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Abstract: Inmune checkpoint blockade targeting PDCD1 (PD-1) or CD274 (PD-L1) has demonstrated
efficacy and interest across multiple cancers. However, the exact determinants of the response
and cancer-specific molecular features remain unclear. A recent pan-cancer study identified a
PDCD1/CD274-related immunotherapy network of 40 genes that had differential patient survival
associations across multiple cancers. However, the survival relevance of this network in mesothelioma
could not be assessed due to a lack of available survival data for the mesothelioma study included.
Mesothelioma, a rare cancer that most commonly arises in the pleural membranes around the
lung, does have immune checkpoint blockade as an approved treatment strategy, yet questions
over its efficacy remain. RNA-seq data from 87 pleural mesothelioma patients were interrogated
on cBioPortal to assess the role of the PDCD1/CD274 network identified in a previous study, in
addition to identifying repurposed drugs that may have therapeutic efficacy. Extensive literature
searches were conducted to identify known information from the literature around the genes shown
to impact patient survival (CCR5, GATD3A/GATD3, CXCR6, GZMA, and TBC1D10C). The same
literature validation was performed for putative repurposed drugs that were identified as potential
immunotherapeutic adjuvants in the context of mesothelioma (disulfiram, terfenadine, maraviroc,
clioquinol, chloroxine, and oxyphenbutazone). Only disulfiram returned a specifically focused
research article based on the literature search. This article demonstrated cytotoxicity in a panel of five
human MPM cell lines of mixed histology (epithelioid, biphasic, and sarcomatoid). There was little
information on the remaining five drugs, yet the clear preclinical efficacy of disulfiram validates the
methodology used herein and prompts further exploration of the remaining drugs in mesothelioma.
This study ultimately sheds light on novel preclinical information of genes related to PDCD1/CD274
in mesothelioma, as well as identifying putative drugs that may have therapeutic efficacy either
independently or as an immunotherapeutic adjuvant.

Keywords: PD-1; PD-L1; mesothelioma; cBioPortal; drug repurposing; immunotherapy; Kaplan—
Meier survival curves

1. Introduction

Mesothelioma is a rare form of cancer that arises from the mesothelial cells that line
organs such as the heart (pericardial mesothelioma), abdomen (peritoneal mesothelioma),
testes (testicular mesothelioma), and the lungs (pleural mesothelioma) [1]. Pleural mesothe-
lioma is the most common of these, accounting for approximately 90% of mesothelioma
cases [2]. Outcomes remain poor, with a median overall survival of 8 months based on
pleural and peritoneal mesothelioma data from the National Cancer Institute’s Surveillance,
Epidemiology, and End Results—Medicare database [3]. The standard first-line therapy for
mesothelioma was traditionally platinum-based therapy and anti-folates, though, as with
many cancers, there have been significant efforts to utilize immunotherapy, particularly
immune checkpoint blockade [4].
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Immune checkpoint blockade relies on the premise that blocking the immune-down-
regulatory signals that cancer cells exhibit to evade the immune system leads to the immune
system remaining active and targeting the cancer [5,6]. The most common targets for
immune checkpoint blockade are CTLA-4, PD-1 (PDCD1), and PD-L1 (CD274) [7]. However,
the response to immune checkpoint blockade in mesothelioma has been mixed at best and
is often associated with side effects [8]. Although first-line combination nivolumab (anti-
PD-1) and ipilimumab (anti-CTLA-4) was approved in October 2020 for unresectable
MPM [9], based on the CheckMate 743 trial [10], side-effects and adverse-related events
persist. The efficacy of the therapy has also been questioned, with a comparative study
finding no survival benefit in the CheckMate 743 trial relative to a trial studying cisplatin +
pemetrexed + bevacizumab against cisplatin + pemetrexed [11]. As such, there is a need
to delineate the molecular differences underpinning immune checkpoint blockade on a
per-cancer type basis and, in the case of mesothelioma, develop further understanding of
its biology, pathology, and drivers of response to therapy.

