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Editorial on the Research Topic

Advances in malignant pleural mesothelioma: Diagnosis, treatment, and
molecular mechanisms
Malignant pleural mesothelioma (MPM) represents a death sentence, with an

estimated survival of less than one year after diagnosis in most cases (1). The new

millennium has witnessed an MPM diagnosis outbreak due to the intensive past use of

asbestos. A lack of knowledge of the pathogenesis and different prognostic aspects, together

with its high socioeconomic cost, have forced research on this disease in the last decade.

Nevertheless, the diagnostic modalities and treatment strategies of MPM are still far from

being standardized, and the molecular mechanisms continue to be unclear.

Recently, considerable progress in molecular and histopathological analysis has led to a

necessary update of the WHO Classification of Tumors of the Pleura (2). The substantial

changes include the pathology revision of the latest classification system in order to

incorporate architectural patterns and stromal and cytologic features as well as nuclear

grading for epithelioid diffuse MPM and the molecular landscape of MPM. Particular

attention has been reserved for the recognition of mesothelioma in situ as a precisely

defined clinicopathologic entity, requiring a demonstration of loss of BAP1 and/or MTAP

by immunohistochemistry and/or CDKN2A (p16) homozygous deletion by fluorescence in

situ hybridization for differential diagnosis from reactive mesothelial proliferation (3).

Despite all the advances achieved, a proper diagnosis of MPM still represents a challenge

for the physician, hence the development of different biomarkers that could be useful to

increase diagnosis accuracy and the efficiency of prognosis by assessing a more accurate

patient risk stratification (4). In this scenario, new prognostic biomarkers as well as new

potential molecular targets are strongly required to understand the molecular mechanisms

of MPM and drive more efficient therapies.

To date, there is no universal standardization of therapeutic options since most patients

have a late diagnosis, usually with advanced disease. In these cases, locoregional therapies

gave way to systemic ones in which platinum-based combinations, with or without
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pemetrexed, represent the most common doublet despite yielding

poor long-term outcomes (5).

Recently, immune checkpoint inhibitors have demonstrated

promising activity for the treatment of MPM and have been

incorporated into some treatment regimens (6). Surgery

represents an effective but seriously detrimental alternative that

should be reserved for selected patients. In very selected cases,

multimodality approaches, including surgical resection by either

extra-pleural pneumonectomy or pleurectomy-decortication after

neoadjuvant chemotherapy (CHT) or followed by adjuvant CHT

and/or radiotherapy represent, to date, the best alternative that may

be offered to these patients (7, 8). The main limitation of surgery for

MPM, in fact, is the high locoregional relapse rate that reaches 75%,

due to the impossibility of achieving a radical disease-free margins

resection (R0) because of the laminar tumor growth (9). This critical

success-limiting factor has encouraged further research into

intracavitary therapies, such as hyperthermic intrathoracic

chemotherapy, to improve locoregional control by shrinking

microscopic residual foci (R1 margins) more effectively (10).

Finally, the role of the tumor microenvironment (TIME) and

the identification of potential biomarkers of activity/resistance to

novel treatment strategies is currently a field of active study to

enhance anti-tumor immunity by investigating the interaction of

the tumor cells with the stroma and the surrounding host

niche (11).

Recently, we collaborated on a special series on advances in the

fields of diagnosis, treatment, and molecular mechanisms of MPM.

Herein, Xu et al. review the current knowledge about vulnerabilities

according to functional loss of major tumor suppressor genes and

dependencies evolving out of cancer development and resistance to

cisplatin-based chemotherapy, with the aim to elucidate the therapeutic

landscape and promote precision oncology for MPM. Lauk et al. show

preliminary results of the safety and oncologic efficacy of the addition

of bevacizumab to standard induction chemotherapy prior to MPM

surgery, demonstrating a significant improvement in response rates

without increased intra- and postoperative bleeding complications.

Tostes et al. describe the first case of complete pathological response

obtained after neoadjuvant chemo-immunotherapy, with the sustained

benefit for the patient of being disease and treatment free up to 14

months after surgery. In a multi-center national study, Dudnik et al.

test the role of BAP-1 alterations in MPM patients regarding the

outcomes of systemic treatments; they conclude that BAP1-altered

MPM, as compared to non-selected MPM, is characterized by similar

efficacy of standard platinum-based chemotherapy and immune

checkpoint inhibitors, while no responses were observed with poly

(ADP-ribose) polymerase inhibitors. Duan et al. perform a combined

analysis of RNA-sequence and microarray data; authors were able to

establish and validate the role of the competing endogenous RNA

network as a novel prognostic and therapeutic biomarker of MPM.

Another potential diagnostic and prognostic marker has been

identified by Guo et al., who reveals a high sensitivity and specificity

for Aurora Kinase A (AURKA gene encode, Aurora-A) searching from

the Gene Expression Omnibus (GEO) database. The microarray

dataset from the GEO database has also been used by Endo et al. to
Frontiers in Oncology 026
demonstrate the role of insulin-like growth factor 2 mRNA binding

protein 3 (IGF2BP3) as one of the significantly upregulated genes in

MPM, which might promote cell proliferation, a critical step in

oncogenesis, by suppressing the expression of p27 in malignant

mesothelioma cells. Ollila et al. study the effect of the tumor immune

microenvironment in epithelioid MPM, revealing its prognostic value,

while Janssens et al. describe headspace volatile organic compounds

(VOCs) capable of distinguishing between MPM and lung cancer cells,

as well as between the histological subtypes within MPM (epithelioid,

sarcomatoid and biphasic), suggesting a useful role of VOCs in

generating a clinically predictive breath model for MPM. Finally,

Choi et al. summarize the current state of intraoperative intrapleural

therapeutic agents, providing an updated review on pleural-directed

adjuncts in the management of MPM as well as highlighting the most

promising near-term technology breakthroughs.

Discovering ways and strategies to overcome diagnostic challenges

and limited treatment options in MPM is a constantly evolving

research field. The comprehension of the molecular mechanisms in

tumor development and the biomolecular landscape of MPM might

pave the way for new therapeutic strategies. The study of TIME is

pivotal in identifying appropriate prognostic and predictive tissue

biomarkers, attempting to detect the subgroups of patients who will

benefit the most frommultimodality approaches. The collective goal of

this scientific endeavor will be to implement personalized treatment

based on the specific MPM molecular features for each patient, thus

promoting precision oncology.

In conclusion, the articles in the present Research Topic provide

the reader with new and ongoing research in MPM, review current

management strategies and updates, and encourage further

contributions in this field to improve the life and prognosis of

patients suffering from such a dismal cancer.
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Therapeutic Landscape of Malignant
Pleural Mesothelioma: Collateral
Vulnerabilities and Evolutionary
Dependencies in the Spotlight
Duo Xu1,2, Haitang Yang1,2, Ralph A. Schmid1,2 and Ren-Wang Peng1,2*

1 Division of General Thoracic Surgery, Inselspital, Bern University Hospital, University of Bern, Bern, Switzerland,
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Malignant pleural mesothelioma (MPM) is the epitome of a recalcitrant cancer driven
by pharmacologically intractable tumor suppressor proteins. A significant but largely
unmet challenge in the field is the translation of genetic information on alterations in
tumor suppressor genes (TSGs) into effective cancer-specific therapies. The notion
that abnormal tumor genome subverts physiological cellular processes, which creates
collateral vulnerabilities contextually related to specific genetic alterations, offers a
promising strategy to target TSG-driven MPM. Moreover, emerging evidence has
increasingly appreciated the therapeutic potential of genetic and pharmacological
dependencies acquired en route to cancer development and drug resistance. Here,
we review the most recent progress on vulnerabilities co-selected by functional loss of
major TSGs and dependencies evolving out of cancer development and resistance to
cisplatin based chemotherapy, the only first-line regimen approved by the US Food and
Drug Administration (FDA). Finally, we highlight CRISPR-based functional genomics that
has emerged as a powerful platform for cancer drug discovery in MPM. The repertoire of
MPM-specific “Achilles heel” rises on the horizon, which holds the promise to elucidate
therapeutic landscape and may promote precision oncology for MPM.

