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Simple Summary: A critical step in the success of immunotherapy is the presentation of tumor-
derived peptides by the major histocompatibility complex I (MHC-I) of tumor cells. These neoanti-
gens are potentially immunogenic and trigger immune responses orchestrated by cytotoxic cells. In
malignant mesothelioma (MM), tumor development is nevertheless characterized by a low mutation
rate despite major structural chromosomal rearrangements driving oncogenesis. In this paper, we
propose a paradigm based on the mechanisms of the DNA damage tolerance (DDT) pathways
to increase the frequency of non-synonymous mutations. The idea is to transiently activate the
error-prone DDT in order to generate neoantigens while preserving a fully competent antitumor
immune response.

Abstract: Immunotherapy based on two checkpoint inhibitors (ICI), programmed cell death 1
(PD-1, Nivolumab) and cytotoxic T-lymphocyte 4 (CTLA-4, Ipilimumab), has provided a significant
improvement in overall survival for malignant mesothelioma (MM). Despite this major breakthrough,
the median overall survival of patients treated with the two ICIs only reached 18.1 months vs.
14 months in standard chemotherapy. With an objective response rate of 40%, only a subset of
patients benefits from immunotherapy. A critical step in the success of immunotherapy is the
presentation of tumor-derived peptides by the major histocompatibility complex I (MHC-I) of tumor
cells. These neoantigens are potentially immunogenic and trigger immune responses orchestrated
by cytotoxic cells. In MM, tumor development is nevertheless characterized by a low mutation rate
despite major structural chromosomal rearrangements driving oncogenesis (BAP1, NF2, CDKN2AB).
In this opinion, we propose to investigate an approach based on the mechanisms of the DNA damage
tolerance (DDT) pathways to increase the frequency of non-synonymous mutations. The idea is to
transiently activate the error-prone DDT in order to generate neoantigens while preserving a fully
competent antitumor immune response.

Keywords: mesothelioma; tolerance to DNA damage; DNA damage response; chemoresistance;
immunotherapy; immune checkpoint inhibitor

1. Oncogenesis of Mesothelioma Occurs at Low Tumor Mutational Burden

Malignant mesothelioma (MM), a poor-prognosis cancer closely associated with as-
bestos exposure, affects mesothelial cells from the pleura, pericardium, and peritoneum [1].
The current model of MM oncogenesis postulates that neoplastic transformation is caused
by a combination of genetic and epigenetic events leading to unresolved chronic inflam-
mation. Asbestos fibers directly stimulate the production of reactive oxygen and nitrogen
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species (ROS and RNS) by mesothelial cells [2]. Iron associated with asbestos gener-
ates highly reactive hydroxyl radicals (HO·) from hydrogen peroxide (H2O2) through
the Fenton reaction with oxidation of Fe2+ to Fe3+. In hypoxic conditions, asbestos also
promotes RNS such as nitric oxide (·NO) and peroxynitrite (·ONOO) via the respiratory
chain. ROS/RNS affect phosphodiester bonds of the DNA backbone, possibly leading
to error-prone repair by non-homologous end joining (NHEJ) [3]. This mechanism may
explain the presence of deletions and insertions in MM tumors (Figure 1A). Asbestos fibers
also undergo “frustrated phagocytosis” by macrophages, further increasing the oxidative
burden [4]. Besides cleavage of phosphodiester bonds, ROS directly oxidize DNA bases
such as guanine into 8-oxoguanine (8-oxoG) [5]. If improperly repaired, the lesion results
in mismatched pairing with adenine leading in G-to-T and C-to-A substitutions in the
genome. In MM, however, the most frequently encountered mutation is C-to-T transition
accounting for 49.56% of substitutions (Figure 1B,C) [6]. This type of mutation is thought
to arise from deamination of 5-methylcytosine in areas of exposed single-stranded DNA.
The mechanism, called kataegis, is mediated by the AID/APOBEC family of enzymes that
deaminates cytosine to uracil [7,8]. Localized hypermutations in a small region of DNA
have been identified in other cancer genomes. Although signatures of APOBEC-induced
mutagenesis are not clearly identified in MM [9], it can nevertheless be speculated that
the presence of single-stranded DNA associated with DNA replication rather than base
oxidation is a major driver of oncogenesis in MM.

For still unclear reasons, the tumor mutational burden (TMB), which is defined as the
total number of somatic mutations in the coding region of a genome, is particularly low in
MM compared to other cancer types [9,10]. According to TCGA data, genomic analysis of
MM tumors reveals that a median number of 0.726 somatic mutations occur per megabase
(Figure 1D).

Hypermutation and genomic instability resulting from defective DNA mismatch
repair (MMR) is infrequent in MM [11]. Instead, major genomic alterations affect a series
of tumor-suppressor genes in human MM, e.g., the BRCA1-associated deubiquitylase
(BAP1), the cyclin-dependent kinase inhibitor 2A/B (CDKN2AB), neurofibromatosis type
2/moesin-ezrin-radixin-like protein (NF2/Merlin), and tumor protein 53 (TP53). The
combined deletion of BAP1, CDKN2AB, and NF2 leads to a rapid onset of MM in mice [12].
BAP1 is an enzyme that mediates the deubiquitination of histone H2A monoubiquitinated
at lysine 119 (H2AK119ub1) [13]. BAP1 also interacts with the BRCA1-BARD1 heterodimers
and interferes with their ubiquitination activity. BAP1 loss in mice results in increased
expression of the enhancer of zeste-homolog 2 (EZH2), the trimethyltransferase of lysine
27 of histone H3 (H3K27me3). Consistently, MM cells that lack BAP1 are sensitive to EZH2
inhibition. Clinical evidence for efficacy of an EZH2 inhibitor (Tazemetostat) was observed
in a multicenter phase 2 trial on relapsed or refractory MM with BAP1 inactivation [14].
Another frequently inactivated gene, CDKN2AB, encodes the ADP-ribosylation factor (ARF,
p14), INK4A (p16), and INK4B (p15) via alternative open reading frames. By inhibiting
cyclin-dependent kinases 4 and 6 (CDK4 and CDK6), INK4A affects the transition between
the G1 and S phases of the cell cycle. The CDK4/CDK6 inhibitor Abemaciclib induces
apoptosis in CDKN2A-mutated cells and suppressed tumor growth in a mouse model,
leading to a clinical trial (NCT03654833) [15]. NF2/merlin is involved in contact inhibition
by interacting with membrane-associated proteins such as CD44, α/β-catenin, and actin
fibers [16]. A loss of merlin expression disrupts cancer-related signaling through the Hippo
and mTOR pathways.