A recent study [12] utilized patient RNA-seq data from cBioPortal [13,14] to interrogate
the association between expression of genes in a PDCD1/CD274 network and patient
survival on a pan-cancer basis. The study, beginning with CD274 and PDCD]1, identified
40 genes that were correlated with PDCD1 or CD274 (either positively or negatively) and
undertook Kaplan—-Meier analysis based on patient RNA-seq data to identify genes that
were significantly associated with patient outcomes [12]. Different patterns of clinical
relevance emerged in terms of which genes of the network were significant and how they
influenced survival, with renal and esophageal cancers being notably different from the
thirteen other cancer types. A limitation of the study, however, was that the mesothelioma
study included (Mesothelioma (TCGA, Firehose Legacy)) lacked usable survival data and,
therefore, the clinical relevance of the genes in this PDCD1/CD274 network could not be
assessed [12].

However, a second study (Mesothelioma (TCGA, PanCancer Atlas) [15]) on the same
patient cohort is available on cBioPortal, which contains the survival data alongside the
“mRNA expression z-scores relative to diploid samples (RNA Seq V2 RSEM)” data format
analyzed in the original study [12]. Due to the inclusion criteria in the preceding study,
the Mesothelioma (TCGA, PanCancer Atlas) study could not be included. Therefore, this
present study assessed the clinical relevance of PDCD1, CD274, and the 40 pan-cancer
correlated genes in the PDCD1/CD274 network for malignant pleural mesothelioma (MPM).
Five genes (CCR5, GATD3A/GATD3, CXCR6, TBC1D10C, and GZMA) were shown to be
significantly associated with survival in mesothelioma patients, with each demonstrating
high expression to be significantly associated with patient survival and in silico drug
repurposing identifying potentially repurposed prospective immunotherapeutic adjuvants
for mesothelioma.

2. Materials and Methods
2.1. Study Selection

In order to assess the clinical relevance of CD274, PDCD1, and genes in the PDCD1/CD274
network, the cBioPortal database (https://www.cbioportal.org/, accessed on 12 January
2022) was used [13,14]. The database contains easily accessible patient-level multi-omics
data for over 300 individual studies/analyses. The “Mesothelioma (TCGA, PanCancer
Atlas)” study was the dataset of choice, as it contains the same patients from the “Mesothe-
lioma (TCGA, Firehose Legacy)” study used in the preceding publication [12].

2.2. Identification of Genes of Interest
A total of 42 genes (CD274, PDCD1, and the 40 genes in the PDCD1/CD274 network)
were obtained from the preceding publication [12], as these were highlighted in the first

study as being correlated pan-cancer either positively or negatively with either CD274
or PDCD1.
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To validate the interconnectivity between these genes/proteins, which was not per-
formed in the original study, STRING [16] was used. The “Multiple proteins” search func-
tion was used; at which point, the 42 network constituents were inputted, and “Homo sapi-
ens” used as the species. After ensuring each input was mapped to the appropriate STRING
entry, the resultant protein connectivity map was saved and exported, alongside the node
connectivity assessment.

2.3. Assessing the Mesothelioma-Specific Importance and Survival Association of PDCD1, CD274,
and the 40 PDCD1/CD274-Related Genes

To assess the survival relevance of the PDCD1/CD274 network, the “Mesothelioma
(TCGA, PanCancer Atlas)” study on the cBioPortal homepage was selected and “Explore
Selected Studies” was chosen. Patients with “mRNA expression z-scores relative to diploid
samples (RNA Seq V2 RSEM)” were selected from the “Genomic Profile Sample Counts”
section and each gene was queried, in turn, using the “Gene Specific” tab under “Charts”.
Patients were divided into high and low expression of each gene, in turn, based on the
median value. “mRNA expression z-scores relative to diploid samples (RNA Seq V2
RSEM)” was the “type” of mRNA expression analysis performed. A Kaplan-Meier plot
was then computed based on the two groups (low and high expression of each gene in turn)
to determine the putative association of each gene with patient survival. A raw p < 0.05
(based on a survival logrank test as calculated by cBioPortal) was considered statistically
significant for that gene, and the determination of low or high expression being beneficial
for the patient was determined by examination of the overall pattern of the curve. Due to
the exploratory nature of this and the preceding study, multiple comparison corrections
on p-values were not strictly required [17,18] and the interpretation downstream in this
article considers raw p-values. However, Benjamini-Hochberg corrections were performed
for reference on the p-values for the Kaplan-Meier curves https:/ /www.sdmproject.com/
utilities /?show=FDR, accessed on 28 October 2022) and are available in Supplementary
Table S1, as is the raw p value distribution (Supplementary Figure S1).

