
HAL Id: inserm-03904329
https://inserm.hal.science/inserm-03904329v1

Submitted on 16 Dec 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Viral Mimicry Response Is Associated With Clinical
Outcome in Pleural Mesothelioma

Suna Sun, Weihong Qi, Hubert Rehrauer, Manuel Ronner, Ananya Hariharan,
Martin Wipplinger, Clément Meiller, Rolf Stahel, Martin Früh, Ferdinando

Cerciello, et al.

To cite this version:
Suna Sun, Weihong Qi, Hubert Rehrauer, Manuel Ronner, Ananya Hariharan, et al.. Viral Mimicry
Response Is Associated With Clinical Outcome in Pleural Mesothelioma. JTO Clinical and Research
Reports, 2022, 3 (12), pp.100430. �10.1016/j.jtocrr.2022.100430�. �inserm-03904329�

https://inserm.hal.science/inserm-03904329v1
https://hal.archives-ouvertes.fr


ORIGINAL ARTICLE
Viral Mimicry Response Is Associated With Clinical
Outcome in Pleural Mesothelioma
Suna Sun, MD,a Weihong Qi, PhD,b Hubert Rehrauer, PhD,b Manuel Ronner,a

Ananya Hariharan MSc,a Martin Wipplinger MSc,a Clément Meiller, Msc,c

Rolf Stahel, MD,d,e Martin Früh, MD,e,f,g Ferdinando Cerciello, MD, PhD,g

Jean-François Fonteneau, PhD,h Didier Jean, PhD,c

Emanuela Felley-Bosco, PhD, PDa,*

aLaboratory of Molecular Oncology, Department of Thoracic Surgery, University Hospital Zurich, Zurich, Switzerland
bFunctional Genomics Center, ETH Zurich, University of Zurich, Zurich, Switzerland
cCentre de Recherche des Cordeliers, Inserm, Sorbonne Université, Université Paris Cité, Functional Genomics of Solid
Tumors, Paris, France
dCoordinating Center, European Thoracic Oncology Platform (ETOP), Bern, Switzerland
eSwiss Group for Clinical Cancer Research (SAKK), Bern, Switzerland
fDepartment of Medical Oncology/Hematology, Cantonal Hospital of St. Gallen, St. Gallen, Switzerland
gDepartment of Medical Oncology, Inselspital, Bern University Hospital, University of Bern, Bern, Switzerland
hNantes Université, Inserm UMR 1307, CNRS UMR 6075, Université d’Angers, CRCI2NA, Nantes, France

Received 5 July 2022; revised 18 October 2022; accepted 24 October 2022
Available online - 7 November 2022
*Corresponding author.

Disclosure: Dr. Früh reports receiving grants from Bristol-Myers Squibb
and AstraZeneca and other support from AstraZeneca, Merck Sharp &
Dohme, Roche, Bristol-Myers Squibb, Boehringer Ingelheim, Pfizer, and
Takeda, outside of the submitted work. The remaining authors declare
no conflicts of interest.

Address for correspondence: Emanuela Felley-Bosco, PhD, PD, Labo-
ratory of Molecular Oncology, Department of Thoracic Surgery, Uni-
versity Hospital Zurich, Sternwartstrasse 14, 8091 Zürich, Switzerland.
E-mail: emanuela.felley-bosco@usz.ch

Cite this article as: Sun S, Qi W, Rehrauer H, et al. Viral Mimicry
Response Is Associated With Clinical Outcome in Pleural
Mesothelioma. JTO Clin Res Rep. 2022;3:100430.

ª 2022 The Authors. Published by Elsevier Inc. on behalf of the
International Association for the Study of Lung Cancer. This is an
open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

ISSN: 2666-3643

https://doi.org/10.1016/j.jtocrr.2022.100430
ABSTRACT

Introduction: The aim of this study was to investigate
endogenous retrovirus (ERV) expression and type I inter-
feron (IFN) activation in human pleural mesothelioma (PM)
and their association with clinical outcome.

Methods: The expression of ERV was determined from PM
cohorts and mesothelial precursor RNA sequencing data.
The expression of ERV was confirmed by quantitative po-
lymerase chain reaction (qPCR). Methylation of genomic
DNA was assessed by quantitative methylation-specific PCR.
DNA demethylation was induced in cells by demethylating
agent 5-Aza-2’-deoxycytidine (5-Aza-CdR) treatment. To
block type I IFN signaling, the cells were treated with rux-
olitinib or MAVS silencing. The expression of IFN-stimulated
genes (ISGs) was determined by qPCR and Western blot.
Circulating ERVs were detected by qPCR.