Major alterations in BAP1, CDKN2AB, and NF2 are thus predicted to drive oncogenesis
and provide opportunities for targeted therapies. Notwithstanding these recurrent genomic
changes, genome-wide somatic mutations are thus relatively infrequent in MM.
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Figure 1. Low tumor mutational burden in mesothelioma. (A) Repartition of mutational variants in 
malignant mesothelioma (MM) patients. Data are expressed as median +/− interquartile. Abbrevia-
tions: deletion (Del) and insertion (In). (B,C) Percentage of single nucleotide variant (SNV) types 
among MM patients. (D) The number of genomic mutations per megabase was analyzed in different 
cancer types. The Y-axis represents the number of genomic nonsynonymous mutations per mega-
base of exons. Dots correspond to tumor samples and bars show median values. The different cancer 
types are indicated on the X-axis: skin cutaneous melanoma (SKCM), lung squamous cell carcinoma 
(LUSC), lung adenocarcinoma (LUAD), bladder urothelial carcinoma (BLCA), colon adenocarci-
noma (COAD), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), stomach adenocarci-
noma (STAD), esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), 
rectum adenocarcinoma (READ), cervical squamous cell carcinoma and end cervical adenocarci-
noma (CESC), liver hepatocellular carcinoma (LIHC), uterine corpus endometrial carcinoma 
(UCEC), ovarian serous cystadenocarcinoma (OV), kidney renal papillary cell carcinoma (KIRP), 
glioblastoma multiforme (GBM), kidney renal clear cell carcinoma (KIRC), uterine carcinosarcoma 
(UCS), sarcoma (SARC), breast invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), pancre-
atic adenocarcinoma (PAAD), brain lower-grade glioma (LGG), adrenocortical carcinoma (ACC), 
prostate adenocarcinoma (PRAD), mesothelioma (MESO, in red), kidney chromophobe (KICH), tes-
ticular germ cell tumors (TGCT), thymoma (THYM), acute myeloid leukemia (LAML), uveal mela-
noma (UVM), thyroid carcinoma (THCA) and pheochromocytoma and paraganglioma (TCPG). 
Data were extracted using TCGAbiolinks version 2.1 from the TCGA-GDC repository and plotted 
using maftools version 2.7.40 and RStudio 4.0. Bars represent median values. 

Hypermutation and genomic instability resulting from defective DNA mismatch re-
pair (MMR) is infrequent in MM [11]. Instead, major genomic alterations affect a series of 

Figure 1. Low tumor mutational burden in mesothelioma. (A) Repartition of mutational variants in
malignant mesothelioma (MM) patients. Data are expressed as median +/− interquartile. Abbrevia-
tions: deletion (Del) and insertion (In). (B,C) Percentage of single nucleotide variant (SNV) types
among MM patients. (D) The number of genomic mutations per megabase was analyzed in different
cancer types. The Y-axis represents the number of genomic nonsynonymous mutations per megabase
of exons. Dots correspond to tumor samples and bars show median values. The different cancer
types are indicated on the X-axis: skin cutaneous melanoma (SKCM), lung squamous cell carcinoma
(LUSC), lung adenocarcinoma (LUAD), bladder urothelial carcinoma (BLCA), colon adenocarcinoma
(COAD), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), stomach adenocarcinoma
(STAD), esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), rectum
adenocarcinoma (READ), cervical squamous cell carcinoma and end cervical adenocarcinoma (CESC),
liver hepatocellular carcinoma (LIHC), uterine corpus endometrial carcinoma (UCEC), ovarian serous
cystadenocarcinoma (OV), kidney renal papillary cell carcinoma (KIRP), glioblastoma multiforme
(GBM), kidney renal clear cell carcinoma (KIRC), uterine carcinosarcoma (UCS), sarcoma (SARC),
breast invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), pancreatic adenocarcinoma (PAAD),
brain lower-grade glioma (LGG), adrenocortical carcinoma (ACC), prostate adenocarcinoma (PRAD),
mesothelioma (MESO, in red), kidney chromophobe (KICH), testicular germ cell tumors (TGCT),
thymoma (THYM), acute myeloid leukemia (LAML), uveal melanoma (UVM), thyroid carcinoma
(THCA) and pheochromocytoma and paraganglioma (TCPG). Data were extracted using TCGAbi-
olinks version 2.1 from the TCGA-GDC repository and plotted using maftools version 2.7.40 and
RStudio 4.0. Bars represent median values.
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2. High-Dose Treatment with Cisplatin and Pemetrexed Selects Chemoresistant
Mesothelioma Cells

Standard-of-care chemotherapy for MM patients is based on the combination of a
DNA crosslinking agent, cisplatin, and an antifolate, pemetrexed [17]. After aqua ac-
tivation in the cytoplasm, cisplatin induces DNA adducts through covalent bonds and
intrastrand crosslinks, which block the DNA replication machinery in the S phase of the
cell cycle. Pemetrexed is a multifolate antagonist that impairs the de novo synthesis of
tri-phosphate deoxyribonucleotides (dNTPs) through inhibition of thymidylate synthase
(TS), dihydrofolate reductase (DHFR), and glycinamide ribonucleotide formyltransferase
(GARFT), thereby inhibiting DNA synthesis, cell replication, and DNA repair [15,18,19].
The combination of cisplatin and pemetrexed also induces single-strand breaks (SSB) that
are converted into double-strand breaks (DSBs) upon DNA replication.

Despite a relatively low efficacy, the combination of cisplatin and pemetrexed has
remained the palliative therapy of MM for almost two decades. This regimen slightly
extends the median overall survival of MM patients to 14 months but is associated with a
lack of response in a significant proportion of patients as well as quick relapse.

Resulting from genetic mutations, transcriptional changes, or epigenetic modifications,
resistance to cisplatin is multifactorial [18,19]. The mechanisms of resistance notably include
reduced intracellular accumulation due to inhibition of uptake and/or increase in efflux, as
well as intracellular inactivation by thiol-containing molecules (i.e., scavengers) and DNA
damage repair (DDR) (Figure 2).

Cisplatin can be uptaken by cells through passive diffusion across the plasma mem-
brane, under a chloride ion gradient. Cisplatin also penetrates cells via the copper trans-
porter 1 (CTR1), whose expression inversely correlates with chemoresistance [20]. Follow-
ing aqua activation in the cytoplasm, cisplatin may undergo inactivation by scavengers
such as glutathione (GSH) and cysteine-rich metallothionein. The interaction between
aquated cisplatin and GSH occurs non-enzymatically via a conjugation reaction or can be
catalyzed by GSH-S-transferase (GSTp). Another cisplatin-resistance mechanism is associ-
ated with an increased capacity to correct the DNA lesions via the transcription-coupled
nucleotide excision repair (TC-NER). In contrast, the MMR complex does not directly
process cisplatin adducts. However, components of the MMR pathway (e.g., hMSH2 and
hMutS) directly recognize intrastrand adducts of cisplatin and are therefore critical for the
maintenance of genome integrity. Although infrequent in MM, a deficiency in the MMR
system (i.e., hML1 and hMSH2) is nevertheless potentially associated with resistance to
cisplatin [21]. A predominant mechanism of cisplatin resistance results from its efflux
out of the cell via copper-exporting P-type ATPases 1 and 2 (ATP7A and ATP7B) [18].
Furthermore, overexpression of the ATP binding cassette (ABC) ATPase-like multidrug
resistance-associated MRP2 transporter is also associated with cisplatin resistance by ex-
tracellular export of platinum-GSH conjugates via an ATP-dependent mechanism. To
a lesser extent, the resistance to cisplatin may further involve a complex interplay of a
variety of pathways (PI3K/Akt, HER2/neu, MAPK), p53 inactivation, and overexpression
of anti-apoptotic proteins.