For genes that were statistically significantly associated with survival, the gene ex-
pression and patient survival data were downloaded from cBioPortal and input to KMplot
using the upload function [19,20]. This allowed for the recapitulation of the cBioPortal
groupings and analysis and enhanced it by also calculating hazard ratios.

To validate the importance of these genes in the context of mesothelioma, cBioPor-
tal was again accessed and the “Mesothelioma (TCGA, PanCancer Atlas)” study on the
cBioPortal homepage was selected and “Query by Gene” was chosen. “mRNA expression
z-scores relative to diploid samples (RNA Seq V2 RSEM)” was selected as the “type” of
mRNA expression and the default Patient/Case set was used. PDCD1 and CD274 were
then input separately in turn, and the Co-Expression tab under the “mRNA Expression,
RSEM (Batch normalized from Illumina HiSeq_RNASeqV2) (82 Samples)” setting was used
to identify correlations between PDCD1/CD274 and the significant genes (by Kaplan—Meier
analysis) identified above.

2.4. Putative Drug Identification & Literature Searches for Gene & Drug Validation

A list of drugs relevant to the present study were obtained from the preceding
study [12]. The drugs that were selected were those that targeted genes that were identified
to have a statistically significant survival association in mesothelioma based on the results
from the above methods section.

To assess the depth of the literature available for the drugs and their relationship to
mesothelioma, the following search term was used on PubMed: “(mesotheliomalTitle/
Abstract]) AND ([DRUG])”, where “[DRUG]” was replaced with each drug in turn. The
date of the search was 24 June 2022. The resultant literature was scanned at the abstract
level in the first instance, and then full papers were accessed if the paper was deemed
relevant (based on the simple criteria of assessing to what extent the drug has been tested


https://www.sdmproject.com/utilities/?show=FDR
https://www.sdmproject.com/utilities/?show=FDR

Biomedinformatics 2022, 2

583

SH2D1A

-

SAMDIL

A=

in mesothelioma). A second search was performed to identify non-published links such as
current clinical trials.

The depth of the literature available for any genes linked to patient survival in mesothe-
lioma was also assessed. The following search term was used on PubMed: “(mesothelioma
[Title/ Abstract]) AND ([OFFICIAL GENE SYMBOLY])”, where “[OFFICIAL GENE SYM-
BOL]” was replaced with each official gene symbol in turn. The date of the search was
24 June 2022. The resultant literature was scanned at the abstract level in the first instance,
and then the full papers were accessed if the paper was deemed relevant.

3. Results
3.1. Validation of the Connectivity of the PDCD1/CD274 Network
To validate the network identified in the previous study and extend the analysis,

STRING v11.5 was accessed in order to determine the connectivity between the 42 network
constituents, as shown below in Figure 1:
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Figure 1. STRING connectivity map of the PDCD1/CD274 network identified in the preceding study.
As identified by STRING, the protein—protein interaction (PPI) enrichment p-value was less than
1.0 x 10716,

As demonstrated above in Figure 1, there is a significant degree of interconnectiv-
ity between the 42 network elements in the PDCD1/CD274 network from the previous
study [12], which is further supported by the node connectivity assessment (Supplementary
Table S2). As this STRING analysis is conducted indepenently of the cBioPortal platform,
it provides a confirmation of the validity of the PDCD1/CD274 network, warranting
further investigation.
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3.2. Identifying the Clinical Relevance of PDCD1, CD274, and 40 PDCD1/CD274-Related Genes