Keywords: malignant pleural mesothelioma, tumor suppressors, collateral and evolutionary vulnerabilities,
targeted therapy, CRISPR/Cas9

Malignant pleural mesothelioma (MPM) is a rare but highly aggressive cancer etiologically
associated with asbestos exposure and inherently resistant to treatment options (1). Although
asbestos is banned in most industrialized countries, MPM incidence and mortality still increase
globally owing to long latency of the disease (up to 50 years) and continued use of asbestos in
developing countries (2).

For patients with advanced, unresectable MPM, a chemotherapy regimen that combines
cisplatin and pemetrexed has for long been the only FDA (U.S. Food and Drug Administration) –
approved first-line treatment, which, disappointingly, elicits only modest efficacy due to prevalence
of drug resistance and no validated treatment beyond front-line therapy has emerged. However,
a recent phase 3 trial has showed that overall survival of MPM patients can be further improved
by cisplatin/pemetrexed plus bevacizumab, an antibody against vascular endothelial growth factor
(VEGF) (3).
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Comprehensive genomic studies have revealed frequent
deletions or loss-of-function mutations of tumor suppressor
genes (TSGs) in MPM, most often cyclin-dependent kinase
inhibitor 2A (CDKN2A), BRCA1 associated protein-1 (BAP1)
and neurofibromatosis type 2 (NF2) (4, 5) (Figure 1A), for which
direct targeting has proven difficult, contrasted to oncogene-
driven malignancies that benefit from a vast majority of
molecular targeted anti-cancer drugs. However, aberrant cancer
genome rewires biochemical networks, leading to synthetic lethal
or collateral vulnerabilities that are contextually linked with
specific genetic alterations, providing alternative approaches
for targeting TSG-driven MPM (Figure 2). Moreover, cancer-
specific dependencies that evolve out of tumor deveoplment
and drug resistance offers additional dimensions to expand
therapeutic arsenal for MPM. Here, we review the current
knowledge about collateral vulnerabilities and evolutionary
dependencies in MPM, with an emphasis on the clinical
implications for better treatment of the disease (Figure 3
and Table 1).

COLLATERAL VULNERABILITIES
CAUSED BY INACTIVATION OF TUMOR
SUPPRESSORS

CDKN2A
The 9p21 locus harboring CDKN2A is frequently inactivated
in mesothelioma (6). Cdkn2a inactivation is a key driver of
MPM in a conditional mouse model (7), and CDKN2A loss
is associated with shorter survival in patients with MPM (8).
CDKN2A encodes two important tumor suppressor proteins
via alternative open reading frames, p16Ink4a and p14Arf that
govern the activity of the retinoblastoma (pRb) and p53
pathways, respectively (9). While the absence of p16Ink4a, an
inhibitor of cyclin-dependent kinases 4/6 (CDK4/6)-mediated
phosphorylation of pRb, abrogates the G1/S cell-cycle arrest
and promotes aberrant proliferation, functional loss of p14Arf ,
a central negative regulator of mouse double minute 2 homolog
(MDM2), suppresses apoptosis by escape from p53-mediated
anti-tumor surveillance (Figure 1B).

Recent studies showed that CDKN2A deficiency render
MPM cells particularly vulnerable to CDK4/6-targeted
therapies, and that targeting PI3K further enhances the
efficacy by precluding resistance to CDK4/6 inhibition
(10). CDK4/6 inhibitors, e.g., palbociclib, ribociclib, and
abemaciclib, are FDA-approved drugs that provide readily
translatable therapeutics for MPM. Clinical trial for efficacy
of Ribociclib in CDK4/6 pathway activated hematologic
malignancies and solid tumors including MPM has been
completed (NCT02187783). Abemaciclib as monotherapy
is being investigated in MPM bearing p16Ink4a deficiency
(Clinicaltrials.gov no. NCT03654833).

Strikingly, in around 30% MPM cases CDKN2A alterations co-
occur with biallelic deletion in type I interferon (IFN-I; mainly
IFN-α and IFN-β) locus. The IFN-I pathway plays a key antiviral
role, suggesting that CDKN2A-deficient MPM might particularly

benefit from oncolytic viral therapy (11), a novel anti-cancer
strategy that exploits oncolytic viruses, which preferentially
replicate in cancer but not in normal cells (12).

BAP1
BAP1, originally identified as an associated protein of the
breast cancer susceptibility gene product BRCA1, is a nuclear
deubiquitinase with ubiquitin carboxy-terminal hydrolase
activity and contributes to the inhibition of E3 ligase function of
BRCA1/BRAD during DNA damage response (13) (Figure 1B).
Germline mutations in BAP1 causes a predisposition syndrome
with increased risk to renal cell carcinoma, MPM and uveal
melanoma (14). BAP1 is also frequently inactivated by
somatic mutations and loss of the 3p21.1 locus in MPM
(15) (Figure 1A). Other mechanisms leading to inactivation of
BAP1 includes chromosomal rearrangements, gene fusion and
splice alterations (4).

As a component of the polycomb repressive deubiquitinase
(PR-DUB) complex, BAP1 deletion causes defects in
homologous recombination (HR), contributed by failure to
deubiquitinate histone H2A on chromatin, which eventually
leads to accumulation of DNA mutations and chromosomal
aberrations (16). BAP1 has also been shown to regulate cell
cycle through interactions with transcription regulators such
as host cell factor-1 (HCF-1) and E2F transcription factor
1 (E2F1) (17). As BAP1 loss causes deficient HR, BAP1-
mutant tumors were reported to be particularly addicted
to alternative DNA repair pathways, e.g., PARP1-mediated
ones (16, 18). However, the sensitivity of mesothelioma
cells to PARP inhibitors may be independent of the BAP1
status (19, 20), warranting further studies to investigate the
BAP1/PARP intersection. Interestingly, TNF-related apoptosis-
inducing ligand (TRAIL) has been shown highly effective
for BAP1-deficient MPM, likely via modulating the PR-DUB
activity (21).

The heterozygous germline BAP1 mutations were reported to
increase aerobic glycolysis, also known as the “Warburg effect,”
due to impaired mitochondrial respiration (22), suggesting a role
for BAP1 in metabolism. Indeed, recent evidence has indicated
that loss of BAP1 promotes cellular adaptability to metabolic
stress by impairing ER stress gene regulatory network (e.g., ATF3
and CHOP) and ferroptosis via modulating SLC7AL11 (23, 24).
Informed by these findings, signaling pathways that regulate
metabolic stress might be promising targetable vulnerabilities in
BAP1-deficient MPM.

BAP1 has also been implicated in chromatin modulation
by interacting with ASXL1 and polycomb repressive complex
1 (PRC1) (25), and further preclinical evidence revealed that
BAP1 loss renders MPM sensitivity to histone deacetylases
(HDACs) inhibitors (26). However, a large phase 3 trial of
MPM (n > 600) with Vorinostat, an FDA-approved HDAC
inhibitor, showed disappointing results (27). Importantly, recent
studies indicate that BAP1 loss in MPM prioritizes the
enhancer of zeste homolog 2 (EZH2)-targeted therapy (28),
suggesting that aberrant expression of EZH2, known to lead to
uncontrolled cell proliferation and tumorigenesis (29), might
be an inherent feature enabled by the suppression of BAP1.
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FIGURE 1 | Genomic landscape of CDKN2A, BAP1, and NF2 in MPM. (A) Somatic mutations of CDKN2A, BAP1, and NF2 in The Cancer Genome Atlas (TCGA)
samples of MPM patients (n = 87). Data were downloaded from cBioPortal. (B) Schemtatic illustrating the pathways mediated by the tumor suppressor proteins.

Strikingly, a phase II study showed that tazemetostat, an oral
EZH2 inhibitor, demonstrated promising clinical benefit in
patients with malignant mesothelioma (30). Notably, it has been
reported that sensitivity of uveal melanoma to EZH2 inhibitors
is independent of BAP1 mutational status (31), suggesting
a lineage-specific effect of BAP1 on the activity of EZH2i
(EZH2 inhibitors).