Results: Long terminal repeats (LTRs) represent the most
abundant transposable elements up-regulated in PM. Within
the LTR, ERVmap_1248 and LTR7Y, which are specifically
enriched in PM, were further analyzed. The 5-Aza-CdR treat-
ment increased the levels of ERVmap_1248 expression and
induced ERVmap_1248 promoter demethylation in mesothe-
lial cells. In addition, ERVmap_1248 promoter was more
demethylated in the mesothelioma tissue compared with
nontumor tissue. The 5-Aza-CdR treatment of the mesothelial
cells also increased the levels of ISGs. Basal ISG expressionwas
higher in the mesothelioma cells compared with the meso-
thelial cells, and it was significantly decreased by ruxolitinib
treatment or MAVS silencing. Furthermore, ISG expression
was higher in the tumor tissue with high expression levels of
ERVmap_1248. High expression of ERVmap_1248 was associ-
ated with longer overall survival and BAP1 mutations. ERV-
map_1248 and LTR7Y can be detected in the PM plasma.

Conclusions: We provide clues for patient stratification
especially for immunotherapy where best clinical responses
are associated with an activated basal immune response.

� 2022 The Authors. Published by Elsevier Inc. on behalf of
the International Association for the Study of Lung Cancer.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction
Pleural mesothelioma (PM) is a rapidly fatal disease

arising from the monolayer tissue lining the walls of the
pleural cavity and the internal organs housed inside.1

Major drivers include CDKN2A/B, the more PM-specific
BAP1, and NF2 mutations.1 Recent data suggest that
subclonal NF2 mutations may occur later in mesotheli-
oma development.2,3 Traditionally, the major histologic
types of mesothelioma have been the main histologic
indicators of prognosis. Indeed, patients with sarcoma-
toid and biphasic tumors have substantial worse overall
survival (OS) compared with patients with epithelioid
tumors.4 Recent studies based on multiomics ap-
proaches5–8 have refined the classification into four
groups or into gradients based on molecular profiles.

PM is mostly associated with previous exposure to
asbestos fibers,1 and we have recently found that expo-
sure to asbestos in mice leads to increased expression
levels of endogenous retrovirus (ERV) sequences.9

ERVs are integrated retroviral elements that cover
8% of the human genome.10 They are part of the so-
called transposable elements (TEs), which include ret-
rotransposons using RNA as an intermediate that is
reverse transcribed into DNA and integrated in the
genome and DNA transposons directly excising them-
selves from one location before reinsertion (reviewed
in Wells et al.11). ERV and long-interspersed nuclear
elements (LINEs) are autonomous retroelements
encoding required proteins for retrotransposition,
whereas short-interspersed nuclear elements (SINEs)
and SINE-VNTR-Alu (SVA) elements require the ma-
chinery from autonomous retrotransposons.

Many ERV sequences are expressed during embryo
development and are subsequently epigenetically
silenced.12 Nevertheless, certain ERV sequences are
actively transcribed and are elevated in cancer.13 Most
ERVs in the human genome are nonautonomous long
terminal repeat (LTR) elements that are either solitary
(solo) LTR or LTR flanking a small segment of internal
ERV sequences and are short in length. They are likely to
serve as genomic regulators and affect the transcription
in cis.14 The autonomous LTRs, however, consist of LTRs
that flank potential protein-coding sequences and are
near full-length proviral sequences, which could encode
disease-associated antigens or functional RNA that
regulated gene expression in trans.14 In addition to the
effects as transcription regulators, the expression of ERV
has been recently explored for its property as inducers
of viral mimicry response, especially in immunotherapy
context, and we and others have observed that
expression of interferon-induced genes is associated
with clinical outcome in patients with mesothelioma.9,15

Studying ERV expression has not been regularly
implemented in high-throughput studies because repet-
itive elements are not frequently investigated and the
analysis of the few RNA sequencing (RNA-seq) data in
mesothelioma has mostly focused on the investigations
of known genes.5,7,16 Cancer-specific LTR retroelements
are mostly cancer type specific,17 and mesothelioma is
one of the cancer types with the highest number of
expressed cancer-specific LTR retroelement (eighth of
31 cancer types)17; however, for the time being, ERV
expression in mesothelioma has not been thoroughly
explored.