To identify the clinical relevance of PDCD1, CD274, and the 40 genes in the PDCD1/CD274
network [12], the cBioPortal was accessed, as described in Materials and Methods [13,14].
Of the 42 genes, only five had a statistically significant p-value (p < 0.05) in pleural mesothe-
lioma based on the logrank test calculated by cBioPortal (Supplemental Figure S1). To
calculate hazard ratios, the cBioPortal analysis was recapitulated in KMplot [19,20]. The
survival curves for the five genes are shown below in Figure 2.
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Figure 2. Statistically significant Kaplan—Meier plots for CD274, PDCD1, and 40 PDCD1/CD274-
related genes. Only statistically significant survival curves are shown. For each graph above (A-E),
the overall survival in months can be seen on the x-axis, whereas the probability of survival is shown
on the y-axis. Hazard ratio (HR) and logrank p value for the analysis is indicated. High expression
of CCR5 (A), CXCR6 (B), GATD3A/GATD3 (C), GZMA (D), and TBC1D10C (E) is shown in red,
whereas low expression for each gene is shown in black. Data were generated using the mRNA
expression z-scores relative to diploid samples (RNA Seq V2 RSEM) for the Mesothelioma (TCGA,
PanCancer Atlas) study [15] available on cBioPortal, and Kaplan-Meier analysis was performed via
Kaplan-Meier Plotter.

The mesothelioma-specific correlations between these genes and PDCD1/CD274 can be
seen in the co-expression analysis results in Supplementary Figures 52-56, which shows that
all the genes here are, in a mesothelioma context, significantly correlated either positively
or negatively.

In terms of the genes correlated with CD274 (CCR5 and GATD3A/GATD3), the pre-
vious study [12] found that a high expression of CCR5 (a gene positively correlated with
CD274) was beneficial for patients with liver, head and neck, and melanoma cancers, which
was also the case for mesothelioma (Figure 2A). However, the survival profile for mesothe-
lioma shown above is unique, as a high expression of GATD3A/GATD3 (a gene negatively
correlated with CD274) was shown to be beneficial for patients (Figure 2C), something
which was only identified in pancreatic cancer in the previous study [12].
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In terms of the genes correlated with PDCD1 (CXCR6, GZMA, TBC1D10C, all positively
correlated), a high expression of all of these were shown to be beneficial for patients in
mesothelioma (Figure 2B,D,E). This is consistent with multiple cancers in each case. A
high expression of CXCR6 was shown to be beneficial for patients in cervical, liver, head
and neck, breast, melanoma, lung, and bladder cancers [12]. A high expression of GZMA
was shown to be beneficial in breast, melanoma, and bladder cancers [12]. Finally, a high
expression of TBC1D10C was shown to be beneficial in cervical, liver, head and neck, breast,
melanoma, and lung cancers [12].

3.3. Drug Repositioning

The preceding study [12] was accessed to retrieve drugs targeting the genes identified
above (initial analysis was via the DRUGSURYV database [21,22]). Six drugs (disulfiram,
terfenadine, maraviroc, clioquinol, chloroxine, and oxyphenbutazone) targeting five genes
(CCR5, CXCR6, TBC1D10C, GZMA, GATD3A/GATD3) were relevant. A literature search
was then conducted on PubMed to investigate the degree to which each gene and drug had
been investigated in mesothelioma, summarized in Table 1.

Table 1. Assessment of the literature linking mesothelioma and the genes identified in Figure 2 and
literature validation of the putative repurposed drugs identified. Approval information was taken
from [12] Bolded entries indicate search terms used.

Search Terms

Official Full Name (NCBI Gene)

Relevant Literature

CCR5 C-C motif chemokine receptor 5 (Davidson et al., 2007) [23]
. CXCR6 C-X-C motif chemokine receptor 6 None
Mesothelioma
[Title/Abstract] TBC1D10C TBC1 domain family member 10C None
AND (Bacolod et al., 2019) [24]
GZMA Granzyme A (Nishimura et al., 2009) [25]
GATD3A/GATD3 Glutamm('e amldot.ra.nsferase—'hke class None
1 domain-containing protein 3/A
. Relevant
Search Terms Putative Target(s) Approval Status Literature
Disulfiram CCR5, CXCR6 FDA approved (alcoholism) ~ (Cheriyan etal,
u , approved (alcoholis 2014) [26]
Terfenadine CCR5 Withdrawn None
Mesothelioma Maraviroc CCR5 FDA Approved (HIV) None
[Title/Abstract] :
AND Clioquinol CXCRé6 FDA ‘iﬁiﬁ;’;‘i (Tinea None
FDA Approved (Seborrheic
Chloroxine CXCR6 dermatitis, Pityriasis None
simplex)
Oxyphenbutazone CXCR6 Withdrawn None