Surprisingly, several studies have revealed that BAP1 mutaions
in MPM are associated with favorable prognosis in patients (32,
33). One possible explanation is that BAP1 loss is accompanined
with impaired DNA repair capacity, which enhances sensitivity
to chemotherapy and thus may improve patients’ outcome. In
addition, BAP1 deletion is linked with fewer chromosome arm
gain and loss, as well as less somatic copy number alterations
(SCNAs) (4, 5). Finally, BAP1-inactivated tumors might have a

stronger activity of cytotoxic T cells due to increased interferon
regulator factor 8 (IRF8) (5, 34).

NF2
NF2 encodes Merlin (moesin-ezrin-radixin-like protein) that
mediates tumor suppression and contact-dependent inhibition
through the Hippo pathway (35) (Figure 1B).

The Hippo pathway is evolutionally conserved that regulates
organ size, tissue homeostasis and apoptosis, best characterized
as a downstream transducer of Merlin/NF2 signaling (36).
Merlin exerts tumor-suppressor function by translocating to
the nucleus, where it promotes the degradation of two
paralogous transcriptional co-activators, Yes-associated protein
(YAP) and WWTR1 (WW domain containing transcription
regulator 1)/transcriptional coactivator with PDZ-binding motif
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FIGURE 2 | The concept of synthetic lethal vulnerabilities and cancer-specific dependencies. (A) Cancer cells with functional loss of a tumor suppressor (gene “A”)
are contextually sensitive to inhibition of another gene product (gene “B”). (B) Cancer-specific dependencies co-opted by tumorigenesis are compelling therapeutic
targets.

(TAZ) via the E3 ubiquitin ligase CRL4DCAF1 (37). Merlin also
activates serine/threonine kinase macrophage stimulating 1/2
(MST1/2), causing large tumor suppressor kinase 1/2 (LATS1/2)-
dependent phosphorylation and degradation of YAP/TAZ (38).
In addition to NF2 mutations (Figure 1A), gene fusion and
chromosomal rearrangements also result in nonfunctional NF2
and therefore inactivates Hippo pathway in MPM (4). In
addition, other components of the Hippo pathway, such as
LATS2, are also frequently inactivated in MPM (4), which
inactivates the Hippo pathway as well. LATS2 alterations
(mutations, copy loss) occur in about 11% of MPM patients
(5), and LATS2-deficient MPM might have similar vulnerabilities
as those where the Hippo pathway is inactivated via other
mechanisms. In particular, MPM with co-occuring mutations
in LATS2 and NF2 has been reported to rely on an altered
mTOR/PI3K/AKT signaling, and therefore highly sensitive to
PF-04691502, a potent and selective oral inhibitor of PI3K
and mTOR kinases (39). Finally, gene fusions involving LIFR,
encoding a metastasis suppressor, was identified as an additional
mechanism that inactivates Hippo pathway in MPM (4). The
disrupted Hippo pathway constitutively activates oncogenic
YAP/TAZ, which in turn transcriptionally activates cancer-
promoting genes through interaction with TEA/ATTS domain
(TEAD) transcription factors (40). Supporting this notion,

verteporfin, an inhibitor against the YAP/TEAD interaction,
exerts strong anti-MPM effects, suggesting that the YAP/TEAD
axis might be a collateral vulnerability in NF2-deficient MPM
(41). However, some other studies have shown that response
to verteporfin can be independent on YAP activity (42, 43),
indicating that the exact correlation between YAP activity and
drug response remains to be determined. Further, inhibition of
YAP/TAZ was reported to compensatorially activate the MAPK
pathway and, as a consequence, co-targeting YAP/TAZ and MEK,
a key constituent of the MAPK signaling cascade, synergizes in
suppressing the growth of NF2-deficient tumors (44), providing
a rational combination strategy for NF2-mutant MPM.

Finally, NF2/Merlin inactivation has been associated with
upregulation of the focal adhesion kinase (FAK) activity in
mesothelioma (45). FAK is a cytoplasmic tyrosine kinase that
integrates signals from integrins and growth factor receptors
to multiple cellular processes, ranging from cell proliferation
and migration to renewal of cancer stem cells and resistance
to chemotherapy (46). Merlin levels are predictive of sensitivity
of MPM cells to the FAK inhibitor VS-4718 (47). Notably,
the sensitivity to FAKi has also been shown independent of
NF2/Merlin inactivation, and E-cadherin has been reported to
be a predictive biomarker for FAK-targeted therapy (43, 48).
Intriguingly, although a phase 1 study with FAK inhibitors
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FIGURE 3 | Therapeutic landscape of MPM. An overview of collateral vulnerabilities and evolutionary dependencies identified in therapy-naïve and chemo-resistant
MPM.

showed longer median progression-free survival (PFS) in patients
with NF2-negative MPM than those with NF2-positive tumors
(49), a large phase II COMMAND trial demonstrated that
neither PFS nor OS (overall survival) was improved by FAK
inhibitors in patients with NF2-low MPM and prior treatment
with chemotherapy (50). Together, these results indicate that
further investigations are required to establish the link between
NF2 mutational status and response to FAK inhibition.

Other Genetic Alterations in MPM
In addition to the TSGs (CDKN2A, BAP1, and NF2) described
above, several other genes, e.g., TP53 (tumor protein p53), LATS2,
SETD2 (SET domain containing 2) and oncogenic changes in
the TERT (telomerase reverse transcriptase) promoter are also
altered by at non-negligible frequencies in MPM.

TP53 (encoding p53) is mutated in 6–16% MPM cases
(51). Moreover, CDKN2A loss that depletes p14Arf and in
turn releases MDM2 (mouse double minute 2 homolog), a
negative regulator of p53, also inactivates p53, a key player
in G1/S cell cycle regulation and apoptosis. We and others
have shown that inactivation of CDKN2A/2B and TP53 renders
MPM cell particularly sensitive to G2 checkpoint inhibition, e.g.,
CBP501 (a peptide with G2 checkpoint-abrogating activity) and
AZD1775 (selective inhibitor of the G2 checkpoint kinase WEE1)
(52, 53).

Genetic alterations (mutation, gene fusion and splice
alteration) in SETD2, an epigenetic tumor suppressor involved

in histone methylation, are detected in more than 8% of
MPM cases (4). SETD2-deficient MPM may respond favorably
to inhibitors of histone methyltransferase EZH2 (54). In
addition, synthetic lethality between SETD2 deficiency and
CDK7 inhibitor THZ1 has been recently reported in kidney
cancer (55), although a similar efect on mesothelioma remains
to be determined.

TERT promoter mutations, the first recurrent oncogenic
muation identified in MPM, are frequent in MPM with
sarcomatoid subtype and significantly associated with worse
clinical outcome (56, 57). As expected, MPM cells carrying TERT
promoter mutations show increased sensitivity to telomerase
inhibition than those with wide-type TERT, indicating that
targeting telomerase activity might be a promising treatment
strategy for this MPM subset (57).

GENETIC AND PHARMACOLOGICAL
DEPENDENCIES EVOLVE EN ROUTE TO
CANCER DEVELOPMENT

In contrast with normal cells, tumor cells acquire unchecked cell
growth en route to cancer development, a result of persistent
activation of oncogenic pathways that concomitantly increases
the level of cellular stresses (58). To deal with the stressful
stimuli, cancer cells require the activity of a plethora of genes and
cellular processes that become necessary to cancer cell survival.
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TABLE 1 | Clinical trials investigating collateral vulnerabilities and evolutionary dependencies in MPM.

