.

The procedures for the syngeneic orthotopic mouse model have been

previously described (44). AB1 and AB22 MPM cells were injected

intra-thoracically. Mice were anesthetized with ketamine/xylazine and

positioned on left lateral decubitus. The thoracic area was shaved and

sterilized with 70% ethanol. An 8-10 mm skin incision was performed

on the right thorax (close to the axillary cavity) and 5x104 cells

resuspended in 50 ul saline solution were injected between the third

and the fourth costal space, with the needle perpendicularly oriented on

the rib cage (29-gauge needle of a 500 ul syringe U100, BD Becton,

Dickinson). In order to standardize the injection and avoid lung

perforation, the needle was overmounted by a 200ul tip, properly cut

to expose the needle of 3 mm only. After cell injection, mice were

sutured and kept under a heating lamp to recover from the anesthesia.

Tumor growth quantification was performed by in vivo imaging over

time. Mice were i.p. injected with D-Luciferin (XenoLight D-Luciferin-

K+ Salt, PerkinElmer; 150 mg Luciferin/kg body weight). Ten minutes

after D-Luciferin injection, the bioluminescent signal was acquired

using the IVIS Lumina III system (Perkin Elmer). During the

acquisition procedure, mice were anesthetized with Isoflurane (XGI-8

Gas anesthesia system, Perkin Elmer). Data were analyzed with Living

image 4.3.1 by designing a ROI on the thoracic area of each mouse. To

block the CD44 receptor, mice were treated intra-peritoneally with

anti-CD44 mAb (BioXcell, BE0039,10 mg/kg), or an irrelevant

antibody at days 7, 12, 16, 19 post tumor injection, or otherwise

specified in the figure legends.
ELISA quantification of OPN

To quantify the production of human/murine OPN, cell

supernatants or plasma samples were tested with commercial

ELISA kits (R&D Systems), according to the manufacturer’s

instructions. Data were analyzed with SoftMax Pro 5.3 software.
Histopathology

Lungs and intra-thoracic masses of mice were fixed in 10%

buffered formalin, routinely processed for histopathology, cut at 4

mm thickness, and stained with hematoxylin and eosin. Digital slides

were obtained from haematoxylin and eosin-stained sections using the

NanoZoomer S60 Digital slide scanner (Hamamatsu, C13210-01) and

visualized by NDP.view2 Viewing software (Hamamatsu, U12388-01).

For each case, pulmonary nodules were counted and subsequently

manually outlined obtaining the area expressed in mm2.
Immunohistochemistry

4-mm sections of paraffin-embedded human tissues were

stained with primary antibodies anti-OPN (MAB14334, R&D

System) or anti-CD206 (AF2534,R&D System). For murine

tissues, 4-mm sections of paraffin-embedded lungs were stained as
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previously described (43). The primary antibodies used were anti-

Iba1 (019-19741, Wako Chemicals), anti-CD206 (ab64693,

Abcam), anti-CD3e (Sc-1127, Santa Cruz Biotechnology), anti-

CD4 (4SM95; 14-9766-82, eBioscience), anti-CD8 (4SM15; 14-

0808-82, eBioscience), anti OPN (MAB808, R&D System). Digital

slides were obtained from immunostained sections by using the

NanoZoomer S60 Digital slide scanner (Hamamatsu, C13210-01)

and visualized by NDP.view2 Viewing software (Hamamatsu,

U12388-01). For each case, 1 20X hot spot field was taken from

the biggest 10 masses for every evaluated marker. Images were then

processed in ImageJ software (http://rsb.info.nih.gov/ij/) to

calculate the positive area/total area ratio expressed in percentage.
Real-time RT-PCR

PureZOL RNA isolation reagent (BIORAD) was used to extract

total RNA from tumor samples; cDNA was then synthesized from

2ug of total RNA with GeneAmp RNA PCR kit (applied

Biosystems). Real-Time PCR was run using SYBR Green dye and

7900HT fast Real Time PCR system (Applied Biosystems). Primer

Express Software (Applied Biosystems) was used to design the

sequence of primer pairs specific for each gene (SIGMA). mRNA

was normalized to GAPDH mRNA by subtracting the cycle

threshold (Ct) value of GAPDH mRNA from the Ct value of the

gene (DCt). DCt was then multiplied for an arbitrary unit (100 000).