In this study, we extended previous work on
ERV expression in human cancers17 and mesothelioma
experimental animal models,9 and we reveal the
expression of ERVs in human mesothelioma which can
be detected in the blood and is associated with type I
interferon (IFN) signaling and better OS.
Materials and Methods
ERV Analysis

Mesothelioma RNA-seq reads included in the analysis
were the following: The Cancer Genome Atlas (TCGA)
Mesothelioma Cohort (n ¼ 87) downloaded from
the National Center for Biotechnology Information
database of genotypes and phenotypes in 2019, under
phs000178.v10.p8; the Pleural Mesothelioma cohort
from the Bueno study (n ¼ 211) downloaded from the
European Genome-phenome Archive (EGA) in 2020,
under EGAS00001001563 (EGAD00001001915 and
EGAD00001001916); the genetically characterized
pleural mesothelioma primary cultures (FunGeST, n ¼
64) provided by Didier Jean’s team in 2022 for which
RNA-Seq was performed as described in Meiller et al.2;
and the human embryonic stem cell-derived mesothe-
lium (n ¼ 10) downloaded from the National Center for
Biotechnology Information Gene Expression Omnibus in
2020, under GSE113090 (GSM3096389–GSM3096398).
The choice of using human embryonic stem cell-derived
mesothelium as control was dictated by the fact that
RNA-Seq data on normal mesothelial cells or pleura are
not available and ERV expression is cancer specific. RNA-
seq reads were preprocessed using fastp (0.20.0). For
analysis of transposable element (TE) expression, TE
transcripts18 was used to obtain TE counts, followed by
differential expression analysis using DESeq2. TE loci
were considered to be significantly differentially
expressed when the adjusted p values were less than
0.01, and where the log2 of the fold change was more
than 1 for up-regulated loci and less than �1 for down-
regulated loci. Full-length ERV sequences were
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downloaded from the ERVmap.19 The ERV expression
was quantified using feature Counts in the Bioconductor
package Rsubreads, where reads mapped uniquely to
ERVs were counted. Mutational status of BAP1, NF2, and
CDKN2A was extracted from the TCGA7 data set.

PM Patients and Healthy Donors
Tumor tissue was collected from 155 patients with

PM and nontumor tissue from six non-PM patients be-
tween 1999 and 201520 (Supplementary Table 1A). The
study was approved by the Ethical Committee Zürich
(KEK-ZH-2012-0094 and BASEC-No. 2020-02566),
and either patients signed informed consent or waiver
of consent was granted by the Ethical Committee
(BASEC-No. 2020-02566). The study methodologies
were conformed to the standards set by the Declaration
of Helsinki. Tissue samples were processed immediately
for total RNA extraction or frozen as previously
described.20 To assess that extracted RNA corresponded
to tumor tissue containing at least 50% tumor content,
we evaluated the PM score, which is based on MSLN,
CALB2, and PDPN expression levels as previously
described.21

Plasma was collected from 76 patients with PM be-
tween 2005 and 2012 and 42 healthy donors between
2002 and 2017 (Supplementary Table 1B). The patients
with PM were enrolled in the trial SAKK 17/04
(NCT00334594).22 The study was approved by the
Ethics Committee of the Zurich University Hospital
(KEK-StV-Nr. 24/05), and either patients signed
informed consent or waiver of consent was granted by
the Ethical Committee (KEK-StV-Nr. 24/05). The study
methodologies conformed to the standards set by the
Declaration of Helsinki.

Statistical Analysis
The figures represent the mean values from at least

three independent experiments. Paired and unpaired t
test, Mann-Whitney, chi-square test, Gehan-Breslow-
Wilcoxon test, or Pearson correlation analysis was
used and has been specified when used. Error bars
indicate the SE of the mean. Statistical analysis was
performed using Prism 8 (GraphPad 8.0.0).

All Other Methods
Detailed description of the methods used is available

in the Supplementary Methods.