Because pemetrexed has been frequently combined with other drugs, the mechanisms
of resistance have been less well characterized. These include impaired cell entry, defective
polyglutamylation, intracellular inactivation, and overexpression of folate enzymes (i.e.,
TS, GARFT, DHFR), as well as enhanced efflux [22]. Pemetrexed is internalized by three
transmembrane receptors: the reduced folate receptor (RFC), the folate receptor-α (FR-α),
and the proton-coupled folate receptor (PCFT). In the cytoplasm, pemetrexed is activated
by the folylpolyglutamate synthetase (FPGS). The glutamate tails of this active form are
hydrolyzed by the γ-glutamyl hydrolase (GGH) in the lysosome. The de-polyglutamated
pemetrexed is thereafter exported by members of ABC transporters (i.e., MRP).

Together, these different pathways select chemoresistant cells in MM patients treated
with standard doses of cisplatin and pemetrexed.
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Figure 2. Main mechanisms of chemoresistance to cisplatin and pemetrexed. Reduced expression
of copper transporter 1 (CTR1) leads to a decrease in the cisplatin influx. Aquated cisplatin in the
cytoplasm can either generate intrastrand adducts with DNA or be inactivated by metallothionein
(MT) or be conjugated with glutathione (GSH) by GSH-S-transferase p (GSTp). In response to
DNA-cisplatin adducts, increased transcription-coupled nucleotide excision repair (TC-NER) activity
and mismatch repair (MMR) deficiency can lead to cisplatin resistance. Upon inactivation, GSH-
cisplatin conjugates will be excreted by the ATP binding cassette (ABC) ATPase-like multidrug
resistance-associated (MRP2) transporter exported by the copper-exporting P-type ATPases 1 and
2 (ATP7A/B). Pemetrexed influx is regulated by the proton-coupled folate receptor (PCFT), the
reduced folate receptor (RFC), and the folate receptor α (FR-α). In the cytoplasm, pemetrexed is
polyglutamated by folylpolyglutamate synthetase (FPGS) and inhibits the enzymes involved in
DNA and RNA replication, i.e., thymidylate synthase (TS), dihydrofolate reductase (DHFR), and
glycinamide ribonucleotide formyltransferase (GARFT). Overexpression of TS, DHFR, and GARTF
leads to chemotherapy resistance. The enzymatic activity of the γ-glutamyl hydrolase (GGH) leads
to the hydrolysis of the glutamate tails in the lysosome. The depolyglutamated form is thereafter
exported out of the cell by members of the ABC transporters (i.e., MRP).

3. Immune Checkpoint Blockade Therapy Requires Altered-Self Antigens

Considering the disappointing survival rate of MM patients following chemother-
apy, other strategies have been investigated in recent years. Immunotherapy based on
checkpoint inhibitors (ICI) has provided a significant improvement in overall survival for
previously untreated unresectable MM [23]. In the recent CheckMate 743 trial, the combi-
nation of anti-programmed cell death 1 (PD-1, CD279) and anti-cytotoxic T-lymphocyte
4 (CTLA-4, CD152) antibodies (Nivolumab and Ipilimumab, respectively) increased the
2-year overall survival rate by 50% compared to platinum plus pemetrexed chemother-
apy [24]. Despite this major breakthrough, the median overall survival of patients treated
with the two ICIs only reached 18.1 months (vs. 14 months in standard chemotherapy).
With an objective response rate of 40%, only a subset of patients benefited from Nivolumab
and Ipilimumab immunotherapy.

This partial response may be explained by the low mutational burden encountered
in MM. According to data available in other cancers, such as melanoma or non-small
cell lung cancer (NSCLC), responders to ICI therapy typically present high numbers
of somatic mutations in genomic coding regions [25,26]. The underlying prediction is
that mutated genes generate altered-self proteins that can be processed in the form of
small peptides, referred to as neoantigens, and presented on the major histocompatibility
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complex I (MHC-I) molecules at the surface of tumor cells. Only a small fraction of the
non-synonymous mutations will produce new peptides loaded and presented by MHC-I
(Figure 3B). These mutated peptides are potentially immunogenic and trigger immune
responses orchestrated by CD8+ T cells, natural killer cells (NK), and macrophages. It is
therefore possible that the generation of neoantigens may increase the immune infiltration
within the tumor microenvironment.

The cellular composition of the MM tumor microenvironment is quite heteroge-
neous and consists of endothelial, stromal, and immune cells such as tumor-associated
macrophages (TAMs), tumor-infiltrating lymphocytes (TILs), myeloid-derived suppressor
cells (MDSCs), granulocytes, and NK cells [27]. While T-cells, B-cells, and NK cells are
generally associated with an antitumor response, TAMs and MDSCs mainly exert protu-
moral functions [28]. TAMs inhibit immune responses notably through the expression
of immunosuppressive cytokines (e.g., TGF-β, IL-10). Their accumulation is associated
with a poor prognosis in MM, as observed in other cancers. TAMs can nevertheless exert
antitumor functions. Besides their ability to phagocytize and process foreign antigens,
macrophages are indeed directly cytotoxic to MM cells [29]. Besides a broad spectrum in
the tumor cell composition, MM is also characterized by a spatial heterogeneity, displaying
a continuum between “hot” and “cold” profiles defined by high and low lymphocyte
infiltrations, respectively (Figure 3A).

Among TILs, cytotoxic CD8+ T-cells represent the predominant population in MM
and are key mediators of the antitumor response [30]. However, T-cells in tumors be-
come exhausted under chronic stimulation of the T-cell receptor (TCR) combined with
co-inhibitory signaling [31]. Of note, this dysfunctional state is molecularly distinct from
T-cell anergy, which corresponds to a state of non-responsiveness following an antigen
encounter. Instead, exhaustion is characterized by a progressive and hierarchical loss of ef-
fector functions including cytokine production, proliferative capacity, and cytotoxic activity.
A major feature of this state includes the upregulated expression of multiple co-inhibitory
receptors such as CTLA-4, PD-1, lymphocyte-activation gene 3 (LAG-3, CD223), and the
T-cell immunoglobulin and mucin domain containing-3 (TIM-3, CD366) [32]. CTLA-4 is
transiently upregulated on naive T-cells upon priming by antigen-presenting cells (APCs).
CTLA-4 interacts with the co-stimulatory receptors CD80 (B7-1) and CD86 (B7-2) expressed
by macrophages, dendritic cells (DCs), and B-cells, preventing their binding to CD28 and
subsequent T-cell activation and proliferation. PD-1 attenuates the signaling from the TCR,
which is activated by its interaction with the peptide-MHC-I complex [33]. Engagement of
PD-1 at the surface of T-cells with PD-L1/PD-L2 expressed by tumor cells indeed results
in immune suppression. PD-1 is also expressed by B-cells, NK cells, DCs, monocytes,
and macrophages. Antibodies targeting PD-1 or CTLA-4 disrupt intercellular interactions
and prevent exhaustion of CD8+ T cells [34,35]. The challenge of the ICI immunother-
apy is therefore to temper cytotoxic T-cell exhaustion [33,36]. However, a prerequisite of
immune checkpoint therapy is the presence of immunogenic-mutated peptides eliciting
T-cell responses.
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Figure 3. Immune checkpoint blockade therapy in the tumor microenvironment. (A) The heterogene-
ity of the malignant mesothelioma (MM) microenvironment results from the presence of endothelial,
stromal, and immune cells (e.g., T-cells, tumor-associated macrophages (TAMs), and natural killer
(NK) cells). MM is also characterized by spatial heterogeneity, displaying a continuum between “hot”
and “cold” profiles (separated by the dotted line), defined by high and low lymphocyte infiltrations,
respectively. (B) Non-synonymous mutations generate altered proteins, which are degraded by
the proteasome. The resulting neoantigens are subsequently loaded on the major histocompatibil-
ity complex (MHC)-I in the endoplasmic reticulum (ER) and presented at the cell surface. These
neoantigen-MHC-I complexes are recognized by the T-cell receptor (TCR) of primed CD8+ T-cells
and elicit a cytotoxic response. However, T-cell function may be impaired after chronic stimulation
of the TCR or by signaling of co-inhibitory factors. Exhausted CD8+ T-cells overexpress co-inhibitory
receptors such as programmed-death 1 (PD-1) and cytotoxic T-lymphocyte 4 (CTLA-4). Treatment of
MM patients with anti-CTLA4 (Ipilimumab) and/or anti-PD-1 (Nivolumab) antibodies tempers CD8+
exhaustion by blocking the co-inhibitory receptors thereby maintaining potent effector functions.
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4. Mutations Generated by the DNA Damage Tolerance Pathways May Promote
Neo-Antigen Production by MM Cells