The sequences of primers are as follows:
Fron
hOPN Forward: 5’ AGTTTCGCAGACCTGACATCCAGT 3’

hOPN Reverse: 5’ TTCATAACTGTCCTTCCCACGGCT 3’

mOPN Forward: 5’ AGCCACAAGTTTCACAGCCACAAGG

3’

mOPN Reverse: 5’ TGAGAAATGAGCAGTTAGTATTC

CTGC 3’
TaqMan low density array

Four mesothelioma surgical samples and their corresponding

normal tissues were used for low‐density array (LDA) analysis as

previously described (44). The relative amount of each target gene

mRNA to the mean of the five housekeeping genes (HPRT, 18S,

GAPDH, B2M, and ACTB) was calculated as 2–DCt, where DCt = Ct

– Ctmean of housekeeping genes. The fold‐change of each target gene

mRNA to the corresponding normal tissue was calculated as 2–DDCt,

where DDCt = DCttarget gene in tumor tissue – DCttarget gene in normal tissue.

The threshold cycle Ct was automatically given by the SDS2.2

software package (Applied Biosystems) (45).
RNA seq analysis

Raw data were demultiplexed with bcl2fastq Conversion

Software (Illumina). FastQC (46) was used for data quality check.
tiers in Immunology 04127
Data analysis bcbio-nextgen (47) pipeline which was configured

with hisat2 (48) as aligner using the Mus musculus mm10

transcriptome and salmon (49) for gene counts assessment.

DESeq2 (50) package was used for data post-processing and

differential expression analysis. Counts were filtered retained only

genes with at least 10 reads. shOPN cells were compared to control

cells (CTR) to assess differentially expressed genes (DEGs) (p-adjust

less than 0.05, multiple testing correction with False Discovery

Rate). Enrichment analysis was used to associated genes with

pathways using the enrichPathway function of clusterProfiler (51)

R package using the Reactome database (52) mouse was set as

organism, p-value cut-off was set to 0.05 and normalized gene

counts were used as universe). Pheatmap (53) R package was used

for DEGs visualization, clustering was done with the Ward method.

Pathway barplot was done with the seaborn (54) package.
Statistical analysis

Prism software (v8.0; GraphPad Software, San Diego, CA) was

used to conduct appropriate statistical procedures, as specified in

figure legends. Outliers were removed using the ROUTmethod. A p

value < 0.05 was considered significant unless noted otherwise.

Overall survival time was calculated from the date of surgery to the

date of death or last contact. Statistical analyses of the results were

performed using Unpaired t test with Welch’s correction.
Results

Osteopontin expression and plasma levels
in malignant mesothelioma patients

To study the inflammatory environment of malignant pleural

mesothelioma tissues, we performed a gene expression analysis using

a TaqMan Low Density Array containing 91 genes related to the

inflammatory response (45). RNA was extracted from 4 surgically

resected tumor samples and from the adjacent un-diseased tissues.

Several genes coding for cytokines/chemokines known to activate

inflammatory cells (i.e., CCL2, CCL3, CCL7, CCL11, CCL20, CCL26,

CXCL8 and CXCL1) were upregulated in MPM tissues, as well as the

vascular growth factor VEGFa, PTGS2 coding for COX-2 and Spp1

coding for osteopontin (OPN) (Supplementary Figure 1). Spp1 results

were confirmed in real-time PCR analysis performed on 15 MPM

samples; mRNA levels were significantly higher in tumor tissues

compared to un-diseased tissues (Figure 1A). OPN is a secreted

matrix-related protein with multiple functions in healthy and

pathological conditions (29). ELISA quantification in plasma was

performed in MPM patients (n=99). OPN levels were significantly

higher compared with healthy donors (n=101) (Figure 1B). In a series

of 61 patients enrolled in a multicenter phase II study (ATREUS,

ClinicalTrials.gov, NCT02194231) receiving the drug trabectedin as

monotherapy (40), high plasma levels of OPN at baseline were

significantly associated with worse overall survival (Figure 1C). To

further characterize the expression of OPN in human MPM, we

analyzed its immunoreactivity in 28 surgical human MPM tissues.
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Immunostaining for OPN was distinctly localized in the cytoplasm of