Results
LTRs Represent the Most Abundant TEs Up-
Regulated or Down-Regulated in PM Patient
Data Sets

We used the RNA-seq data from TCGA,7 Bueno
et al.’s5 tumor sample cohorts, or mesothelioma primary
culture cell lines of FunGeST series6,23 and human em-
bryonic stem cell-derived mesothelium24 as nontumor
control, to determine which TE subfamilies are differ-
entially expressed in PM tumors or primary cultures. We
observed that LTRs represent the most abundant TEs
up-regulated or down-regulated in PM patient data sets
compared with mesothelial precursors. Furthermore,
86%, 57%, and 80% of the LTRs represent more than
twofold up-regulated TEs and 38%, 56%, and 51% of the
LTRs represent more than twofold down-regulated TEs
in the TCGA, Bueno, and FunGeST data sets, respectively
(Fig. 1A and Supplementary Table 3).

The ERV1 family has the highest number of up-
regulated or down-regulated loci in LTR (Fig. 1B).
Within the ERV1 family, LTR48B, LTR7Y, and LTR6 were
most often up-regulated in mesothelioma samples
compared with mesothelial precursors (Fig. 1C, left
panel). LTR7Y is an ERV specifically up-regulated in
blastocyst stage of the human embryo.25 It is noteworthy
that some LTR7Y up-regulated in blastocyst stage are
located near genes such as WNT16 and FAM3C, which
are enriched in PM translatome26 or NCF2 which is
correlated to the so-called S-score, which defines the
sarcomatoid component proportion of PM by tran-
scriptome analysis8 (Supplementary Fig. 1). The ERV1
family constituted 43% of the most often down-
regulated TE in mesothelioma samples compared with
mesothelial precursors (Fig. 1C, right panel).

Next, we quantified locus-specific ERV expression
comparing RNA-seq and reference ERV sequences using
ERVmap,19 which uses stringent filtering criteria for
RNA-seq reads that map to ERV loci and a 3220 ERV
reference database of full-length proviral sequences.27

We were particularly interested to full-length pro-
viral sequences because it has recently been suggested
that viral mimicry primed cancers include elevated
baseline expression of retrotransposons that form
double-stranded RNA (dsRNA) and elevated levels of
retrotransposon-derived antigenic peptide that forms
tumor-associated antigens.28 We stratified the ERVmaps
by their total counts and specific enrichment in tumor.
Two representative ERVs—ERVmap_1248 (hg38, chr3:
177,657,043–177,671,140) and ERVmap_1064 (hg38,
chr3: 112,413,019–112,423,381)—both belonging to
ERVH group of the ERV1 family, were identified based on
their enrichment in tumors. Another ERV sequence,
ERVmap_k48 (also called HERV-K1529), where counts
almost do not differ between PM cohorts and precursors,
was also selected as control (Fig. 2A). Coverage of ERV-
map_1248 locus was also enriched in FunGeST series,
however to a lower extent (Supplementary Fig. 2A),
likely due to the polyA RNA-seq protocol used which has
been found to fail to detect several classes of repeat
RNA.30 Of note, the patients expressing levels of
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ERVmap_1248 above the average were enriched for BAP1
mutations but not for NF2 or CDKN2A mutations
(Supplementary Fig. 2B). We confirmed that the ex-
pressions of ERVmap_1248 and ERVmap_1064 but not of
the control ERVmap_k48 were lower in normal
compared with tumor tissue (Fig. 2B). The difference
was maintained when females were excluded
(Supplementary Fig. 2C). We next compared the chro-
mosomal location of the two ERVmaps enriched in me-
sothelioma with the chromosomal location of ERVs
specifically expressed in mesothelioma extracted from a
pan-cancer analysis.17 Of note, 28 of 357 (8%) of those
ERVs are located near genes relevant for mesothelioma,
such as MSLN, MET, UPKB1, UPK3B, LINC00578, some
interferon-stimulated genes (RSAD2, IFI44, OAS2), or
DNA damage-related genes (CHEK2, MSH2) (Fig. 2C).
MSLN locus on chromosome 16 is especially enriched in
ERV expression in mesothelioma (11 ERVs). The ERV
maps enriched in mesothelioma that we identified
were located in ERV expression locations previously
described17 (Fig. 2C).