TSG/dependency Target Phase No. patients Results/trial status Endpoint (experimental vs. control arms) Biomarkers (Genetic or molecular)

CDKN2A/2B

Ribociclib (NCT02187783) CDK4/6 Phase 2 106 Completed (January, 2018) ORR CDK4/6, CCND1/3,CDKN2A

Abemaciclib (NCT03654833) CDK4/6 Phase 2 120 Recruiting DCR p16INK4A

BAP1

Vorinostat (27) (NCT00128102) HDAC Phase 3 661 Negative (November, 2011) OS (30.7 vs. 27.1) None

Tazemetostat (129) (NCT01897571) EZH2 Phase 1 58 Positive (September, 2016) Safety None

Tazemetostat (NCT02860286) EZH2 Phase 2 67 Completed (May, 2019) Safety/DCR BAP1

Niraparib (NCT03207347) PARP1/2 Phase 2 57 Recruiting ORR BAP1/ DDR

NF2

Defactinib (49) (NCT01870609) FAK Phase 2 372 Negative (January, 2016) PFS (4.1 vs.4.0) OS (12.7 vs.13.6) None

RTKs

Erlotinib (NCT00039182) EGFR Phase 2 63 Negative (June, 2007) OS None

LY3023414 (NCT01655225) PI3K/mTOR Phase 1 156 Active Not Recruiting Safety None

Everolimus (NCT01655225) mTOR Phase 2 59 Negative (September, 2011) 4-month PFS None

Tivantinib (NCT02049060) Met Phase1/2 31 Active Not Recruiting Safety None

Bemcentinib (NCT03654833) AXL Phase 2 120 Recruiting DCR None

Angiogenesis

Thalidomide (76) VEGF Phase 3 222 Negative (December, 2009) Progression (3.6 vs.3.5) None

Bevacizumab (3) (NCT00651456) VEGF Phase 3 448 Positive (September, 2016) OS (18.8 vs.16.1) None

Deregulated UPR

Bortezomib (130) (NCT00513877) Proteasome Phase 2 33 Negative (December, 2009) CR/PR None

Ganetespib (131) (NCT01590160) HSP90 Phase1/2 27 Completed (November, 2019) Safety PFS None

Abbreviations: CR/PR, complete response/partial response; DCR, disease control rate; ORR, overall response rate; OS, overall survival; PFS, progression-free survival.
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This phenomenon is referred to as non-oncogene addiction or
cancer dependency (59), which represents the “Achilles’ heel” of
a specific type of cancers that can be therapeutically exploited
without impairing normal cells. Recent studies have identified
several genetic and pharmacological dependencies in MPM,
covering various pathways involved in receptor kinase signaling,
DNA damage repair and proteotoxic stress.

Receptor Tyrosine Kinases (RTKs)
Self-sufficiency in proliferative signaling, often through aberrant
activation of receptor tyrosine kinases (RTKs), is a hallmark
of cancer including MPM. Epidermal growth factor receptor
(EGFR) is not mutated but overexpressed in MPM, leading
to deregulation of EGFR signaling and aberrant activation
of downstream pathways such as RAS/RAF/MAPK and
PI3K/AKT/mTOR, which in turn promotes cell proliferation,
tumor invasiveness and angiogenesis (60). Despite the high
expression of EGFR, no clinical benefit was observed in
MPM patients treated with erlotinib, an EGFR-specific
inhibitor (61). Trametinib, a specific MEK inhibitor,
exhibited anti-tumor effects in MPM, and displayed strong
synergestic effects when combined with the FAK inhibitor
GSK2256098 (62). Emerging evidence has also shown that
multipoint targeting of PI3K/AKT/mTOR pathway is a
promising strategy for therapeutic intervention of MPM
(63). Although mTOR inhibition with specific inhibitors
suppressed mesothelioma cell growth in pre-clinical models
(64, 65), only limited clinical activity was observed in patients
with advanced MPM (66). Additionally, preclinical studies
identified MET and AXL as putative therapeutic targets in
MPM (67, 68), and clinical trials testing Met-specific TKI
(tivantinib; NCT02049060) and AXL-specific TKI (bemcentinib;
NCT03654833) are ongoing.

Increasing evidence has indicated that other RTKs, including
fibroblast growth factor receptor (FGFR) (69), insulin-like
growth factor 1 receptor (IGF1R) (70), platelet-derived growth
factor receptor (PDGFR) (71) and vascular endothelial growth
factor receptor (VEGFR) are also aberrantly activated in
MPM (72). In particular, preclinical studies have revealed
that imatinib, a multi-target inhibitor of v-ABL, c-KIT and
PDGFRβ, enhanced therapeutic effects of chemotherapeutic
drugs (gemcitabine, pemetrexed) via AKT inactivation in
malignant mesothelioma, which has encouraged the initiation of
clinical trials (73, 74).

Given the crucial role of VEGF signaling in tumorigenesis,
several anti-angiogenic drugs, including bevacizumab,
thalidomide and nintedanib, have been investigated in MPM
either alone or in combination with cisplatin plus pemetrexed
over the past decade (75). To date, three randomized phase 3
studies that assess anti-angiogenic inhibitors in patients with
MPM have been performed. In the 2013 study, no clinical
benefit was observed for the addition of thalidomide to first-line
chemotherapy (76), while the large randomized Mesothelioma
Avastin Cisplatin Pemetrexed Study (MAPS) in 2016 showed
that the triple combination of bevacizumab, cisplatin and
pemetrexed significantly improved the median overall survival
(OS) in MPM (3). More recently, another randomized phase 3

trial demonstrated no benefits of nintedanib addition compared
to standard chemotherapy alone (77). The varied results
highlight the need of further stratification for anti-angiogenic
therapeutics in MPM.

Endoplasmic Reticulum (ER) Stress and
Unfolded Protein Response (UPR)
The endoplasmic reticulum (ER) is the principal organelle
monitoring proteostasis. Physiological and pathologic stimuli
e.g., nutrient deprivation, aberrant glycosylation, oxidative
stress and DNA damage, can disturb the ER environment,
eliciting ER stress and unfolded protein response (UPR)
(78). The UPR is mediated by three effector arms: double-
stranded RNA-activated protein kinase (PKR)-like ER kinase
(PERK), inositol-requiring enzyme 1α (IRE1α), and activating
transcription factor 6 (ATF6) (79). At the steady state, the
chaperone protein glucose-regulated protein 78 (GRP78, also
known as BiP) binds and represses PERK, IRE1α and ATF6.
When threatened by increased protein-folding demand (ER
stress), BiP is released, which activates PERK, IRE1α, and
ATF6, and in turn, their downstream effectors to alleviate
proteotoxic stress placed on the ER and restore proteostasis in
the ER (80).

Tumorigenesis entails aberrant proliferation, which is
often confronted by limited oxygen supply and malfunctional
vascularization, leading to increased demand for protein
folding, assembly and transport (81). As such, the ER stress
response or UPR is a cytoprotective mechanism that promotes
survival and adaptation to adversary environment, which
might render tumor cells particularly vulnerable to agents that
further disturb ER stress. Indeed, therapeutic targeting of ER
stress/UPR pathway has emerged as a promising strategy of
cancer treatment (82). There is a positive correlation between
expression of the ER stress-responsive phosphatase growth
arrest and DNA damage 34 (GADD34) and differentiation
status of mesothelial cells (83), suggesting that modulating
ER stress might be effective for MPM. Consistently, we
have recently showed that deregulated ER stress/UPR
is a characteristic feature of MPM, and that therapeutic
modulation of the signaling impairs the growth of MPM
cells and overcomes resistance to standard chemotherapy
(84, 85).

Anti-apoptotic Adaptation
Escape from apoptosis, a critical barrier of tumor development,
is a prominent hallmark of cancer, including MPM. Apart from
the loss of TP53 tumor suppressor functions and increased
expression of survival signals, overexpression of pro-survival
B-cell lymphoma 2 (BCL-2) family proteins (BCL-2, BCL-
XL, MCL-1, BCL-W, BCL-B, BFL-1) that dampen apoptosis
by sequestering pro-apoptotic activators (BAX, BIM, PUMA)
is another pivotal strategy to circumvent apoptosis (86). In
this scenario, cancer cells are thought to be “primed” for
apoptosis, as they accumulate the pro-apoptotic activators (87).
This trait can be exploited for cancer treatment by blocking
specific or multiple pro-survival proteins with B-cell lymphoma
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2 (Bcl-2) homology 3 (BH3)-mimetic therapy that overwhelms
the anti-apoptotic defenses (88). In MPM, pro-survival or
apoptosis suppression has been reported to be promoted by
defects in core-apoptosis signaling (89), and the BH3 mimetic
ABT-737 (targeting BCL-2/BCL-XL/BCL-W) (90) and a pan-
BCL-2 inhibitor (JY-1-106) are active against MPM cells (91,
92). More recently, BCL-XL has been identified as a key
anti-apoptotic mediator in MPM cells, further highlighting
the promise of therapeutic strategies that modulate apoptotic
threshold in MPM (93).