tumor cells in 75% of the cases, while in other cases a diffuse staining

was observed, in line with the secreted soluble form of this protein

(Figures 1D–F). As macrophages are known producers of OPN, anti-

CD206 immunostaining was also investigated; as expected,

macrophage staining was selectively localized in the stroma and in

some samples cytoplasmic staining for OPN was also detected in the

stroma (Figures 1D–F). Next, we quantified the plasma levels of OPN

in a series of 18 MPM patients receiving immunotherapy with

Durvalumab alone or with Pembrolizumab in combination with

chemotherapy. Baseline levels before treatment in patients with

progressive disease (PD) did not differ from those of patients

achieving a stable disease (SD) or a transient partial response (PR)

(Figure 1G).Modulation of OPN levels after 4-6months of therapy was

similarly heterogeneous among patients; although the low numerosity

does not allow to draw conclusions on this point, we noted that while 5/
Frontiers in Immunology 05128
12 patients (PD+SD) showed increased levels compared to baseline

values, none of the responding patients had increase of OPN levels at

revaluation (Figure 1H).

Collectively, these results confirm the higher expression of OPN

in tumor tissues and circulating blood of MPM patients compared

to healthy donors and indicate that high OPN may be associated

with unfavorable prognosis; however, OPN monitoring during ICB

immunotherapy has not been useful to identify patients responding

to treatment.
Role of OPN in murine mesothelioma
cell proliferation

To test the functional activity of OPN we used two murine

mesothelioma cell lines: AB1 cells and AB22 cells with sarcomatoid
B C

D

E
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A

FIGURE 1

Osteopontin is overexpressed in human MPM patients. (A) Real Time PCR for the Spp1 gene (osteopontin, OPN) in surgical human MPM samples.
Comparison between tumor and undiseased adjacent tissues. Data are shown as mean ± SEM (Unpaired t test with Welch’s correction). (B) ELISA
quantification of hOPN on plasma samples from 99 MPM patients and 101 healthy subjects. (ROUT, identify outlier and Unpaired t test with Welch’s
correction). (C) Kaplan-Meier curves of overall survival according to OPN levels categorized based on CART analysis cut-off (n=61 MPM patients).
(D–F) Representative images of immunohistochemistry in MPM tumor tissues stained for OPN or CD206 (40x, insert 100x) and semi-quantitative
analysis in 28 cases (0=negative, 1 = 1-25% positivity, 2 = 26-50% positivity, 3= >50% positivity). Data are shown as mean ± SEM. (Unpaired t test
with Welch’s correction). (G, H) ELISA quantification of hOPN on plasma samples from 18 MPM patients treated with immunotherapy. Blood was
collected at baseline and after revalutation at 4-6 months. Patients with progressive disease (PD): 6 patients; stable disease (SD): 6 patients; partial
response (PR): 6 patients.
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and epithelioid histology, respectively. Both cell lines spontaneously

produced OPN, quantified by ELISA in cell supernatants. AB1 cells

were high producers of OPN and secreted up to 1900 ng/ml

(Figure 2A), while AB22 cells produced 220 ng/ml (Figure 2B).

Using the lentivirus vector (MISSION shRNA) both AB1 and AB22

cell lines were successfully silenced for the Spp1 gene: 84% and 81%,

respectively, (Figures 2A, B), though silencing was not complete in

the AB1 cell line producing very high levels of OPN. The in vitro

characterization of the engineered cells revealed that OPN silencing

had no effect on the proliferation of AB1 cells, as AB1shOPN cells

did not modify their growth behavior (Figure 2C). On the other

hand, gene silencing dramatically reduced the proliferation ability

in AB22 shOPN cells, compared with the scrambled-transduced cell

line (AB22 sh-scrambled) (Figure 2D). In a colony assay, AB22

shOPN cells formed 47% less colonies than AB22 sh-scrambled cells

(Figure 2E). To investigate if the addition of OPN restored their

proliferation, silenced cells were treated with 30% conditioned

medium from AB22 sh-scrambled cells: after 1 week, AB22

shOPN cells showed 1, 6 fold more colonies (Figure 2E).