ERVmap_1248 Can Be Induced by 5-Aza-2’-
Deoxycytidine Treatment in Mesothelial Cells

Among the selected ERVs, the most abundant
one, ERVmap_1248, and the control ERV, ERVmap_k48,
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were further analyzed. Basal expression of ERV-
map_1248 and ERVmap_k48 was investigated in human
mesothelial cells LP9/TERT-1 and SDM104 and in
human PM cells Mero82, ACC-Meso4, NCI-H226,
and SDM103T2, used as surrogate for normal tissue
versus mesothelioma, respectively. The expression of
ERVmap_1248 is on average 16-fold more enriched
in PM cells compared with ERVmap_k48, supporting the
concept of ERVmap_1248 activation in mesothelioma
(Fig. 3A). We had previously found that ERVs which
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are expressed in mouse mesothelioma cells form
dsRNA9 and ERVmap_1248 is also predicted to form
dsRNA (Supplementary Fig. 3). This was confirmed
(Fig. 3B) by RNA pull-down experiments using J2
anti-dsRNA antibody. RNA Binding Motif 8A (RBM8A)-
3’UTR which we have previously found to be a substrate
for dsRNA editing31 was used as a positive control
(Fig. 3B).
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Next, we aimed at investigating whether promoter
demethylation was a possible cause for increased ERV-
map_1248 expression in PM as previously observed with
murine mesothelioma ERV.9 Therefore, DNA demethy-
lation was induced in human mesothelial cells LP9/
TERT-1 and SDM104 by treatment with 5-Aza-2’-deox-
ycytidine (5-Aza-CdR), which is a DNA methyltransferase
inhibitor. This treatment resulted in a significantly
eightfold increase in ERVmap_1248 expression whereas
the control ERV ERVmap_k48 increased by approxi-
mately 50% in LP9/TERT1 but not in SDM104 cells
(Fig. 3C). The expression of two cancer-associated testis
antigens CTAG1B and MAGE-C1 genes was used as pos-
itive controls as we previously described.32
Basal Levels of ISG Expression Are Higher in PM
Cells With Intact IFNB1 Coding Gene and 5-Aza-
CdR Increases ISG Expression in Mesothelial Cells
and It Is Associated With ERVmap_1248
Promoter Demethylation

To assess whether differential ERVmap_1248
expression between mesothelial and PM cells is associ-
ated with a differential type I IFN signaling activation as
observed in the mouse model,9 we investigated the basal
expression levels of various interferon-stimulated genes
(ISGs).33 We observed that MDA5, RIG-I, STAT1, and
ISG15 levels are higher in most PM cells when compared
with mesothelial cells (Fig. 4A). Low levels of RIG-I in
H226 cells are likely due to the mutation in RIG-I–
encoding DDX58 gene resulting in G191_K193 duplica-
tion at the end of the second caspase activation and
recruitment domain (http://www.cbioportal.org/). In
addition, in PM cell line SDM103T2, ISG levels were at
the same level as mesothelial cells (Fig. 4A). We have
previously found that basal type I IFN signaling is pre-
sent in cells with intact IFNB1 gene in PM.34 Accordingly,
deficiency of IFNB1 gene was observed in SDM103T2 but
not the other cell lines (Fig. 4B). A polymerase chain
reaction (PCR) fragment covering exon 5 of BAP1
was used as control for genomic DNA input during
PCR (Fig. 4B). BAP1 is known to be deleted in the NCI-
H226 cells.35

We next assessed whether demethylation, which re-
sults in increased ERVmap_1248 expression in meso-
thelial cells, is also associated with increased ISG levels.
As expected, we observed increased levels of RIG-I,
STAT1, IRF3, and ISG15 in mesothelial cells LP9/TERT-
1 and SDM104 on 5-Aza-CdR treatment. IFNB1-defi-
cient PM cell line SDM103T2 was used as control. In this
cell line, the increase of gene expression of CTAG1B and
MAGE-C1 was observed as expected (Supplementary
Fig. 4); however, we observed no significant increase
of IFN-dependent STAT1, RIG-I, or IRF3. Only the
expression of IFN-independent36 ISG15 was significantly
increased (Fig. 4C).

To confirm that the increase in ERVmap_1248
expression observed upon treatment with 5-Aza-CdR is
due to promoter demethylation, we first identified the
target region based on the analysis of CpG islands
(Supplementary Fig. 5) to design methylation-specific
primer “M” and unmethylation-specific primer “U” for
the region of the promoter of ERVmap_1248. These
primers were used on sodium bisulfite-treated DNA,
where all methyl-free cytosines are converted into ura-
cils, whereas methylated cytosines remain unchanged
allowing the use of quantitative methylation-specific
PCR.