Compared to other cancers, MM tumors are characterized by a low mutation rate
despite major structural chromosomal rearrangements driving oncogenesis. On the other
hand, lesions such as cisplatin adducts induced by high-dose standard chemotherapy
initiate the DNA damage response [37]. The mode of DNA repair depends on the lesion:
cisplatin-induced intrastrand crosslinks are primarily repaired by nucleotide excision
repair (NER), while 8-oxoG are processed by 8-oxoguanine glycosylase and base excision
repair (BER) [3,20]. Inadequate base pairing is also repaired by the MMR pathway [38].
Finally, DNA double-strand breaks induced directly by oxidation or resulting from cisplatin
adducts are processed by error-prone NHEJ, error-free homologous recombination (HR),
or single-strand annealing (SSA) depending on the phase of the cell cycle [39].

This complex interplay of repair systems maintains genomic integrity and promotes
survival of MM tumor cells. If unrepaired by the DDR, the lesions can be further processed
by the DNA damage tolerance (DDT) pathways (Figure 4).

DDT provides escape pathways to restart the stalled fork, resulting from unrepaired
cisplatin adducts, and to resume DNA replication [40,41]. Thus, the damage is toler-
ated, allowing further cell proliferation despite accumulation of DNA lesions. Nowadays,
these pathways are well characterized in Saccharomyces cerevisiae but remain rather un-
clear in humans. These mechanisms depend on the type of ubiquitination of the prolif-
erating cell nuclear antigen (PCNA) [41,42]. The PCNA processivity factor undergoes
mono-ubiquitination on Lys-164 by a complex of RAD6 (an E2-ubiquitin conjugase) and
RAD18 (an E3-ubiquitin ligase) in response to replication fork stalling. The Lys-164 mono-
ubiquitination of PCNA, which is tightly controlled by BRCA1 and BAP1, activates the
error-prone translesion synthesis (TLS) pathway [43]. Then, the low-fidelity polymerase
Pol η first incorporates a nucleotide in front of the damage [44]. Due to its high error rate
(3.5 × 10−2), this polymerase misincorporates dGTP opposite dT [45]. Of interest, Pol η ex-
pression is upregulated in presence of cisplatin treatment, thereby promoting TLS. Another
TLS polymerase, REV1, specifically incorporates dCTP opposite dG and abasic sites. Then,
Pol ζ (REV3) extends the newly formed strand beyond the damaged site despite the spatial
distortion associated with the lesion. Another set of enzymes, UBC13/MMS2 (E2-ubiquitin
conjugases) in complex with HLTF or SHPRH (orthologs of Rad5 E3-ubiquitin ligase), ex-
tends the ubiquitin attached to PCNA into a Lys-63-linked poly-ubiquitin chain [46]. This
post-translational modification activates two template-switching pathways: homologous
recombination (HR) or fork reversal (FR). Using the intact sister chromatid as a template to
allow for the DNA replication of the damaged strand, the template-switching pathways
are error free. In the HR pathway, which is controlled by BRCA1/2, the recombinase
RAD51 initiates strand invasion, while RAD52 promotes the annealing of the complemen-
tary strands. RAD54 forms a D-loop that leads to the formation of Holliday junctions,
which can be resolved by the helicase BLM and the topoisomerase TOP3. In the FR pathway,
the fork-remodeling helicases ZRANB3, SMARCAL1, and HLTF are recruited to reverse the
stalled fork. RAD51 binds to the blocked strand and leads to the annealing of the two newly
synthesized strands to create a “chicken foot” structure, while BRCA2 protects the fork
from nucleases. Finally, DNA replication can resume through HR or branch migration [47].

DDT thus provides mechanisms to tolerate DNA lesions during replication, thereby
increasing cell survival despite mutational burden.



Cancers 2021, 13, 3211 9 of 13
Cancers 2021, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 4. Activation of the DNA damage tolerance pathways by unrepaired cisplatin adducts. Un-
repaired cisplatin adducts stall the replication fork during DNA synthesis and, if unrepaired, acti-
vate the DNA damage tolerance (DDT) pathways. (A) Mono-ubiquitination of proliferating cell nu-
clear antigen (PCNA) by RAD6-RAD18 leads to translesion synthesis (TLS). The Pol η translesion 
polymerase incorporates a nucleotide in front of the bulky adduct and bypasses the DNA lesion. 
Then, Pol ζ (REV3) further extends the distorted DNA strand. Poly-ubiquitination of PCNA by the 
UBC13-MMS2-HLTF complex leads to template switching and either (B) homologous recombina-
tion (HR) or (C) fork reversal (FR). In BRCA1/2-controlled HR, RAD51 promotes DNA strand inva-
sion and RAD52 annealing. Then, RAD54 forms a D-loop and Holliday junctions that are resolved 
by helicase BLM and topoisomerase TOP3. Template switching may also proceed to FR upon pro-
cessing by helicases ZRANB3, SMARCAL1, or HLTF after removal of the replication protein A 
(RPA) from single-strand DNA and its replacement by RAD51 and BRCA2. Resolution of the fork 
is finally processed either by HR or branch migration. 

DDT provides escape pathways to restart the stalled fork, resulting from unrepaired 
cisplatin adducts, and to resume DNA replication [40,41]. Thus, the damage is tolerated, 
allowing further cell proliferation despite accumulation of DNA lesions. Nowadays, these 
pathways are well characterized in Saccharomyces cerevisiae but remain rather unclear in 
humans. These mechanisms depend on the type of ubiquitination of the proliferating cell 
nuclear antigen (PCNA) [41,42]. The PCNA processivity factor undergoes mono-ubiqui-
tination on Lys-164 by a complex of RAD6 (an E2-ubiquitin conjugase) and RAD18 (an 

Figure 4. Activation of the DNA damage tolerance pathways by unrepaired cisplatin adducts.
Unrepaired cisplatin adducts stall the replication fork during DNA synthesis and, if unrepaired,
activate the DNA damage tolerance (DDT) pathways. (A) Mono-ubiquitination of proliferating cell
nuclear antigen (PCNA) by RAD6-RAD18 leads to translesion synthesis (TLS). The Pol η translesion
polymerase incorporates a nucleotide in front of the bulky adduct and bypasses the DNA lesion.
Then, Pol ζ (REV3) further extends the distorted DNA strand. Poly-ubiquitination of PCNA by the
UBC13-MMS2-HLTF complex leads to template switching and either (B) homologous recombination
(HR) or (C) fork reversal (FR). In BRCA1/2-controlled HR, RAD51 promotes DNA strand invasion
and RAD52 annealing. Then, RAD54 forms a D-loop and Holliday junctions that are resolved by
helicase BLM and topoisomerase TOP3. Template switching may also proceed to FR upon processing
by helicases ZRANB3, SMARCAL1, or HLTF after removal of the replication protein A (RPA) from
single-strand DNA and its replacement by RAD51 and BRCA2. Resolution of the fork is finally
processed either by HR or branch migration.