To further confirm the involvement of OPN, we investigated the

effect of blocking its major receptor CD44. Expression of CD44 by

cancer cells was first checked by immunohistochemistry. Murine

mesothelioma AB1 and AB22 cells stained strongly positive for
Frontiers in Immunology 06129
CD44 Supplementary Figure 2A, in line with its ubiquitous nature

(55). Likewise, two representative samples of human pleural

mesothelioma expressed CD44 as shown in Supplementary

Figure 2B. To block the receptor, AB22 cells were treated every

other day with a blocking anti-CD44 mAb (5 mg/ml). Anti-CD44-

treated cells had a significantly lower proliferation rate (Figure 2F);

similar results were obtained also using AB22 shOPN cells that were

exposed to the conditioned medium containing OPN (Figure 2F).

Overall, these results indicate that OPN is an essential endogenous

growth factor for the epithelioid AB22 cells. Furthermore, we tested

two human MPM cell lines: CD288 and CD484; both cell lines

spontaneously produce OPN (Supplementary Figures 3A, B). Also

with human MPM cells, addition of anti-CD44 significantly

decreased tumor cell proliferation (Supplementary Figures 3C, D).

A Transcriptome Sequencing (RNAseq) was performed on

AB22 shOPN cells and results compared with AB22 sh-scrambled

control cells. One hundred thirty-two differentially expressed genes

(DEGs) were identified (Figure 3A). Reactome enrichment analysis

confirmed that top DEGs were involved in biological processes such

as immune system, cell proliferation and adhesion, molecular

function regulator. The main enriched pathways were: peptide

ligand-binding receptor Ga signaling, extracellular matrix

organization, activation of MMPs and G-protein-coupled receptor
B C D
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FIGURE 2

In vitro characterization of murine engineered MPM cell lines. (A, B) ELISA for mOPN on AB1 sh-scrambled and AB1 shOPN cells (A), and AB22 sh-
scrambled and AB22 shOPN cells (B), showing the efficacy of silencing. (C, D) cell proliferation assay over time for AB1 (C) and AB22 (D) sh-
scrambled and shOPN cells. Data are shown as mean ± SEM (Two-way ANOVA). (E) Representative images of the colony assay and quantification for
AB22 scrambled cells, AB22 shOPN cells, also after addition of OPN-containing supernatant from scrambled cells. (F) images of the colony assay
and quantification in the presence of a blocking anti-CD44 mAb (5 mg/ml). Blockade of CD44 inhibits cell proliferation in AB22 sh-scrambled cells
and in AB22 shOPN cells exposed to OPN-containing supernatant. Data are shown as mean +/- SD (One-way ANOVA).
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(GPCR) signaling (involved in the downstream signaling of the

receptor CD44) (Figure 3B). These findings indicate that loss of

OPN has a relevant impact on fundamental biological processes of

mesothelioma cells.
Role of OPN in murine mesothelioma cell
in vivo tumor growth

We next studied the in vivo growth of shOPN AB1 and AB22

engineered cells. As described by Digifico et al. (44), we set up an

orthotopic model of murine mesothelioma that recapitulates the
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human MPM. In this model, direct intra-thorax injection of tumor

cells was performed with a minimally invasive procedure. As

confirmed by histological examinations, tumors developed along

the pleura surface, further spreading and colonizing the most

peripheral areas of the lungs, without forming any neoplastic

mass outside the thoracic cavity. Importantly, acquisition over

time of the bioluminescent signal from Luc-transduced cells was

totally trustable as it perfectly correlated with the quantification of

tumor areas detected with conventional histology (44).

shOPN Luc-expressing AB1 and AB22 cells and their scrambled

controls (5x104 cells) were injected intra-thoracically in syngeneic

BALB/c mice and tumor growth was followed by IVIS Lumina III
A

B

FIGURE 3

Transcriptome Sequencing analysis of AB22 sh-scrambled and AB22 shOPN cells. (A) The heatmap shows 132 deregulated gens (DEGs) from shOPN
cells and comparison vs sh-scrambled cells (CTR). Supervised clustering shows the CTR samples with a red bar and shOPN samples with a green
bar. Replicates are indicated with a violet scale color. Gene expression is shown with false color scale as indicated in the legend: red for positive
values, blue for negative values. The darker the color, the higher the expression. (B) Pathway analysis software shows the pathways significantly
associated with DEGs from the shOPN vs CTR comparison. Pathways are sorted from the most significant to the least, as indicated by the -log10
adjusted p-value on the x-axis.
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system up to the day of sacrifice. At day 14 post injection we