In the SDM104 cells, ERVmap_1248 promoter
methylation decreased significantly upon 5-Aza-CdR
treatment, and we also observed that the ERVmap_1248
promoter is significantly more demethylated in the tu-
mor tissues compared with the nontumor tissues
(Fig. 4D).
Expression of ISG Can Be Decreased in
Mesothelioma Cells by Treatment With JAK
Inhibitor Ruxolitinib and MAVS Silencing

To verify the activation of type I IFN signaling, PM
cells were treated with ruxolitinib, a JAK1/2 inhibitor
blocking the type I IFN signaling. This treatment resulted
in decreased levels of ISG in the PM cell lines NCI-H226,
Mero82, and ACC-Meso4 with an intact IFNB1 gene but
not in IFNB1 gene-deficient cell line SDM103T2 (Fig. 5A
and Supplementary Fig. 6). To confirm the involvement
of dsRNA sensing, we silenced MAVS, which is down-
stream of the activation of dsRNA sensors RIG-I and
MDA5. Silencing MAVS in the PM cells Mero82 and ACC-
Meso4 resulted in a significant decrease of RIG-I, STAT1,
and ISG15 (Fig. 5B).

Altogether, these data indicate that increased ISG
expression is dependent on type I IFN receptor signaling.
ISG Expression Is Higher in ERVmap_1248 High
PM Tissues and Patients With Higher
ERVmap1248 Expression Have Better Survival

Patients with PM were distributed into four groups
(Q1–Q4) based on their ERVmap_1248 expression
(Fig. 6A). Q1 has lowest and Q4 has highest ERV-
map_1248 expression. The expression of ISGs, which we
previously have associated with better OS,9 was higher
in the tumor tissues with high expression levels of
ERVmap_1248 (Fig. 6B). Furthermore, ERVmap_1248
expression was analyzed in relation to survival. OS was
longer among patients with higher ERVmap_1248
expression (Q4 or Q2–4) compared with patients whose
tumors had lower ERVmap_1248 expression (Q1)

http://www.cbioportal.org/
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(Q4 versus Q1: median OS 25.16 versus 13.55 mo,
hazard ratio ¼ 1.57, p ¼ 0.019; Q2–4 versus Q1: median
OS 24.51 versus 13.55 mo, hazard ratio ¼ 1.761, p ¼
0.003) (Fig. 6C). This observation was confirmed using
the TCGA and Bueno data sets (Supplementary Fig. 7A)
and is consistent with the TCGA cluster classification
where the cluster with the best survival is related with
type I IFN signaling and BAP1 mutation is associated
with a longer overall patient survival rate.15 No signifi-
cant association with histotype was observed
(Supplementary Fig. 7B). To increase the clinical rele-
vance of ERV-map1248 expression, we next assessed
how its expression was associated with the four-gene
(CD8A, STAT1, LAG3, and CD274) inflammatory signa-
ture score, which has recently been described to predict
response to checkpoint inhibitors in the CheckMate743
trial.37 The four-gene signature score was significantly
higher in Q4 compared with the Q1 group
(Supplementary Fig. 7C).

Finally, using plasma collected in the SAKK 17/04
(NCT00334594)22 trial, we determined that circulating
ERVmap_1248 (Fig. 6D) can be detected in a small frac-
tion (13%) of patients with PM, whereas only one
normal control was positive of 42 normal plasma (2%).
Relative levels could not be assessed due to difference in
levels of the two normalizers used (Supplementary
Fig. 8A). Circulating ERVmap_1248 was independent of
the age of the patients (Supplementary Fig. 8B). The
quality of RNA was assessed by quantification of relative
levels of miR-625-3p where the levels of miR-16 used as
normalizer were not different between healthy volun-
teers and patients with PM (Supplementary Fig. 8C). The
bimodal detection of miR-625-3p previously described38

was observed only in the patients with PM (Fig. 6D).
We reasoned that the low sensitivity of ERV detection

might be due to ERVmaps being full-length proviral
sequences where the size is longer compared with
solo-LTR. Therefore, we investigated whether LTR7Y
expression could be used as circulating ERV instead of
ERVmap_1248. We first determined that LTR7Y expres-
sion is enriched in the PM tissues with high ERV-
map_1248 expression and that LTR7Y levels are
significantly correlated with ERVmap1248 (Fig. 6E).
LTR7Y was detected in 75% of the patients; however, it
was less specific because it was observed in 24% of
healthy controls (Fig. 6F). As observed for ERVmap_1248,
circulating LTR7Y was independent of the age and sex
(Supplementary Fig. 8D and E). The limitation of this
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investigation is that plasma samples did not match tu-
mor samples.