5. Fine-Tuning of the DNA Damage Tolerance Pathways May Improve Immunotherapy

Despite major genomic alterations in cancer driver genes (BAP1, NF2, CDKN2AB),
mesothelioma is unfortunately characterized by low mutation rates (Figure 1). Further-
more, only a small fraction of the non-synonymous mutations will generate new peptides
presented by the MHC-I (Figure 3). Host immunity against these potentially immuno-
genic neoantigens is also tempered by the immunosuppressive environment of the tumor.
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Standard-of-care platinum-based chemotherapy is predicted to promote mutagenesis but
initiates mechanisms of resistance acquired through high-dose drug exposure (Figure 2).
Among a broad diversity of mechanisms, the DDR pathways are able to efficiently repair
the DNA lesions in MM tumors. If unrepaired by the DDR, the lesions can be further
processed by the DDT pathways (Figure 4).

In this context, we propose an approach based on the stimulation of error-prone DDT
pathways using suboptimal doses and/or fine-tuned delivery of chemotherapy (Figure 5).
Administration of the DNA-damaging drugs would transiently activate DDT mechanisms
using error-prone TLS polymerases that are intrinsically mutagenic. Among cancer cyto-
toxic compounds, cisplatin is more mutagenic than carboplatin and oxaliplatin [48,49]. Al-
though scarce information is available in the literature, cisplatin and oxaliplatin have been
shown to induce TLS in non-small cell lung cancer and in gastric adenocarcinoma [50,51].
Besides cisplatin, low doses of cyclophosphamide, doxorubicin, or gemcitabine could also
be used to concomitantly elicit immunogenic cell death (ICD). The problem is that, at
clinically relevant doses, these chemotherapeutic drugs are toxic to T cells, NK cells, and
DCs, thereby limiting their association with ICI. The drug dose and the delivery schedule
can be optimized to trigger ICD and concomitantly preserve a sustained antitumor immune
response [52]. The idea is to increase the frequency of non-synonymous mutations that will
generate new immunogenic peptides. Host immunity would only be marginally affected by
low doses or fine-tuned delivery of DNA-damaging drugs. Presentation of tumor-specific
neoantigens by the MHC-I would efficiently stimulate novel immune interactions. Appear-
ance of these neoantigens would occur in the absence of significant toxicity, notably for
immune cells. We believe that transient activation of the DDT in tumor cells would increase
the efficacy of immune checkpoint blockade and promote durable tumor regression.
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is based on the administration of DNA-damaging drug to transiently activate the intrinsic mutagenic
DDT pathway. Suboptimal doses of these compounds would activate error-prone DDT pathways
(i.e., TLS) and increase random mutations. Providing that these mutations induce non-synonymous
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complex. Appearance of these neoantigens would occur in the absence of significant toxicity for
immune cells.

6. Conclusions

Considering the spectacular promises of immunotherapy in MM, the major challenge
will be to increase the proportion of responders and to prolong their survival. To this end,
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a number of approaches have been proposed [36]: (i) target additional immunomodulatory
molecules (VISTA, LAG-3, TIM-3) [28]; (ii) facilitate infiltration of effector T-cells in tumors
by using cytokines (e.g., IL-2) and growth factors (e.g., GM- CSF); (iii) inhibit regulatory
T-cells (Tregs); (iv) induce immunogenic cell death (ICD) with chemotherapy (e.g., gemc-
itabine, doxorubicin) [52,53]; (v) combine ICI with radiotherapy (abscopal effect) [54,55];
(vi) use oncolytic viruses to lyse tumors [56]; (vii) improve antigen presentation with
epigenetic modifiers (e.g., HDAC inhibitors) [57]; and (viii) target DNA-repair proteins
(e.g., PARP or mth-1) [58,59].

In this opinion paper, we propose an alternative strategy considering that the central
mechanism that initiates the antitumor immune response is the presentation of neoantigens
by the TCR. The idea is to promote occurrence of somatic mutations by transient activation
of error-prone DDT pathways and increase the frequency of antitumor peptides presented
by the MHC-I. In this paradigm, it is essential to preserve optimal host immunity by
reducing the doses of DNA-damaging agents and fine-tuning the kinetics of drug delivery.
We are aware that a number of issues remain to be solved. A potential threat is the
insufficient response to low or fine-tuned drug delivery followed by chemoresistance and
tumor escape. Another issue is the complex interplay between overlapping DDR and
DDT pathways that would limit the onset of novel somatic mutations. In this context,
interference with MMS2/Ubc13/HLTF may favor TLS by reducing template switching [60].

Author Contributions: M.H. and L.W. contributed equally to the conceptualization of this opinion.
H.B., A.F., C.H., M.J., and M.W. equally contributed to the writing, design of figures, and critical
reading of the manuscript and are co-first authors listed in alphabetical order. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Fonds National de la Recherche Scientifique (FNRS), the
Télévie, the Belgian Foundation against Cancer (FBC), the Fonds Spéciaux pour la Recherche de
l’Université de Liège and the Fonds Léon Fredericq (FLF). M.W. is supported by a grant of the FBC.
H.B. (FRIA), A.F. (Télévie), C.H. (research fellow), M.J. and M.H. (Télévie postdoctoral fellows), and
L.W. (research director) are members of the FNRS.

Data Availability Statement: Publicly available datasets analyzed in this study can be found on the
TCGA Research Network.

Acknowledgments: The authors thank Jean-Rock Jacques for assistance. The authors are grateful to
the GIGA technological platforms for support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses or interpretation of the data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. Asciak, R.; George, V.; Rahman, N.M. Update on biology and management of mesothelioma. Eur. Respir. Rev. 2021, 30, 200226.