observed that OPN silencing almost completely abrogated tumor

growth in vivo of shOPN AB1 cells, as detected by IVIS signal, as

well as by histological quantification of total tumor area

(Supplementary Figures 4A–C). Immunostaining of explanted

tumors evidenced the significantly reduced expression of OPN in

silenced tumors (Supplementary Figures 4D, E). A longer

experiment confirmed this finding of growth inhibition and

revealed that shOPN AB1 cells started growing again by day 33,

but only in 2/5 mice (Figures 4A, B). By histological examination,

the number of tumor foci at day 33 was still significantly reduced in

mice bearing OPN-silenced tumor cells (Figures 4C–E).

With AB22 epithelioid cells, a first in vivo experiment

demonstrated that OPN silencing strongly reduced tumor

growth (Supplementary Figures 5A–C) and OPN expression in

tumors (Supplementary Figures 5D, E). In a second in vivo

experiment with longer time points, mice injected with

scrambled cells had to be sacrificed at day 17, while endpoint

for mice injected with silenced cells was at days 45-56

(Figures 5A, B). Quantification of tumor foci and tumor area

was significantly reduced in shOPN cells at later times, only few

masses were visible in 3/5 mice (Figures 5C, D). In the explanted

tumors, expression of OPN detected by immunohistochemistry

was indeed lower in silenced tumors (Figures 5E, F). Figure 5G

shows representative pictures of tumor load around the lungs of

mice injected with control AB22 cells or shOPN cells at different

time points.

Taken together, these data indicate that OPN in both tumor

histotypes is an essential growth factor supporting tumor

progression in vivo.
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Inhibition of OPN signaling through the
CD44 receptor reduces tumor
growth in vivo

Since our in vivo experiments revealed a clear role of OPN in

promoting in vivo proliferation of murine MPM, experiments to

block OPN were undertaken. A commercial aptamer, OPN-R3 (56,

57), able to specifically block OPN was first used. Repeated

intraperitoneal injections did not affect tumor growth of AB22

cells (Supplementary Figure 6). We then turned to use blocking

antibodies against CD44. Mice were treated with anti-CD44 mAb

(10 mg/kg) at day 7, 12, 16, 19 post tumor implantation. With the

AB1 cell line we did not observe a significant reduction of tumor

growth over time (not shown); this finding is likely explained since

AB1 cells are very high producer of OPN, secreting 10 times more

OPN compared with AB22 cells (Figures 2A, B). We therefore

tested the engineered shOPN AB1 cells, where production of OPN

was not totally abrogated. Treatment of mice with anti-CD44

antibodies significantly reduced tumor growth of shOPN AB1

cells (Supplementary Figure 7). Next, the sh scrambled AB22 cell

line was used for the same type of experiment; growth of AB22 cells

(10 mice/group) was substantially reduced (p= 0.0024) in anti-

CD44-treated mice compared with mice treated with the irrelevant

antibody (Figures 6A–D). By immunohistochemistry, we observed

a significantly higher number of CD3+ and CD4+ cells, and a trend

to decreased expression of OPN (Figures 6E, F). Instead, the

infiltration of CD8+ T cells and that of macrophages (IBA1+

cells) was not changed (Figures 6E, F).

Overall, these data demonstrate that OPN produced by

mesothelioma cells sustains the proliferation of cancer cells, and that
B C D

E

A

FIGURE 4

Silencing of OPN impairs the growth of AB1 cells in vivo. (A, B) In vivo growth of 5x104 AB1 sh- scrambled or AB1 shOPN, injected intra-thoracically
in BALB/c mice. (A) IVIS in vivo imaging luminescence signal, mean+/-SEM values of 9 mice sh-scrambled, 5 for shOPN; (B) luminescence signal
values of each single mouse. (C) Histological quantification of tumor foci, and (D) of total tumor area. Data are shown as mean +/- SEM; (A, B Two-
way ANOVA; C, D: One-way ANOVA). (E) Representative pictures of explanted lungs from tumor-bearing mice. AB1 sh-scrambled cells (left), AB1
shOPN cells at day 16 (middle) and AB1 shOPN cells at day 33 (right). Bars represent 2.5 mm.
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inhibition of OPN signaling significantly reduces the pro-tumoral