Tumor Microenvironment (TME)
A key feature of tumor microenvironment is hypoxia,
which promotes acquisition of aggressive phenotypes.
Emerging evidence has suggested that hypoxia-inducible
factors (HIF-1α, -2α) play central roles in regulating hypoxic
responses in MPM (94). HIF-1α/2α are transcription factors
induced by hypoxic conditions, which in turn alter the
expression of various target genes, such as those encoding
the stem-like factor OCT4, anti-apoptotic BCL-2, glucose
transporter 1 (GLUT1), VEGF, E-Cadherin and Vimentin,
leading to the change of diverse biological functions, e.g.,
angiogenesis, anti-apoptosis, cell motility and metabolism
(95, 96). Moreover, hypoxia is associated with increased
genome instability by downregulating several DNA repair
genes such as MLH2, MSH2, and RAD51 (97). Thus,
targeting tumor hypoxia might be a promising strategy
for treating MPM.

A Roadmap to Cancer Dependencies
The Cancer Dependency Map Project (DepMap)1 is dedicated
to systematic identification of cancer-specific vulnerabilities
for targeted therapy and further stratification based on
genomic diversity and molecular characteristics for precision
oncology (98). DepMap provides a range of information
for the genetic landscape, expression profile, genetic
essentiality and drug sensitivity across a broad spectrum
of human cancers including MPM by incorporating The
Cancer Cell Line Encyclopedia (CCLE), Project Achilles
and PRISM, which may facilitate the prioritization of
therapeutic targets for the development of precision
cancer medicines.

EVOLUTIONARY VULNERABILITIES
CO-OPTED BY CHEMOTHERAPY
RESISTANCE

Despite decades of enormous efforts, cisplatin plus pemetrexed
chemotherapy remains one of the few treatment options
that achieve survival benefit in MPM. However, clinical
evidence indicates that this combination therapy rarely achieves
complete/durable clinical response in MPM patients due
to drug resistance, intrinsic and/or acquired after initial
treatment. Therefore, identification of therapeutic vulnerabilities

1https://depmap.org/portal/depmap/

to target chemoresistant MPM represents a significant yet unmet
clinical challenge.

Cancer Cell Plasticity and Cancer Stem
Cells
Cancer cells can shift at different cell states, most prominently
the transition from epithelial to mesenchymal (EMT) or vice
versa (MET). The epithelial state is a differentiated cell state
while the mesenchymal more undifferentiated and reminiscent
of cancer stem-like cells (CSCs), so coined as they recapitulate
normal stem cells characterized by the capacity of self-renewal
and differentiation. Cancer cell plasticity is an important process
that generates CSCs and drives therapy resistance (99), partly
due to relative dormancy of slowing cell-cycle kinetics, efficient
DNA repair capacity and expression of multidrug-resistance
transporters and resistance to apoptosis of the cells (100).

Putative CSCs identified in MPM express high levels
of CD24, ABCG2, ABCB5 and OCT4 and confer drug
resistance (101). We have showed that MPM cells populated
as spheroids are highly resistant to standard chemotherapy
(84). Mesothelioma stem cells (MSCs) might be responsible
for tumor repopulation after chemoradiation in murine
mesothelioma (102), and cisplatin-resistant, CSC-like
subpopulations could be enriched by aldehyde dehydrogenase
(ALDH)high and CD44+ in mesothelioma cell lines (103).
Despite the progress, the molecular mechanisms underlying
cancer cell plasticity and the malignancy of CSCs remain
incompletely understood.

Aberrant DNA Repair
The DNA damage response (DDR) synchronizes DNA repair and
checkpoint signaling activation to arrest cell cycle progression
(104). Compelling evidence suggests that DDR protects against
genomic instability and affects responses to genotoxic agents
(105), although loss of some elements involved in DNA
repair pathways is predisposed to malignancy. Conversely,
upregulated DDR signaling confers resistance to DNA-
damaging chemotherapy and inhibitors targeting the altered
pathways have the potential to revert resistance and augment
the efficacy of conventional chemotherapy (106). MPM patients
with germline mutations in BAP1 or other DNA repair
genes (CHEK2, PALB2, BRCA2, and MLH1) show increased
sensitivity to cytotoxic chemotherapy due to impaired DDR
(107). Moreover, the Fanconi anemia (FA)/BRCA2 pathway
involved in the homologous recombination DNA repair has
been shown to play a key role in MPM chemoresistance (108),
and a potential link of deregulated G2/M checkpoint pathway
with tumor progression and sensitivity to chemotherapeutic
agent cisplatin has been proposed (109). Notably, p53 signaling
is frequently inactivated in MPM (4, 51), a consequence
of TP53 mutaions (6–16% in MPM) and, more often, of
inactivating alterations in CDKN2A, which depletes p14Arf

and promotes proteasome-mediated degradation of p53.
Consequently, p53 deficient MPM cells might have greater
dependence on G2/M checkpoint to protect the toxicity of
chemotherapy, and abrogation of the G2/M checkpoint activity,
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FIGURE 4 | CRISPR/Cas9 screening for cancer drug discovery in MPM. A schematic diagram of CRISPR/Cas9 screening using pooled sgRNA libraries. Depending
on the experimental setting, comparison of sgRNA abundance with reference samples can identify essential genes for drug resistance, cell proliferation or
context-dependent events (e.g., synthetic lethal vulnerability with specific mutations).

e.g., WEE1 inhibition, sensitizes MPM cells to chemotherapy
(53, 110).

Autophagy
Macroautophagy (hereafter autophagy) is an evolutionally
conserved catabolic process, whereby long-lived proteins and
damaged organelles are sequestered in a double-membraned
vesicle (autophagosome) and delivered to the lysosomes
for degradation and recycled to fuel cellular growth (111).
Autophagy is regulated by a variety of autophagy-associated
genes (ATGs), with its contribution to cancer being controversial,
as autophagy can be either pro-survival (oncogenic) or tumor
suppressive at different stages of cancer progression (112). It
has been reported that MPM cells display a generally high basal
level of autophagy, which is critical for tumor growth (113).
Albeit autophagic cell death (also known as type II programmed
cell death) is potentially exploitable as an anticancer therapy,
the vast majority of studies have demonstrated that autophagy
is a protective mechanism linked with increased resistance
to chemo and targeted therapy (114, 115). Supporting this

notion, autophagy inhibition was shown to effectively improve
chemosensitivity in mesothelioma (116).

SYSTEMATIC APPROACHES FOR
CANCER DRUG DISCOVERY IN MPM

RNA Interference (RNAi) Screening
RNAi confers transient or stable gene silencing by small
interfering RNAs (siRNA) or short hairpin RNAs (shRNA).
Genome-wide screens with pooled shRNA libraries are widely
pursued to identify cancer drivers and context-dependent events
such as synthetic lethal interactions and collateral vulnerabilities
(117). Experimentally, cancer cells infected with shRNA vectors
that are specifically identified by molecular barcodes are
monitored for growth and subsequently subjected to genomic
DNA isolation, polymerase chain reaction (PCR) amplification
and quantification of the molecular barcodes. Comparison of
barcode abundance between experimental and reference samples,
genes required for cancer cell proliferation can be identified.
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Several groups have performed shRNA screes in MPM (118,
119), which however, surveyed relatively few cell lines and
none represented the diversity of MPM. Although RNAi is
ideal to evaluate the temporary gene disruption (e.g., to mimic
the effect of cancer drugs), the utility of RNAi is limited
by incomplete silencing, high off-target effects and stimulated
immune response.