[CrossRef]
2. Carbone, M.; Harbour, J.W.; Brugarolas, J.; Bononi, A.; Pagano, I.; Dey, A.; Krausz, T.; Pass, H.; Yang, H.; Gaudino, G. Biological

Mechanisms and Clinical Significance of BAP1 Mutations in Human Cancer. Cancer Discov. 2020, 10, 1103–1120. [CrossRef]
[PubMed]

3. Berquist, B.R.; Wilson, D.M. Pathways for repairing and tolerating the spectrum of oxidative DNA lesions. Cancer Lett. 2012, 327,
61–72. [CrossRef] [PubMed]

4. Yap, T.A.; Aerts, J.G.; Popat, S.; Fennell, D.A. Novel insights into mesothelioma biology and implications for therapy. Nat. Rev.
Cancer 2017, 17, 475–488. [CrossRef] [PubMed]

5. Fuso Nerini, I.; Roca, E.; Mannarino, L.; Grosso, F.; Frapolli, R.; D’Incalci, M. Is DNA repair a potential target for effective
therapies against malignant mesothelioma? Cancer Treat Rev. 2020, 90, 102101. [CrossRef]

6. Zhang, M.; Luo, J.-L.; Sun, Q.; Harber, J.; Dawson, A.G.; Nakas, A.; Busacca, S.; Sharkey, A.J.; Waller, D.; Sheaff, M.T.; et al. Clonal
architecture in mesothelioma is prognostic and shapes the tumour microenvironment. Nat. Commun. 2021, 12, 1751. [CrossRef]

7. Schutsky, E.K.; Nabel, C.S.; Davis, A.K.F.; DeNizio, J.E.; Kohli, R.M. APOBEC3A efficiently deaminates methylated, but not
TET-oxidized, cytosine bases in DNA. Nucleic Acids Res. 2017, 45, 7655–7665. [CrossRef]

8. Willems, L.; Gillet, N.A. APOBEC3 Interference during Replication of Viral Genomes. Viruses 2015, 7, 2999–3018. [CrossRef]
[PubMed]

http://doi.org/10.1183/16000617.0226-2020
http://doi.org/10.1158/2159-8290.CD-19-1220
http://www.ncbi.nlm.nih.gov/pubmed/32690542
http://doi.org/10.1016/j.canlet.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22353689
http://doi.org/10.1038/nrc.2017.42
http://www.ncbi.nlm.nih.gov/pubmed/28740119
http://doi.org/10.1016/j.ctrv.2020.102101
http://doi.org/10.1038/s41467-021-21798-w
http://doi.org/10.1093/nar/gkx345
http://doi.org/10.3390/v7062757
http://www.ncbi.nlm.nih.gov/pubmed/26110583


Cancers 2021, 13, 3211 12 of 13

9. Hmeljak, J.; Sanchez-Vega, F.; Hoadley, K.A.; Shih, J.; Stewart, C.; Heiman, D.; Tarpey, P.; Danilova, L.; Drill, E.; Gibb, E.A.; et al.
Integrative Molecular Characterization of Malignant Pleural Mesothelioma. Cancer Discov. 2018, 8, 1548–1565. [CrossRef]

10. Bueno, R.; Stawiski, E.W.; Goldstein, L.D.; Durinck, S.; De Rienzo, A.; Modrusan, Z.; Gnad, F.; Nguyen, T.; Jaiswal, B.S.;
Chirieac, L.R.; et al. Comprehensive genomic analysis of malignant pleural mesothelioma identifies recurrent mutations, gene
fusions and splicing alterations. Nat. Genet. 2016, 48, 407–416. [CrossRef]

11. Cedrés, S.; Ponce-Aix, S.; Iranzo, P.; Callejo, A.; Pardo, N.; Navarro, A.; Martinez-Marti, A.; Gómez-Abecia, S.; Zucchiatti, A.C.;
Sansano, I.; et al. Analysis of mismatch repair (MMR) proteins expression in a series of malignant pleural mesothelioma (MPM)
patients. Clin. Transl. Oncol. 2020, 22, 1390–1398. [CrossRef]

12. Badhai, J.; Pandey, G.K.; Song, J.-Y.; Krijgsman, O.; Bhaskaran, R.; Chandrasekaran, G.; Kwon, M.-C.; Bombardelli, L.;
Monkhorst, K.; Grasso, C.; et al. Combined deletion of Bap1, Nf2, and Cdkn2ab causes rapid onset of malignant mesothe-
lioma in mice. J. Exp. Med. 2020, 217. [CrossRef] [PubMed]

13. Koppens, M.; Van Lohuizen, M. Context-dependent actions of Polycomb repressors in cancer. Oncogene 2016, 35, 1341–1352.
[CrossRef] [PubMed]

14. Zauderer, M.G.; Szlosarek, P.; Le Moulec, S.; Popat, S.; Taylor, P.; Planchard, D.; Scherpereel, A.; Jahan, T.; Koczywas, M.;
Forster, M.; et al. Phase 2, multicenter study of the EZH2 inhibitor tazemetostat as monotherapy in adults with relapsed or
refractory (R/R) malignant mesothelioma (MM) with BAP1 inactivation. J. Clin. Oncol. 2018, 36, 8515. [CrossRef]

15. Cantini, L.; Hassan, R.; Sterman, D.H.; Aerts, J.G.J.V. Emerging Treatments for Malignant Pleural Mesothelioma: Where Are We
Heading? Front. Oncol. 2020, 10, 343. [CrossRef]

16. Sato, T.; Sekido, Y. NF2/Merlin Inactivation and Potential Therapeutic Targets in Mesothelioma. Int. J. Mol. Sci. 2018, 19, 988.
[CrossRef]

17. Vogelzang, N.J.; Rusthoven, J.J.; Symanowski, J.; Denham, C.; Kaukel, E.; Ruffie, P.; Gatzemeier, U.; Boyer, M.; Emri, S.;
Manegold, C.; et al. Phase III Study of Pemetrexed in Combination With Cisplatin Versus Cisplatin Alone in Patients With
Malignant Pleural Mesothelioma. J. Clin. Oncol. 2003, 21, 2636–2644. [CrossRef]

18. Chen, S.-H.; Chang, J.-Y. New Insights into Mechanisms of Cisplatin Resistance: From Tumor Cell to Microenvironment. Int. J.
Mol. Sci. 2019, 20, 4136. [CrossRef]

19. Siddik, Z.H. Cisplatin: Mode of cytotoxic action and molecular basis of resistance. Oncogene 2003, 22, 7265–7279. [CrossRef]
[PubMed]

20. Galluzzi, L.; Senovilla, L.; Vitale, I.; Michels, J.; Martins, I.; Kepp, O.; Castedo, M.; Kroemer, G. Molecular mechanisms of cisplatin
resistance. Oncogene 2011, 31, 1869–1883. [CrossRef]

21. Martin, L.P.; Hamilton, T.C.; Schilder, R.J. Platinum Resistance: The Role of DNA Repair Pathways. Clin. Cancer Res. 2008, 14,
1291–1295. [CrossRef]

22. Liang, J.; Lu, T.; Chen, Z.; Zhan, C.; Wang, Q. Mechanisms of resistance to pemetrexed in non-small cell lung cancer. Transl. Lung
Cancer Res. 2019, 8, 1107–1118. [CrossRef] [PubMed]

23. Hotta, K.; Fujimoto, N. Current evidence and future perspectives of immune-checkpoint inhibitors in unresectable malignant
pleural mesothelioma. J. Immunother. Cancer 2019, 8, e000461. [CrossRef] [PubMed]

24. Baas, P.; Scherpereel, A.; Nowak, A.K.; Fujimoto, N.; Peters, S.; Tsao, A.S.; Mansfield, A.S.; Popat, S.; Jahan, T.; Antonia, S.; et al.
First-line nivolumab plus ipilimumab in unresectable malignant pleural mesothelioma (CheckMate 743): A multicentre, ran-
domised, open-label, phase 3 trial. Lancet 2021, 397, 375–386. [CrossRef]