Of the five genes identified to influence patient survival, only two were shown to
be linked to mesothelioma in the literature. These were CCR5 [23] and GZMA [24,25].
However, the literature linking CCR5 was limited [23]. Davidson et al. (2007) analyzed
chemokine receptor expression in malignant mesothelioma (11 samples), reactive mesothe-
lium (16 samples), and lymphocytes in effusions, and found that chemokine receptors were
infrequently expressed in malignant mesothelioma, whereas it was uniformly negative in
reactive mesothelium [23].

Literature validation also highlighted the potential cytotoxic effect of disulfiram in
mesothelioma [26], discussed in more depth below.
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4. Discussion

This study builds on previous work which identified a 42-gene PDCD1/CD274 net-
work [12]. The original study used only cBioPortal analysis, though on a pan-cancer
basis, to identify this network. To validate the network through an independent platform,
STRING [16] was used to assess the degree of interconnectivity between the network con-
stituents. As shown in Figure 1, there is a significant degree of interconnectivity, and this is
supported by the PPI enrichment p-value of <1.0 x 1016, Per STRING, this highlights that
the input list—the PDCD1/CD274 network—has significantly more interactions between
the network elements than would be expected for a random list of proteins. Thus, this PPI
enrichment indicates that the proteins are, at least partially, biologically connected [16].

In Figure 1, there is evidence that certain “hubs” are identifiable. For example, CCR5,
which was identified in this study as high expression being significantly associated with
mesothelioma patient survival, is one of the most interconnected nodes, with a node degree
of twelve (Supplementary Table S2). Similarly, GZMA, identified again in this study as
beneficial for patient survival, was also significantly connected to other genes/proteins in
the network, with a node degree of fourteen. This independent STRING analysis confirms
the potential importance and composition of the PDCD1/CD274 network.

A demonstrated in Figure 2, five genes (CCR5, CXCR6, GZMA, TBC1D10C, and
GATD3A/GATD3) from the PDCD1/CD274 network demonstrated that high expression
levels were associated with improved outcomes in pleural mesothelioma. Furthermore, the
co-expression analysis (Supplementary Figures S2-56) supports the importance of these
five genes in relation to PDCD1/CD274 specifically in the context of mesothelioma, as all
five were statistically significantly correlated with either PDCD1, CD274, or both. Apart
from GATD3A/GATD3 (encoding glutamine amidotransferase class 1 domain containing
3 protein), of which little is known for its role in cancer, the other genes are all involved in
the immune response.

Two of these genes (CCR5 and CXCR6) encode for proteins that act as chemokine
receptors, primarily involved in the recruitment and migration of immune cells, and they
can play complex roles in cancer. The role of CCR5 and other chemokine receptors in
cancer is multifactorial and has previously been reviewed in depth [27]. Both pro- and
anti-tumor activities have been identified. The recruitment of immune cells into the tumor
microenvironment is believed to underlie many of the impacts of chemokines. A range
of different immune cells can be found within the tumor in pleural mesothelioma, with
significant patient heterogeneity [28] and a bias towards immunosuppressive cells. The
number and nature of immune cells present in pleural mesothelioma is believed to have
prognostic value [29] and may impact the response to immunotherapy. Tumor-associated
macrophages (TAMs) comprise a large proportion of the immune milieu and are associated
with poor outcomes. These cells are likely derived from peripheral blood monocytes
recruited via mesothelioma cell-derived chemokines. While the CCL5-CCRS5 axis is capable
of such recruitment, evidence suggests that CCR2 (via interactions with CCL2), rather than
CCRb5, is the dominant driver in MPM [30].