effects of OPN on the progression of malignant mesothelioma.
Discussion

In this paper we studied the expression of OPN in tumor and

plasma samples of MPM patients and performed functional studies

with murine mesothelioma cell lines using an orthotopic mouse

model. Considerable experimental evidence indicates that OPN

expression is enhanced in a variety of pathological processes such

as chronic inflammation, autoimmune diseases and cancer (26–29,

58, 59). Various studies reported that elevated levels of OPN are

detected in different types of malignancies: breast, prostate,

colorectal and lung cancer, melanoma and hepatic carcinoma.

Most studies agree that OPN plays a key role in cancer

progression by enhancing proliferation, motility and invasion of

tumor cells and the process of angiogenesis (60–67). These tumor-

promoting functions are achieved via different mechanisms:

binding to integrins or CD44 receptor increases the integrin-

stimulated FAK-Src-Rho pathway, cancer cell adhesion and

survival, while activation of MMPs and matrix remodeling

enhances tumor cell invasiveness; PI3K/Akt activation promotes

tumor angiogenesis, recruitment of endothelial cells and tumor

growth (60, 68).
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In malignant mesothelioma, OPN has been extensively studied

as diagnostic biomarker, frequently in association with another

molecule: mesothelin. Using plasma or serum samples from MPM

patients, detection of OPN levels by ELISA was found higher in

patients in comparison with healthy donors, and even with healthy

individuals exposed to asbestos (32, 35, 69). OPN has been

investigated also as prognostic biomarker of treatment outcome:

elevated OPN levels have been associated with an unfavorable

prognosis in a number of studies (35–38, 70).

However, the real clinical utility of OPN as early diagnostic

marker has also been questioned, due to its low sensitivity and

specificity; for instance, circulating levels of OPN did not

discriminate between chronic inflammatory and malignant lung

diseases (71, 72).

In this paper we found that OPN in MPM patients is highly

expressed both as mRNA and protein in tumor tissues, and as

ELISA levels in the peripheral blood. Immunohistochemistry for

OPN shows both a cytoplasmic staining in tumor cells as well as a

diffused staining, in line with its secreted form. Analysis of the

stroma with the macrophage marker CD206 indicates that in some

cases macrophages also produce OPN, as already known in the

literature (73–75). In a cohort of MPM patients enrolled in the

ATREUS study (ClinicalTrials.gov, NCT02194231) (40), those

patients with high baseline OPN levels indeed had a lower overall

survival. On the other hand, modulation of OPN levels was not
B C D
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FIGURE 5

Silencing of OPN impairs the growth of AB22 cells in vivo. (A, B) In vivo growth of 5x104 AB22 sh- scrambled or AB22 shOPN, injected intra-thoracically
in BALB/c mice. (A) IVIS in vivo imaging luminescence signal, mean+/-SEM values of 5 mice for sh-scrambled, 5 for shOPN; (B) luminescence signal
values of each single mouse. (C) Histological quantification of number of tumor foci, and (D) total tumor area. Data are shown as mean +/- SEM;
(A, B Two-way ANOVA; C, D: One-way ANOVA; E: Unpaired t test with Welch’s correction). E, F) immunohistochemistry for OPN in explanted tumors
and representative pictures, bars represent 100 µm. (G) Representative pictures of explanted lungs from mice bearing control AB22 sh-scrambled cells
(left), AB22 shOPN cells at day 17 (middle) and AB22 shOPN cells at day 56 (right). Bars represent 2.5 mm.
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significantly different in patients receiving ICB immunotherapy,

some of whom achieved a transient partial response. These results

are in line with the widespread opinion that OPN is not a robust

diagnostic or prognostic biomarker of disease for MPM (4, 71, 72)