25. Zhuo, M.; Gorgun, F.M.; Tyler, D.S.; Englander, E.W. Transient activation of tumoral DNA damage tolerance pathway coupled
with immune checkpoint blockade exerts durable tumor regression in mouse melanoma. Pigment. Cell Melanoma Res. 2021, 34,
605–617. [CrossRef] [PubMed]

26. Rizvi, N.A.; Hellmann, M.D.; Snyder, A.; Kvistborg, P.; Makarov, V.; Havel, J.J.; Lee, W.; Yuan, J.; Wong, P.; Ho, T.S.; et al.
Mutational landscape determines sensitivity to PD-1 blockade in non–small cell lung cancer. Science 2015, 348, 124–128. [CrossRef]
[PubMed]

27. Chu, G.J.; Van Zandwijk, N.; Rasko, J.E.J. The Immune Microenvironment in Mesothelioma: Mechanisms of Resistance to
Immunotherapy. Front. Oncol. 2019, 9, 1366. [CrossRef] [PubMed]

28. Mutsaers, S.E.; Pixley, F.J.; Prêle, C.M.; Hoyne, G.F. Mesothelial cells regulate immune responses in health and disease: Role for
immunotherapy in malignant mesothelioma. Curr. Opin. Immunol. 2020, 64, 88–109. [CrossRef] [PubMed]

29. Hamaidia, M.; Gazon, H.; Hoyos, C.; Hoffmann, G.B.; Louis, R.; Duysinx, B.; Willems, L. Inhibition of EZH2 methyltransferase
decreases immunoediting of mesothelioma cells by autologous macrophages through a PD-1-dependent mechanism. JCI Insight
2019, 4. [CrossRef]

30. Minnema-Luiting, J.; Vroman, H.; Aerts, J.; Cornelissen, R. Heterogeneity in Immune Cell Content in Malignant Pleural
Mesothelioma. Int. J. Mol. Sci. 2018, 19, 1041. [CrossRef]

31. Wherry, E.J. T cell exhaustion. Nat. Immunol. 2011, 12, 492–499. [CrossRef]
32. Pauken, K.; Wherry, J. Overcoming T cell exhaustion in infection and cancer. Trends Immunol. 2015, 36, 265–276. [CrossRef]
33. Šmahel, M. PD-1/PD-L1 Blockade Therapy for Tumors with Downregulated MHC Class I Expression. Int. J. Mol. Sci. 2017,

18, 1331. [CrossRef]

http://doi.org/10.1158/2159-8290.CD-18-0804
http://doi.org/10.1038/ng.3520
http://doi.org/10.1007/s12094-019-02275-9
http://doi.org/10.1084/jem.20191257
http://www.ncbi.nlm.nih.gov/pubmed/32271879
http://doi.org/10.1038/onc.2015.195
http://www.ncbi.nlm.nih.gov/pubmed/26050622
http://doi.org/10.1200/JCO.2018.36.15_suppl.8515
http://doi.org/10.3389/fonc.2020.00343
http://doi.org/10.3390/ijms19040988
http://doi.org/10.1200/JCO.2003.11.136
http://doi.org/10.3390/ijms20174136
http://doi.org/10.1038/sj.onc.1206933
http://www.ncbi.nlm.nih.gov/pubmed/14576837
http://doi.org/10.1038/onc.2011.384
http://doi.org/10.1158/1078-0432.CCR-07-2238
http://doi.org/10.21037/tlcr.2019.10.14
http://www.ncbi.nlm.nih.gov/pubmed/32010588
http://doi.org/10.1136/jitc-2019-000461
http://www.ncbi.nlm.nih.gov/pubmed/32098830
http://doi.org/10.1016/S0140-6736(20)32714-8
http://doi.org/10.1111/pcmr.12943
http://www.ncbi.nlm.nih.gov/pubmed/33124186
http://doi.org/10.1126/science.aaa1348
http://www.ncbi.nlm.nih.gov/pubmed/25765070
http://doi.org/10.3389/fonc.2019.01366
http://www.ncbi.nlm.nih.gov/pubmed/31867277
http://doi.org/10.1016/j.coi.2020.04.005
http://www.ncbi.nlm.nih.gov/pubmed/32485577
http://doi.org/10.1172/jci.insight.128474
http://doi.org/10.3390/ijms19041041
http://doi.org/10.1038/ni.2035
http://doi.org/10.1016/j.it.2015.02.008
http://doi.org/10.3390/ijms18061331


Cancers 2021, 13, 3211 13 of 13

34. Blum, Y.; Meiller, C.; Quetel, L.; Elarouci, N.; Ayadi, M.; Tashtanbaeva, D.; Armenoult, L.; Montagne, F.; Tranchant, R.;
Renier, A.; et al. Dissecting heterogeneity in malignant pleural mesothelioma through histo-molecular gradients for clinical
applications. Nat. Commun. 2019, 10, 1333. [CrossRef] [PubMed]

35. Alcala, N.; Mangiante, L.; Le-Stang, N.; Gustafson, C.E.; Boyault, S.; Damiola, F.; Alcala, K.; Brevet, M.; Thivolet-Bejui, F.; Blanc-
Fournier, C.; et al. Redefining malignant pleural mesothelioma types as a continuum uncovers immune-vascular interactions.
EBioMedicine 2019, 48, 191–202. [CrossRef] [PubMed]

36. Gray, S.G.; Mutti, L. Immunotherapy for mesothelioma: A critical review of current clinical trials and future perspectives. Transl.
Lung Cancer Res. 2020, 9, S100–S119. [CrossRef] [PubMed]

37. Toumpanakis, D.; Theocharis, S.E. DNA repair systems in malignant mesothelioma. Cancer Lett. 2011, 312, 143–149. [CrossRef]
[PubMed]

38. Stojic, L.; Brun, R.; Jiricny, J. Mismatch repair and DNA damage signalling. DNA Repair 2004, 3, 1091–1101. [CrossRef]
39. Ceccaldi, R.; Rondinelli, B.; D’Andrea, A.D. Repair Pathway Choices and Consequences at the Double-Strand Break. Trends Cell

Biol. 2016, 26, 52–64. [CrossRef]
40. Neelsen, K.J.; Lopes, M. Replication fork reversal in eukaryotes: From dead end to dynamic response. Nat. Rev. Mol. Cell Biol.

2015, 16, 207–220. [CrossRef]
41. Branzei, D.; Szakal, B. DNA damage tolerance by recombination: Molecular pathways and DNA structures. DNA Repair 2016, 44,

68–75. [CrossRef]
42. Ghosal, G.; Chen, J. DNA damage tolerance: A double-edged sword gurading the genome. Transl. Cancer Res. 2013, 2, 107–129.

[PubMed]
43. Carbone, M.; Yang, H.; Pass, H.; Krausz, T.; Testa, J.R.; Gaudino, G. BAP1 and cancer. Nat. Rev. Cancer 2013, 13, 153–159.

[CrossRef] [PubMed]
44. Goodman, M.F.; Woodgate, R. Translesion DNA Polymerases. Cold Spring Harb. Perspect. Biol. 2013, 5, a010363. [CrossRef]

[PubMed]
45. Yang, W.; Gao, Y. Translesion and Repair DNA Polymerases: Diverse Structure and Mechanism. Annu. Rev. Biochem. 2018, 87,

239–261. [CrossRef]
46. Seelinger, O. Helicase-Like Transcription Factor HLTF and E3 Ubiquitin Ligase SHPRH Confer DNA Damage Tolerance through

Direct Interactions with Proliferating Cell Nuclear Antigen (PCNA). Int. J. Mol. Sci. 2020, 21, 693. [CrossRef]
47. Ripley, B.M.; Gildenberg, M.; Washington, M.T. Control of DNA Damage Bypass by Ubiquitylation of PCNA. Genes 2020, 11, 138.