Nevertheless, altogether, our data reveal that
mesothelioma-specific ERV levels are associated with a
better clinical outcome and can be detected in the blood.
Discussion
In this study, we provide evidence that ERV expres-

sion is associated with clinical outcome and viral mim-
icry response in human mesothelioma, consistent with
our observation in a mouse model of mesothelioma
development in mice exposed to asbestos.9

This is the first time that a specific ERV is associated
with clinical outcome in human PM. A previous study17

had identified the location of mesothelioma-specific
expressed ERVs based on the comparison of TCGA data
with the average expression of ERV in GTEX data set.
Interestingly, the location of some of these ERV is near
genes relevant for mesothelioma, such as UPK3B and
MSLN. For example, UPK3B is a marker for mesothelial
cells39 and high levels of UPK3B expression are associ-
ated with better OS.5,6 In addition, UPK3B and MSLN are
significantly positively correlated with mesothelioma E-
score.8 In our study, we used three different data sets
and validated the enrichment of specific ERVs, including
in the blood from the patients with PM.

Both selected solo-LTR and near full-length proviral
sequences have elevated expression levels in mesothe-
lioma. Three solo-LTR were most often enriched in the
tumor tissues and mesothelioma primary cultures. Solo-
LTR is known to act as an enhancer, and it is noteworthy
that LTR7Y acts as stage-specific promoter in pluripotent
epiblasts, one of three major cell types in the preim-
plantation blastocyst.25 LTR7Y expression is controlled
by methylation40 and is frequently observed in enhancer
regions in naive human embryonic stem cells,41 whereas
it is not present in adult tissue.25 The observation that
mesothelioma cells express pluripotent cell enhancers is
consistent with our previous data where we had used a
lentiviral fluorescence-based reporter construct sensing
high SOX2 and OCT4 levels to identify and isolate a
subpopulation of mesothelioma cells with cancer stem
cell properties, characterized by chemoresistance and a
higher tumor-initiating capacity in orthotopic xenograft
and allograft mouse models.42 Future studies could take
advantage of the new knowledge and use the recently
described LTR7Y-driven reporter43 to further explore
pluripotent mesothelioma cells.
comparison. (E) LTR7Y and ERVmap_1248 expressions are corre
unpaired t test. Correlation: R ¼ 0.6798, p less than 0.0001
plasma of patients with PM and healthy volunteers. (****) p less
quarter.
Although not further investigated in this study,
LTR7Y is in genomic regions enriched in retroposed
genes, or genes linked to mesothelioma biology (e.g., S-
score8), which is consistent with promoter or proximal
enhancer effect of TE.12 Not much is known about the
other two most often expressed solo-LTR, with the
exception that a subset of LTR48B elements acquired
enhancer activity in the pluripotent cells.44

Consistent with the enrichment in LTR7Y, the three
ERVmap genes enriched in mesothelioma belong to the
ERVH family, which is characterized by LTR7 promoter
family and is expressed early in the embryo.45

In addition to embryogenesis, subsets of LTR7 and
LTR7Y elements are known to be up-regulated in onco-
genic states due to promoter demethylation.46

A correlation of the LTR7 transcriptional regulatory
signals with human embryonic stem cell–specific
expression of lncRNAs has been reported,47 including
linc-ROR which is enriched in PM translatome.26 This is
consistent with the observation that high level of tran-
scription of several ERV loci promotes the expression of
lncRNA,48 which seems important in controlling cell
identity.49,50

Silencing of ERV in adult tissues occurs through
binding of HERV-targeting KZFP, which recruit KAP1/
TRIM28 co-repressor to induce heterochromatin forma-
tion.41 Therefore, the level of variation of HERVH-
associated KZFP can potentially be the reason of
differential expression of HERVH in PM. For example,
the potential repressor ZNF534, which is particularly
enriched in LTR7 and which is associated with pluripo-
tency,45 is up-regulated in sarcomatoid compared with
epithelioid mesothelioma.5

The ERVK family was less enriched in mesothelioma.
ERVKs are the only ERVs that are human specific with
intact open-reading frames, reported to generate viral-
like proteins in teratocarcinoma cell lines and human
blastocysts.51 ERVmap-k48 used as a control has a
sequence of approximately 3900 bp encoding for Gag
and is located near the housekeeping gene SSBP1, which
has been hypothesized to drive its transcription and
possibly explains the reason for stable levels in normal
versus tumor tissue.29

KAP1/TRIM28 recruits chromatin modifiers
including SETDB1, which is mutated in a subset of me-
sothelioma,5,7,16 thereby possibly also contributing to
differential HERVH and HERVK expression.