CRISPR/Cas9 Mediated Genome Editing
CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats/CRISPR- associated 9) is a gene-editing technology
allowing for rapid and accurate assessment of gene functions
with fewer off-target effects compared to RNAi, which, due to
its scalability, has emerged as an important tool for large-scale
screens. Functional genomics using CRISPR have to date focused
on identifying genes required by cancer cells for growth or
response to a therapy, which provides a novel genetic tool to
ascertain gene functions by customizing the single guide RNA
(sgRNA) sequence. After transduced by pooled sgRNA library,
the recipient cells become genetically heterogeneous, each one
with a knockout of a different gene. Following culture and
selection, e.g., drug treatment, cells expressing sgRNAs that target
the genes essential for proliferation or drug resistance will die,
thereby depleting them from residual tumor cells after culture or
treatment (Figure 4).

CRISPR screens of genome and customized sgRNA libraries in
numerous disease models have identified novel oncogenic drivers
and cancer dependencies (120, 121), synthetic lethal interactions
with mutant RAS and BRAF (122, 123) and mechanisms of
resistance to anti-cancer drugs (124). Amenability to in vivo
systems greatly enhances CRISPR applicability in clinically
relevant settings (125). CRISPR-based functional genomics in
MPM is still at its infancy, we recently screened MPM kinome
and delineated that deregulated G2-M checkpoint activity
dictates MPM response to chemotherapy (53).

Further Considerations in Systematic
Approaches
MPM displays high heterogeneity, characterized by inter- and
intratumor variability at cellular and molecular levels (4, 5,
126, 127). Heterogeneity represents a key mechanism underlying
the poor response of MPM patients to current therapeutic
interventions and is a challenge in systematic studies aimed at
identifying effective treatment and curtailing drug resistance.
Notably, cancer cell lines utilized predominantly in current
RNAi- and CRISPR-based functional genomic studies poorly
recapitulate the condition under which heterogeneous tumors
arise and evolve. More instrumental in vitro models that

more closely capture the heterogeneity of patient samples
include cancer stem cells and patient-derived organoids (128).
Moreover, in vivo models that recapitulate the cellular and
genetic complexity of human cancer during tumor evolution and
progression amid drug treatment, such as genetically engineered
mouse models (GEMMs), syngeneic mouse models, and patient-
derived xenografts (PDX), should be considered in systematic
approaches (125). Despite in its infancy, future studies taken into
account of tumor heterogeneity is likely the only way toward the
development of precision medicine for MPM patients.

CONCLUDING REMARKS

Unlike many other solid tumors, MPM is characterized by
overwhelming prevalence of loss of function alterations in tumor
suppressor genes, for which direct pharmacological targeting
proves difficult. However, collateral genotoxic, proteotoxic, and
metabolic stresses caused by abnormal tumor genome or anti-
cancer drugs can generate context-dependent vulnerabilities
and dependencies, which has profound implications for
alternate treatment of TSG-driven MPM. Recent studies have
identified previously unappreciated vulnerabilities contextually
linked with aberrant TSGs and dependencies acquired during
cancer development and drug resistance, which provides
unprecedented insights into MPM pathobiology and may
bring about unprecedented hopes for the development of
biomarker-guided precision medicine for the disease (Figure 3).
Integrative molecular characterization enabled by large-scale
RNA and proteomic profiling studies, partnered by functional
genomics, holds importance to completely unfold the therapeutic
landscape for MPM.
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Objectives: Adding bevacizumab, an anti-Vascular Endothelial Growth Factor (VEGF), to
platinum-based chemotherapy/pemetrexed in 1st line treatment of advanced malignant
pleural mesothelioma (MPM), significantly improved overall survival. However, increased
high grade bleeding after operation was reported in patients with colorectal cancer who
previously received bevacizumab. In the present analysis, we assessed for the first time
the impact of adding bevacizumab to induction chemotherapy prior to surgery for
mesothelioma patients.

Methods: Two hundred twenty-seven MPM patients, intended to be treated with
induction chemotherapy followed by surgery at the University Hospital of Zurich
between 2002 and December 2018, were included in the present analysis. After
propensity score matching for gender, histology and age (1:3 ratio), data from 88
patients were analyzed. Sixty-six patients underwent induction chemotherapy (with cis-/
carboplatin and pemetrexed: control group) alone and 22 patients underwent induction
chemotherapy with the addition of bevacizumab (bevacizumab group) prior macroscopic
complete resection (MCR). Perioperative and long-term outcome variables were analyzed.

Results: Patients undergoing combination treatment with bevacizumab had a
significantly better response than with chemotherapy alone as assessed by modified
RECIST (p=0.046). Intraoperative complications in the bevacizumab group (one patient),
or in the control group (three patients) were not related to intraoperative bleeding.
Postoperative transfusion of blood products occurred in a larger amount in the control
group than in the bevacizumab group (p=0.047). Overall survival was not statistically
different between both groups.

Conclusion: These initial data demonstrate that MCR can be performed safely after triple
induction chemotherapy with bevacizumab without increased intra- and postoperative
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bleeding complications. Response rates were significantly improved by the addition of
bevacizumab.
Keywords: malignant pleural mesothelioma, anti-angiogenic therapy, bevacizumab, induction chemotherapy,
macroscopic complete resection, pleurectomy/decortication
INTRODUCTION

Malignant pleural mesothelioma (MPM) is an aggressive cancer
with poor outcome despite multimodality treatment (1, 2). The
Mesothelioma Avastin Cisplatin Pemetrexed Study (MAPS)—a
multicenter, randomized, controlled, clinical phase III trial-
showed the improvement of survival by the addition of
bevacizumab to standard chemotherapy cisplatin/carboplatin/
pemetrexed in first line treatment for advanced MPM (survival
18.8 months [95% CI 15.9-22.6] vs. 16.1 months [95% CI 14.0–
17.9]) (3).

Vascular endothelial growth factor (VEGF) represents a
target for cancer treatment as anti-VEGF agents can induce a
direct toxicity by decreasing neoplastic cell viability. Moreover
they induce structural changes on tumor vasculature with
increase in stability, perfusion and permeability leading to an
augmented distribution of chemotherapeutic agents at the tumor
site (4). A previous meta-analysis of 20 randomized controlled
trials reported an overall increase in high grade bleeding in
colorectal, renal and non-small cell lung cancer, as well as an
increase in thrombotic events (5–7) in patients undergoing
treatment with anti-VEGF agents.
OBJECTIVES

In the present analysis, we report for the first time, the
perioperative and long-term outcome as well as chemotherapy
response when bevacizumab is added to current standard
platinum based induction chemotherapy for MPM patients
undergoing subsequent macroscopic complete resection (MCR).
PATIENTS AND METHODS

This is an observational study of retrospective nature. The
institutional database was searched for patients intended to be
treated with induction chemotherapy followed by surgery
(n=227) during the period 2002–2018. Some patients in both
groups (bevacizumab and control group) were treated within our
phase I and II trials of intracavitary application of cisplatin
bound to a fibrin carrier (NCT01644994). Sixty-six patients were
excluded due to missing data (n=35) or palliative therapy only
(n=31). Propensity score matching (1:3 ratio), was performed in
161 patients based on age, gender, and histotype (see Table 1)
between patients receiving induction chemotherapy (cisplatin/
carboplatin/pemetrexed) with bevacizumab and induction
chemotherapy (cisplatin/carboplatin/pemetrexed) (control
group) followed by surgery. Follow-up was performed with
223
computed tomography (CT) and positron emission
tomography/computed tomography (PET/CT) scans in an
alternating manner according to our institutional guidelines.
This means a post-surgery quarterly clinical and radiological
follow-up within the 1st year, bi-annual in the 2nd year, and from
there on annually. A logistic regression model was fitted to
obtain the propensity score with the application of
bevacizumab as outcome and the three explanatory variables
mentioned above to reduce potential sources of bias. The
standardized mean difference was used to estimate the group
differences, which is preferred over the sample size dependent t-
test (see Table 1). The matching was performed without
repetition of controls and a caliper distance within 0.2 times
the standard deviation of the propensity scores was accepted as a
match. For all cases obtaining bevacizumab three appropriate
matches were found.