[CrossRef]
48. Szikriszt, B.; Póti, Á.; Pipek, O.; Krzystanek, M.; Kanu, N.; Molnár, J.; Ribli, D.; Szeltner, Z.; Tusnády, G.E.; Csabai, I.; et al. A

comprehensive survey of the mutagenic impact of common cancer cytotoxics. Genome Biol. 2016, 17, 99. [CrossRef]
49. Szikriszt, B.; Póti, Á.; Németh, E.; Kanu, N.; Swanton, C.; Szüts, D. A comparative analysis of the mutagenicity of platinum-

containing chemotherapeutic agents reveals direct and indirect mutagenic mechanisms. Mutagenesis 2021, 36, 75–86. [CrossRef]
50. Ceppi, P.; Novello, S.; Cambieri, A.; Longo, M.; Monica, V.; Iacono, M.L.; Giaj-Levra, M.; Saviozzi, S.; Volante, M.; Papotti, M.; et al.

Polymerase η mRNA Expression Predicts Survival of Non–Small Cell Lung Cancer Patients Treated with Platinum-Based
Chemotherapy. Clin. Cancer Res. 2009, 15, 1039–1045. [CrossRef]

51. Teng, K.Y.; Qiu, M.Z.; Li, Z.H.; Luo, H.Y.; Zeng, Z.L.; Luo, R.Z.; Zhang, H.Z.; Wang, Z.Q.; Li, Y.H.; Xu, R.H. DNA polymeraseη
protein expression predicts treatment response and survival of metastatic gastric adenocarcinoma patients treated with oxaliplatin-
based chemotherapy. J. Transl. Med. 2010, 8, 126. [CrossRef] [PubMed]

52. Mehmood, R.K.; Parker, J.; Ahmed, S.; Qasem, E.A.; Mohammed, A.; Zeeshan, M.; Jehangir, E. Review of Cisplatin and Oxaliplatin
in Current Immunogenic and Monoclonal Antibodies Perspective. World J. Oncol. 2014, 5, 97–108. [CrossRef] [PubMed]

53. Hato, S.V.; Khong, A.; De Vries, I.J.M.; Lesterhuis, W.J. Molecular pathways: The immunogenic effects of platinum-based
chemotherapeutics. Clin. Cancer Res. 2014, 20, 2831–2837. [CrossRef]

54. Wu, L.; de Perrot, M. Radio-immunotherapy and chemo-immunotherapy as a novel treatment paradigm in malignant pleural
mesothelioma. Transl. Lung Cancer Res. 2017, 6, 325–334. [CrossRef]

55. Ngwa, W.; Irabor, O.C.; Schoenfeld, J.D.; Hesser, J.; Demaria, S.; Formenti, S.C. Using immunotherapy to boost the abscopal effect.
Nat. Rev. Cancer 2018, 18, 313–322. [CrossRef]

56. Patel, S.A.; Minn, A.J. Combination Cancer Therapy with Immune Checkpoint Blockade: Mechanisms and Strategies. Immunity
2018, 48, 417–433. [CrossRef]

57. Hamaidia, M.; Staumont, B.; Duysinx, B.; Louis, R.; Willems, L. Improvement of malignant pleural mesothelioma immunotherapy
by epigenetic modulators. Curr. Top. Med. Chem. 2015, 16, 777–787. [CrossRef]

58. Sen, T.; Rodriguez, B.L.; Chen, L.; Della Corte, C.M.; Morikawa, N.; Fujimoto, J.; Cristea, S.; Nguyen, T.; Diao, L.; Li, L.; et al.
Targeting DNA Damage Response Promotes Antitumor Immunity through STING-Mediated T-cell Activation in Small Cell Lung
Cancer. Cancer Discov. 2019, 9, 646–661. [CrossRef]

59. Wahi, D.; Soni, D.; Grover, A. A Double-Edged Sword: The Anti-Cancer Effects of Emodin by Inhibiting the Redox-Protective
Protein MTH1 and Augmenting ROS in NSCLC. J. Cancer 2021, 12, 652–681. [CrossRef] [PubMed]

60. Elserafy, M.; Abugable, A.; Atteya, R.; El-Khamisy, S.F. Rad5, HLTF, and SHPRH: A Fresh View of an Old Story. Trends Genet.
2018, 34, 574–577. [CrossRef] [PubMed]

http://doi.org/10.1038/s41467-019-09307-6
http://www.ncbi.nlm.nih.gov/pubmed/30902996
http://doi.org/10.1016/j.ebiom.2019.09.003
http://www.ncbi.nlm.nih.gov/pubmed/31648983
http://doi.org/10.21037/tlcr.2019.11.23
http://www.ncbi.nlm.nih.gov/pubmed/32206576
http://doi.org/10.1016/j.canlet.2011.08.021
http://www.ncbi.nlm.nih.gov/pubmed/21930342
http://doi.org/10.1016/j.dnarep.2004.06.006
http://doi.org/10.1016/j.tcb.2015.07.009
http://doi.org/10.1038/nrm3935
http://doi.org/10.1016/j.dnarep.2016.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24058901
http://doi.org/10.1038/nrc3459
http://www.ncbi.nlm.nih.gov/pubmed/23550303
http://doi.org/10.1101/cshperspect.a010363
http://www.ncbi.nlm.nih.gov/pubmed/23838442
http://doi.org/10.1146/annurev-biochem-062917-012405
http://doi.org/10.3390/ijms21030693
http://doi.org/10.3390/genes11020138
http://doi.org/10.1186/s13059-016-0963-7
http://doi.org/10.1093/mutage/geab005
http://doi.org/10.1158/1078-0432.CCR-08-1227
http://doi.org/10.1186/1479-5876-8-126
http://www.ncbi.nlm.nih.gov/pubmed/21110884
http://doi.org/10.14740/wjon830w
http://www.ncbi.nlm.nih.gov/pubmed/29147386
http://doi.org/10.1158/1078-0432.CCR-13-3141
http://doi.org/10.21037/tlcr.2017.06.03
http://doi.org/10.1038/nrc.2018.6
http://doi.org/10.1016/j.immuni.2018.03.007
http://doi.org/10.2174/1568026615666150825141152
http://doi.org/10.1158/2159-8290.CD-18-1020
http://doi.org/10.7150/jca.41160
http://www.ncbi.nlm.nih.gov/pubmed/33403025
http://doi.org/10.1016/j.tig.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29807746

	Oncogenesis of Mesothelioma Occurs at Low Tumor Mutational Burden 
	High-Dose Treatment with Cisplatin and Pemetrexed Selects Chemoresistant Mesothelioma Cells 
	Immune Checkpoint Blockade Therapy Requires Altered-Self Antigens 
	Mutations Generated by the DNA Damage Tolerance Pathways May Promote Neo-Antigen Production by MM Cells 
	Fine-Tuning of the DNA Damage Tolerance Pathways May Improve Immunotherapy 
	Conclusions 
	References