While studies on the functional role of OPN in several types of

tumors are available (58–65), its biological effects in malignant

mesothelioma have not been clarified. To shed light on the

functional activities of OPN in this neoplasia, we used two MPM

mouse cell lines: AB22 of epithelioid phenotype and AB1 with

sarcomatoid phenotype. Both spontaneously produced OPN, the

latter up to large amounts. Silencing of OPN caused a strong delay

in the proliferation of AB22 in vitro. Notably, the addition of cell

supernatant containing OPN stimulated proliferation again and this

OPN-induced proliferation was substantially reduced by blocking

anti-CD44 mAbs. These results confirmed, in vitro, the important

role of the axis OPN-CD44 in the proliferative expansion of

mesothelioma cells. Silenced cells were compared with control

cells in a Transcriptome Sequencing; the analysis revealed that

the top deregulated genes are involved in receptor signaling

pathways, primarily GPCR signaling, chemokines and migration,

as well as matrix regulation. Of note, engagement of the receptor

CD44 involves downstream signaling via G-protein-coupled

receptors, in addition to other signaling pathways (76, 77). These

results indicate that loss of OPN impacts on biologically important

functions of this molecules through its receptors.

In vivo experiments using a recently optimized orthotopic

mouse model of mesothelioma clearly indicated that loss of OPN

strongly reduced the proliferation of MPM cells, even in the case of

AB1 cells where the gene was only partially switched off. In longer

experiments few tumors started to grow again, only in some mice.

Macrophages are known to produce OPN, however, silencing in

cancer cells was sufficient to give a strong retardation of tumor

growth. This finding indicates the importance of OPN as a cell
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autonomous growth factor for mesothelioma cells, apparently more

relevant than the host derived OPN.

Subsequent experiments aimed to provide a proof of principle

that pharmacological inhibition of OPN signaling, by targeting the

receptor CD44, could indeed decrease mesothelioma cell growth in

vivo. We found that administration to mice of a blocking anti-CD44

mAb, significantly reduced tumor proliferation of AB22 naïve cells

as well as that of shOPN AB1 cells. This finding is remarkable

because of the redundancy of receptors used by OPN. This

molecule, in fact, binds several integrins in addition to CD44, but

our results demonstrate specific inhibition of CD44 was sufficient to

have positive therapeutic effects in mice. CD44 receptor has long

been considered as a potential therapeutic target in cancer, as it

initiates and modulates several signaling networks that are

important in tumor progression, metastasis and chemoresistance

(78). Being a pleiotropic receptor expressed in multiple tissues, it

would not seem a good target for therapeutic purpose. However,

CD44 is upregulated in a variety of cancers and alternatively spliced

variant isoforms (e.g. CD44v6) are mostly expressed in tumors,

particularly in advanced stages. Furthermore, CD44 expression has

been associated to the process of Epithelial to Mesenchymal

Transition and is a typical receptor of cancer stem cells (79). A

number of studies validated the potential of CD44 as a therapeutic

target in various tumor types (78). In malignant mesothelioma the

expression of CD44, alone or in association with other molecules,

has been mainly investigated as marker of disease, not for

therapeutic potential (80–83). Our in vitro and in vivo results

suggest that inhibition of OPN signaling might be a possible

strategy to restrain mesothelioma cell growth.

Of interest, it has been recently reported that OPN is able to

bind to another molecule, the ligand of the Inducible T-cell

costimulatory (ICOS-L) (84, 85). ICOS-L, a B7 family member,

sustains T cell immunity and the antitumor response by binding to
D
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FIGURE 6

Treatment with blocking anti-CD44 mAbs impairs in vivo growth of murine mesothelioma cells. (A–C) Effect of anti-CD44 mAbs on AB22 tumor cell
growth. Mice were treated intra-peritoneally with anti-CD44 (10 mg/kg) or with irrelevant mAbs at day (7, 12, 16, 19) post tumor injection. Data are
expressed as average radiance, (A) mean+/-SEM values of 10 mice; (B, C) values of each single mouse; (D) images of IVIS acquisition of LUC signal
at different time points. (E, F) Representative images of immunohistochemistry of explanted tumors and relative quantification, each dot represents a
single ROI. Tumor slices were stained with mAbs against CD3, CD4, CD8, IBA1 (macrophages) and OPN; bars represent 100 µm. Data are shown as
mean +/- SEM (Statistical analysis: (A), Two-way ANOVA; (E) Unpaired t test with Welch’s correction).
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ICOS, a costimulatory receptor expressed on activated T cells (86).