CXCR6 and its ligand CXCL16 are responsible for the recruitment of lymphocytes,
including both CD4* (specifically Th1) and CD8* T cells, into areas of inflammation [31].
Hypermethylation of this gene has been identified as a potential biomarker for the iden-
tification of mesothelioma in those exposed to asbestos [32]. Although a high expression
of CXCR6 and its ligand have been proposed to have a role in cancer progression and
metastasis in several cancers, including prostate and breast cancer [33], that is not consistent
with the protective role seen in the mesothelioma data from this study.

In addition to the expression on immune cells, CCR5 can also be expressed by a range
of cancer cells, including hematological (acute lymphoblastic leukemia [34], Hodgkin’s
lymphoma [35], and multiple myeloma [36]) and solid tumors (liver [37], head and neck [38],
melanoma [39], and breast [40]). Along with other chemokine receptors and leukocyte
markers, CCR5 can be occasionally detected on a minority of malignant mesothelioma
cells [23], with 1/11 samples showing CCRS5 staining. Although there may be a role
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for tumor-intrinsic chemokine receptor expression, the correlation of high CCR5 (and
potentially CXCR6) and improved outcomes in this study is likely to reflect chemokine
receptor expression levels on T cell subsets within the tumor. Both CD8* and CD4" T cells
can be detected in most mesothelioma patients, and the beneficial role of tumor-infiltrating
lymphocytes has been established in a range of different cancers [41].

The gene TBC1D10C [42] encodes the immune protein carabin which is capable of
negatively regulating both Ras signaling and calcineurin, inhibiting both T cells [43] and
B cells [44]. Despite its inhibitory role in immune cells, this gene has been found to have
a strong positive correlation with infiltrating immune cells, including CD8* T cells and
activated B cells. In a study of breast cancer patients, this gene was identified to correlate
with both overall survival and progression-free survival [45]. The potential for a beneficial
effect of recruited immune cells is echoed by this study’s finding that high levels of the gene
encoding the protease granzyme A (GZMA) are also associated with improved survival.
Expressed in cytotoxic lymphocytes (primarily CD8" T cells and NK cells), granzyme A is
a member of the serine protease family of granzymes and promotes anti-tumor activity via
the induction of programmed cell death. The evaluation of the expression level of this gene
has been used, together with perforin (PRF1), as a measure of the cytolytic activity (CYT)
present within a tumor [46]. Although a recent meta-analysis found that there was large
amounts of tumor heterogeneity in the level of CYT and that the prognostic value of this
parameter is complicated by other factors in the tumor microenvironment [47], this study
supports a protective, rather than tumor-permissive, role for increased immune activity
within the mesothelioma tumor environment.

Drug repurposing against the five genes identified to influence patient survival led
to a total of six putative drugs being identified that may have therapeutic benefit in
mesothelioma. As highlighted in the Results, only one drug—disulfiram—returned a
specifically-focused research article in the context of mesothelioma [26]. In this study,
copper-complexed dithiocarbamate compound disulfiram (DSF-Cu) was shown to be
cytotoxic in a panel of five human MPM cell lines. This panel included mesothelioma
cell lines that were epithelioid, biphasic, and sarcomatoid in nature, indicating a potential
wider use of the drug. This is key, as the histology of mesothelioma is associated with
prognosis, with sarcomatoid being linked to a poorer prognosis [1]. The drug also showed
efficacy on a mouse MPM allograft [26].

A 2017 conference paper from the National Cancer Research Institute Cancer Confer-
ence highlighted that disulfiram in combination with copper was cytotoxic in mesothelioma
cells and curative at the in vivo level [48]. The same conference paper highlighted that
disulfiram in combination with copper abolished PD-L1 expression in mesothelioma cells,
which provides further rationale for its use in combination with PD-1/PD-L1 immune
checkpoint blockade, as posited herein.

A recent review on drug repurposing in mesothelioma [49] did discuss disulfiram,
though in the context of mesothelioma, only the article by Cheriyan et al. (2014) was
discussed. This further highlights the relative infancy of investigation of disulfiram in
mesothelioma, signposting a need for further studies to confirm its effects.