For statistical analysis, R-software version 3.5.3 was used.
Continuous variables were analyzed with paired t-test and
conditional logistic regression was performed for binary
variables. A p value of <0.05 was considered as statistically
significant. Missing data are reflected in the overall column in
each table. Throughout the manuscript, due to the missing
adjustment for multiple testing in this analysis, p values should
be interpreted as descriptive.

Local ethics committee approval was given for analysis of the
mesothelioma database (StV 29-2009, EK-ZH 2012-0094).

Staging and Induction Chemotherapy
Mesothelioma was diagnosed and staged as described previously
(8). After completion of staging, patients received between two and
seven cycles of induction chemotherapy either with cisplatin/
carboplatin or carboplatin/pemetrexed with the addition of
bevacizumab in 22 cases. In case of only two cycles applied, the
chemotherapy was interrupted due to side effects and the patient
proceeded to surgery. In case of seven cycles (n=1), the patient did
not want to undergo surgery at first and decided at a later point to
have surgery. The last cycle prior to surgery was conducted without
bevacizumab. The decision for induction chemotherapy with the
addition of bevacizumab was individually discussed for each patient
at our interdisciplinary tumor-board based on the comorbidity
profile of the patient (e.g. coagulation disorders).

Surgery and Intraoperative Blood Loss
Thirty-one patients underwent (extended) pleurectomy/
decortication [(E)PD), 35 extrapleural pneumonectomy (EPP)]
in the control group whereas in the bevacizumab group 21
patients underwent (E)PD and one patient EPP. P/D only was
performed in four patients in the control group and none in the
bevacizumab group. EPP and (E)PD were performed as already
November 2020 | Volume 10 | Article 588563
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described previously (8). The difference between EPD and P/D
was that in EPD pericardium and/or diaphragm are additionally
resected depending on the tumor spread. In uncertain cases this
was decided under guidance of intraoperatively taken fresh
frozen sections.

Blood loss during surgery as well as the amount of substituted
erythrocyte concentrates were documented.

Further, hemoglobin, hematocrit and thrombocytes were
measured on postoperative day (POD) 1 to 6; not all values
were available for each day. Thirty- and 90-day mortality was
reported as well as postoperative morbidity. Postoperative major
morbidity included: complications necessitating reoperation,
chylothorax, patch failure, empyema, bronchopleural fistula,
thromboembolic events, and acute respiratory distress
syndrome (ARDS). The number of thromboembolic events for
each patient are reported in detail, in particular the time point of
the events (before chemotherapy, after chemotherapy but before
surgery, post-surgery and after adjuvant chemo-/radiotherapy).

mRECIST
Chemotherapy response was assessed by mRECIST in a restaging
CT scan (9). The p-value was calculated via a McNemar test.

OS and PFS
Overall survival (OS) and progression free survival (PFS) probabilities
were calculated with Kaplan Meier analysis and the difference
between treatment groups was evaluated with a conditional long
rank test. The median and 95% confidence interval were also
determined using the Kaplan-Meier method. OS was calculated
from start of induction chemotherapy until death or lost to follow up.
RESULTS

88 patients, receiving either induction chemotherapy (cisplatin/
carboplatin/pemetrexed + bevacizumab) or induction chemotherapy
(platinum based/pemetrexed) only, followed by surgery, were
analyzed (Figure 1): 66 patients in the control group and 22
patients in the bevacizumab group [(see Table 1) after propensity
score matching (1:3 ratio)]. Additionally, intracavitary
chemotherapy was applied in nine patients of the control
group and six patients of the bevacizumab group. Patient`s
characteristics are shown in Table 2.

The overall median age in this present cohort was 65 years
(range 40–76 years) and did not differ significantly between both
groups. All patients underwent surgery in a median time of 41.5
days (6 weeks, range 15–155 days) after the last cycle of
induction chemotherapy. The median number of cycles applied
for all patients was 3 (range 2–7). One patient had surgery <20
days following the last cycle of chemotherapy based on his own
wish. Two patients underwent surgery after >100 days; one due
to other surgery and the other based on patient’s wishes.

mRECIST
According to mRECIST criteria (9) there were no patients
with progressive disease (PD) in the bevacizumab group
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compared to 15 patients (22.7%) with PD in the control group
following induction chemotherapy. Partial remission (PR)
was observed in 23 cases in the control group (34.8%) and
nine cases (40.9%) in the bevacizumab group. 28 cases (42.4%)
Frontiers in Oncology | www.frontiersin.org 425
in the control and 13 cases (59.1%) in the bevacizumab group,
had stable disease (SD). The overall response rate was
significantly better in the bevacizumab group with a p-value
of 0.046.
FIGURE 1 | Postoperative hemoglobin, hematocrit, erythrocyte, and thrombocyte values from day 1–6. POD, postoperative day.
TABLE 2 | Patients’ characteristics.

Covariate Overall Control group Bevacizumab group p-value
n 88 66 22

Age (median [range]) 65 [40-76] 65 [40-76] 64.5 [50-76] NS
Gender, male (%) 71 (80.7) 53 (80.3) 18 (81.8) NS
Laterality of MPM, right (%) 53 (60.2) 37 (56.1) 16 (72.7) NS
Epithelioid histotype (%) 73 (83.0) 55 (83.3) 18 (81.8) NS
Induction chemotherapy
Cisplatin (%) 78 (88.6) 60 (90.9) 18 (81.8) NS
Carboplatin (%) 18 (20.5) 11 (16.7) 7 (31.8) NS
Pemetrexed (%) 87 (98.9) 65 (98.5) 22 (100.0) NS
Bevacizumab (%) 22 (25.0) 0 (0.0) 22 (100.0) <0.001
Other (%) 1 (1.1) 1 (1.5) 0 (0.0) NS
IMIG (%) 12 (13.6) 5 (7.6) 7 (31.8) NS
IA 17 (19.3) 14 (21.2) 3 (13.6)
IB 37 (42.0) 28 (42.4) 9 (40.9)
II 11 (12.5) 10 (15.2) 1 (4.5)
IIIA 9 (10.2) 8 (12.1) 1 (4.5)
IIIB 2 (2.3) 1 (1.5) 1 (4.5)
Type of surgery (%) <0.001
EPD 52 (59.1) 31 (47.91) 21 (95.5)
EPP 36 (40.9) 35 (53.0) 1 (4.5)
P/D 4 (4.5) 4 (6.1) 0 (0.0)
November 2020 | Volume 10 | Article
IMIG, International Mesothelioma Interest Group, (E)PD, extended pleurectomy/decortication; EPP, extrapleural pneumonectomy; P/D, pleurectomy/decortication. Bold, statistically
significant with a p-value <0.05.
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Intraoperative complication rate and postoperative 30-day and
90-day mortality rate was not higher in the patient group
undergoing induction chemotherapy with bevacizumab in
comparison to the control group. Three patients in the control
group and one patient in the bevacizumab group had
intraoperative complications, none due to intraoperative
bleeding. The number of postoperative transfusions of blood
products was statistically different (p=0.047) in the two groups,
with 68.2% of patients in the control group receiving postoperative
blood products including mainly erythrocyte concentrates
compared to 21 patients (95.5%) in the bevacizumab group (see
Table 3). In few cases factor concentrate substitution, fresh frozen
plasma, and thrombocyte concentrates were given as well. The
postoperative hemoglobin, hematocrit, and thrombocyte values
for both groups are shown in Figure 1. A statistically significant
difference between the two groups was seen for hemoglobin values
on POD 1-5, for hematocrit value on POD 5, for erythrocyte
values on POD 2-6, for thrombocyte values on POD 1-6, and for
hematocrit value on POD 1. For all these values, the bevacizumab
group did better, except for the hematocrit value on POD 1.
Additionally, no patient showed major pathological response and
all patient still had microscopically vital tumor tissue in the
definitive pathological tumor specimen.