According to the knowledge about epigenetic control
of ERV expression,52 we observed that ERVmap_1248
lated. (*) p less than 0.05; (**) p less than 0.01, two-tailed
, Pearson correlation analysis. (F) LTR7Y detection in the
than 0.0001, chi-square test. PM, pleural mesothelioma; Q,
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expression increases on inhibition of methylation in
normal mesothelial cells. Induction of the expression of
ERV has been documented in studies supporting the use
of viral mimicry in clinical trials, where effects of im-
mune checkpoint inhibitor are tested in combination
with demethylating agents.52,53 Basal ERV expression
was correlated with low methylation pattern in a pan-
cancer analysis.54 Changes in DNA methylation have
been documented in human mesothelioma (reviewed in
Vandenhoeck et al.55), and we recently discussed9 other
factors such as control of DNA methylation that is dys-
regulated in mesothelioma besides KZFP.

Consistent with the association between expression
of transposable elements and the viral mimicry response
observed in cancer in general,28 and our own observa-
tion in a mesothelioma development model,9 we
observed a basal activation of type I IFN signaling in
tumors expressing high levels of ERVmap_1248. Of note,
based on the mRNA expression profile, mesothelioma
tumors have been clustered into four groups.5,7

Pathway-enriched analysis of genes expressed in the
clusters revealed, among others, enrichment of reactome
antiviral mechanism by ISG in one of the TCGA clusters,
and this is confirmed in the epithelioid group of Bueno
et al.5 Patients with this profile have a better clinical
outcome7,9,15 and BAP1 mutations,15 consistent with our
observations that tumors with high levels of ERV-
map_1248 are associated with BAP1 mutations.

Mesothelioma cells were previously found to main-
tain the activation of the type I IFN signaling
pathway.9,56 In addition, mesothelioma was described as
being a cancer highly enriched for the 38-ISG signature,
not always justified by the presence of immune cells in
the microenvironment.57 We put forward the hypothesis
that ERV expression reactivation in selected samples is a
possible cause for type I IFN activation. These tumors
are most likely associated with BAP1 but not CDKN2A/B
mutations if we consider that IFNB1 and all the 15 other
type I IFN genes are co-deleted in a large fraction of
tumors bearing CDKN2A/B deletions.34

Activation of type I IFN was associated with response
to immune checkpoint blockade in clear cell renal
cancer.58 ERV expression is a predictor of patient
response to immunotherapy in a urothelial cancer
cohort,30 and, interestingly, in that study, it was a better
predictor compared with type I IFN signature. Investi-
gation of the expression of 6659 ERVs revealed that some
ERVs are associated with both immune activation and
checkpoint pathway up-regulation in clear cell renal cell
carcinoma60 and expression levels of one of those ERVs
predicted response to checkpoint blockade. In addition,
high ERV expression was associated with better overall
clinical outcome in a cohort of patients with melanoma
whereas repression of ERV was observed in the cohort
with worst outcome.61 Furthermore, ERVmap_2637
expression was higher in patients with melanoma
with complete response to anti–programmed cell death
protein 1 treatment62 and negatively correlated with
KDM5B expression, which recruits SETDB1. Therefore,
our observations are also important for mesothelioma
therapy. Indeed, therapeutic approaches exploiting type I
IFN pathway signaling have already been implemented
in the clinic63 or proposed on the basis of preclinical
studies.64,65 Future studies may investigate whether ERV
expression could be a predictor of sensitivity to those
therapeutic approaches and immune checkpoint inhibi-
tion, although it should be taken into account for ther-
apies inducing type I IFN signaling that some
mesothelioma have lost type I IFN genes34 and might
therefore not be able to activate such signaling. ERV
expression could be, for example, helpful to stratify pa-
tients with epithelioid histotype, which overall respond
less well to immune checkpoint inhibition than those
with sarcomatoid histotype.66
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