As shown in Table 1, disulfiram was the only drug to return specific results for having
been tested in mesothelioma. The remaining five drugs (terfenadine, maraviroc, clioquinol,
chloroxine, and oxyphenbutazone) did not return search results and are, therefore, under-
investigated in the context of mesothelioma. They have, however, been tested in a variety
of other cancers, as discussed below, and an expanded literature search identified one drug
screening article that investigated both disulfiram and terfenadine [50].

Terfenadine, an antihistamine, has been tested in several cancers and the use of
antihistamines in cancer in general has been previously reviewed [51]. Terfenadine has
shown efficacy in human melanoma [52-54], human mast cell leukemic cells [55], breast
cancer [56], prostate cancer [57], and non-small cell lung cancer [58]. The drug screening
study that assessed terfenadine in mesothelioma [50] highlighted it as having defined
cytotoxic potential against a panel of mesothelioma cell lines. Though disulfiram was
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also assayed, it demonstrated less potential than a significant number of other drugs
assessed [50].

Maraviroc, an antiretroviral CCR5 antagonist [59], has been tested in cancers, including
breast [60], gastric [61], and colorectal cancers [62]. Maraviroc has recently been tested in
2022 in a phase one clinical trial, where it was combined with pembrolizumab (anti-PD-1) in
refractory mismatch repair proficient/microsatellite-stable metastatic colorectal cancer [63].
In this study, the combination therapy was feasible and demonstrated a beneficial toxicity
pattern [63]. Clioquinol, an antifungal and antiprotozoal drug [64], has been tested in
a variety of cancers and shown efficacy at the preclinical level, though low efficacy was
demonstrated in a clinical trial [65]. This prompted studies into alternative applications
and combinations of clioquinol-based therapy [65].

The anticancer efficacies of chloroxine and oxyphenbutazone have also been investi-
gated, with chloroxine restoring platinum sensitivity in high-grade serous ovarian cancer
cells [66] and oxyphenbutazone promoting cytotoxicity in hepatocellular carcinoma at the
in vitro and in vivo level [67].

It is important to note that there are several limitations to this study. Most principally,
the analyses have only been conducted on a single patient cohort of mesothelioma patients.
This limitation is one that arises quite naturally in mesothelioma as a result of its rarity and
understudied nature. Additionally, as highlighted in a previous study [12], patient-level
omics analyses are increasingly moving towards the integration of multi-omics datasets [6]
to allow for the capture of information flow along several levels of biology. However, as
an initial exploratory study, such analysis was considered beyond the scope of this article.
Further studies are needed to independently validate the findings presented in this article
in another patient cohort and through the integration of multi-omics data.

Building on the patient survival-associated discoveries at the mRNA level, this study
identified numerous putative repurposed drugs for use in mesothelioma. Although no
drugs other than disulfiram and terfenadine have been studied in the context of mesothe-
lioma, the fact remains that the consistent methodology used to identify these drugs
validates the panel as potential treatments for mesothelioma. However, further studies
and building a solid preclinical rationale for their use are, of course, required, as is the
delineation of their solo efficacy and their prospective use as adjuvants to immune check-
point blockade. A rational starting point to investigate these drugs would be basic cell
viability assays, such as an SRB or MTS approach, which would identify any standalone
cytotoxic effect in mesothelioma cells [68]. One way to then take this forward would be
animal studies where the putative immunotherapeutic adjuvants are used in conjunction
with anti-PD-1/anti-PD-L1 therapy. One example of a model that could be used for this
would be the AB1-HA murine mesothelioma model [69,70]. Should these experiments yield
promising results, clinical trials could be designed which, provided the use of effective
endpoints and design, could provide novel treatment combinations for this underserved
patient population.

5. Conclusions

This study has validated a previously identified CD274/PDCD1-related network in
the context of mesothelioma. Of the 42 genes screened, only 5 genes demonstrated a
significant survival association, whereas drug repurposing against the 5 genes led to
6 drugs being identified as potential immune checkpoint adjuvants for mesothelioma.
Though evidence is lacking for the use of most of these drugs in mesothelioma (either
alone or as immunotherapeutic adjuvants), the demonstrated efficacy of disulfiram and
terfenadine validates the method used to identify the drugs. Future in vitro studies are
required to determine cytotoxicity in mesothelioma, as well as the molecular mechanisms
of any identified efficacy.
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