Binding of ICOS-L to OPN, instead promoted tumor metastases in

a mouse breast cancer model (85). ICOS-L is expressed also in

human malignant mesothelioma (87). Thus, also for this new

molecular partner of OPN, interfering with this binding may be

explored as a new therapeutic approach.

In conclusion, on the basis of the experimental evidence obtained

in this study, our working hypothesis that OPN represents an essential

endogenous growth factor for mesothelioma cells, with a relevant role

in driving tumor cell survival and proliferation, is confirmed. These

results increase our knowledge on the biology of mesothelioma and

suggest that therapeutic strategies based on OPN inhibition could have

an impact on the management and survival of patients with MPM.
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SUPPLEMENTARY FIGURE 1

Transcriptomic analysis of inflammatory genes in human malignant

mesothelioma. Gene expression profiling of four surgical human MPMs
samples using TaqMan Low Density Array containing inflammatory 91

genes. Data are shown as fold increase in tumor samples relative to the
non-involved pleural tissue from each paired patient. Selected genes are

shown for which at least 2 samples showed upregulation over
normal tissues.

SUPPLEMENTARY FIGURE 2

Immunohistochemistry of CD44 expression by murine and human

mesothelioma. a) murine mesothelioma tumors (AB1 and AB22) grown in
vivo in mice. b) MPM1 and MPM2 are human mesothelioma surgical samples.

SUPPLEMENTARY FIGURE 3

In vitro characterization of hMPM cell lines. (A, B) ELISA for hOPN

spontaneously produced by the cell lines CD288 and CD484 (epithelioid
phenotype). (C, D) Representative images of colony assays and relative

quantification: addition of a blocking anti-CD44 mAb (5 mg/ml) inhibits cell
proliferation. Data are shown as mean +/- SD (One-way ANOVA).

SUPPLEMENTARY FIGURE 4

Silencing of OPN impairs the growth of murine AB1 mesothelioma cells in

vivo. a-b-c) In vivo growth of 5x104 AB1 sh-scrambled or AB1 shOPN, injected
intra-thoracically in BALB/c mice. (A) IVIS in vivo imaging luminescence

signal, mean+/-SEM values of 5 mice; (B) Histological quantification of total
tumor area. (C) Representative images of IVIS acquisition of LUC signal at

different time points. (D, E) Immunohistochemistry of explanted tumors,
relative quantification for the staining of OPN and representative pictures.

Data are shown as mean +/- SEM (A Two-way ANOVA; B, D: Unpaired t-test

with Welsh correction).

SUPPLEMENTARY FIGURE 5

Silencing ofOPN impairs the growth ofmurine AB22mesothelioma cells in vivo.

(A–C) In vivo growth of 5x104 AB22 sh-scrambled or AB22 shOPN, injected
intra-thoracically in BALB/c mice. (A) IVIS in vivo imaging luminescence signal,

mean+/-SEM values of 5 mice; (B) Histological quantification of total tumor

area. (C) Representative images of IVIS acquisition of LUC signal at different time
points. (D, E) Immunohistochemistry of explanted tumors, relative

quantification for the staining of OPN and representative pictures. Data are
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shown as mean +/- SEM (A Two-way ANOVA; B, D: Unpaired t-test with
Welsh correction).

SUPPLEMENTARY FIGURE 6

Inhibition of OPN with the aptamer OPN-R3 does not affect the in vivo

growth of murine AB22 mesothelioma cells. Results of IVIS in vivo imaging
luminescence signal, mean+/-SEM values of 5 mice per group.

SUPPLEMENTARY FIGURE 7

Treatment with blocking anti-CD44 mAbs impairs in vivo growth of murine

mesothelioma cells. (A, C) Effect of anti-CD44 mAbs on AB1 shOPN tumor
Frontiers in Immunology 12135
growth. Mice were treated intra-peritoneally with anti-CD44 (10 mg/kg) or
with irrelevant mAbs at day (4, 7, 12, 16, 19) post tumor injection. Data are

expressed as average radiance, (A) mean+/-SEM values of 5 mice; (B) values
of single mice; (C) Representative images of IVIS acquisition of LUC signal at
different time points.

SUPPLEMENTARY TABLE 1

Single-Cell Transcriptome Sequencing analysis: list of DEGs.

SUPPLEMENTARY TABLE 2

Single-Cell Transcriptome Sequencing analysis: list of pathways.
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