Postoperative morbidity did not differ between the two
groups with seven (32%) events in the bevacizumab group
compared to 19 (29%) in the control group. Pulmonary
embolism (PE) occurred in six patients in both groups (control
9.1% and bevacizumab group 27.3%; p=0.09). Three patients in
each group had a thromboembolic event after induction therapy
and one patient in each, for both groups, had a thromboembolic
event either before chemotherapy started or after surgery, or after
adjuvant chemo-/radiotherapy. There was no statistically
significant difference in the occurrence of pulmonary embolism
between the two groups in terms of time of occurrence and
number of events. Occurrence of thromboembolic events
Frontiers in Oncology | www.frontiersin.org 526
according to the surgical procedure was as follow: EPP (n=1
for bevacizumab group vs n=1 for control group), EPD (n=5 vs.
n=3), and P/D (n=0 vs. n=2).

Thirty-day mortality [control group n=1 (1.5%) and
bevacizumab group n=1 (4.5%)] was not statistically different
among the two groups as well as the 90-day mortality [control
group n=4 (6.1%) and n=1 (4.5%, bevacizumab group)].

OS and PFS
At the time point of analysis, 17 patients in the control group and
nine patients in the bevacizumab group were still alive (two lost
to follow up in the control group). Overall median follow up time
was 41 months.

Median OS was 23 months (95% CI: 17.3–33.5) in patients
undergoing induction chemotherapy only and 22.4 months in
patients receiving induction chemotherapy and bevacizumab
(95% CI: 13.5 – not applicable; p = 0.55) with no censored cases.
Median PFS was 11.5 months (95% CI: 11.1–14.5) for the control
group and 11.4 months (95% CI: 10.1–18.2) in the bevacizumab
group. No statistical difference in the two groups was observed in
terms of OS and PFS. OS and PFS are shown in Figure 2.
DISCUSSION

In this propensity score matched retrospective analysis, 22
patients with malignant pleural mesothelioma were treated
with induction chemotherapy consisting of platinum-based/
pem with bevacizumab prior to surgery compared to 66
patients receiving standard induction chemotherapy with
platinum-based/pemetrexed alone. Whereas the concept of a
multimodality treatment is widely accepted and recommended
for this disease, the timing of chemotherapy before or after
surgery is discussed controversially (1, 10, 11) and currently
investigated in a multicenter randomized phase II trial by the
TABLE 3 | Surgery dependent variables.

Covariate Overall Control group Bevacizumab group p-value
n 88 66 22

Blood loss
during surgery (ml, median [range])

1000 [200–5000] 1000 [200–5000] 850 [400–3000] NS

Intraoperative blood products
applied (pack) (%)

32 (36.4) 26 (39.4) 6 (27.3) NS

Intraoperative ECs
applied (ml, median [range])

300 [0–1500] 600 [0–1500] 300 [300–600] NS

Intraoperative
complications n (%)

4 (4.5) 3 (4.5) 1 (4.5) NS

30 Day
Mortality (%)

2 (2.3) 1 (1.5) 1 (4.5) NS

90 Day
Mortality (%)

5 (5.7) 4 (6.1) 1 (4.5) NS

Postoperative hemorrhage
necessitating reoperation (%)

3 (3.4) 2 (3.0) 1 (4.5) NS

Postoperative
morbidities (%)

87 (98.9) 65 (98.5) 22 (100) NS

Postoperative
transfusion of blood products (pack) (%)

66 (75.0) 45 (68.2) 21 (95.5) 0.047
N
ovember 2020 | Volume 10 | Article
NS, Not statistically significant. Bold, statistically significant with a p-value <0.05.
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EORTC [The European Organization for Research and
Treatment of Cancer (NCT 02436733)].

In the present analysis, adding bevacizumab to standard
induction chemotherapy did not significantly increase
perioperative, in particular not bleeding, complications, although
the proportional number of postoperative blood products and PE
were higher compared to the control group. The small sample size
and the lack of randomization do not allow to draw any
conclusion to fully answer this question as well as the fact that
PE is in general a known side effect of also the other
chemotherapeutic agents. As known in other settings, these data
suggest that a careful monitoring of embolic events in patients
undergoing bevacizumab is warranted.

Bevacizumab is a well-known and potent VEGF inhibitor and
has been mostly used as an additional chemotherapeutic agent,
especially, in solid tumors including malignant mesothelioma, non-
small cell lung cancer, colorectal cancer, renal cancer, and breast
cancer. In malignant pleural mesothelioma patients, anti-VEGF has
already been investigated in several studies for its safety and efficacy
(7, 12). One of the main side effects is an increased risk of bleeding
ranging from minor epistaxis to fatal hemorrhage (7, 13).

Despite evidence of an increased bleeding risk with
bevacizumab, surgery was demonstrated to be safe in our
cohort with negligible intra- and postoperative bleeding
complications and even less intraoperative blood loss (750 ml
vs. 900 ml) in the bevacizumab group, if a time interval of 2–7
weeks after induction chemotherapy, and the exclusion of
bevacizumab in the last cycle prior to surgery, was respected.
By recommendation of the Food and Drug Administration
(FDA), bevacizumab should not be administered less than 28
days before and after a surgical intervention (14).

Numerical wise, in the bevacizumab group, more postoperative
bleeding complications occurred although without statistical
Frontiers in Oncology | www.frontiersin.org 627
significance compared to the control group. Two cases in the
control group necessitated reoperation due to hemorrhage after
EPP and one case in the bevacizumab group. One hypothesis might
be of a greater postoperative bleeding risk after EPP compared to
(E)PD (8, 15, 16), but the risk for intra- or postoperative bleeding
complications arise from the big bleeding surface after parietal
pleurectomy part (being part of both procedures) (8).

Thirty-day- and 90-day mortality in the bevacizumab group
was very low with one case each compared to the control group
with one and four cases, respectively. The reasons for
postoperative mortality were postoperative empyema, patch
failure with gastric herniation, global respiratory insufficiency
after EPP and necrotizing pancreatitis most probably related to
the surgical procedure itself.

Due to the long observation period, there have been more EPP
performed in the control group than in the (E)PD group. The
learning curve for a better patient selection, the procedures and
complication management might also play a significant role for
the minor postoperative bleeding complication in the EPD/
bevacizumab group. Additionally, preoperative selection criteria
improved over the past years. On restaging imaging by contrast
enhanced CT scan or even PET/CT after induction chemotherapy,
there is a routine assessment of mRECIST, whereby patients are
classified to their tumor response to induction chemotherapy.

A marginal statistically significant difference in terms of a
better response was seen for the bevacizumab group. This
improved response did not translate into a survival benefit.

There have been controversial debates on the efficacy and
overall benefit of bevacizumab treatment, both for single agent use
and for additive use (17–19). Several studies failed to show a clear
benefit in OS or PFS when adding bevacizumab to standard
therapy regimens for patients with malignant pleural
mesothelioma. This may be due to the small sample sizes in the
FIGURE 2 | Overall survival (OS, left figure), red line patients treated with platinum-based/pemetrexed for induction chemotherapy and green line patients treated
with triplet induction chemotherapy including bevacizumab. Median OS in the bevacizumab group 22.4 months (LCL 95%, 13.5, UCL 95%, not applicable). Median
OS in the control group 23 months (LCL 95%, 17.3, UCL 95%, 33.5). Progression free survival (PFS, right figure), red line patients treated with platinum-based/
pemetrexed for induction chemotherapy and green line patients treated with triplet induction chemotherapy including bevacizumab.
November 2020 | Volume 10 | Article 588563
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cohorts (17–19). This holds true for our analysis, as PFS and OS in
this cohort did not show a statistically significant improvement
when bevacizumab was added to standard chemotherapy.

Our results are in line with the first randomized double blind
placebo-controlled phase II trial by Kindler et al. where
bevacizumab was added to gemcitabine and cisplatin and both
PFS and OS did not differ statistically significant [PFS of 6.9
months compared to 6.0 months without bevacizumab (p=0.88)
and an OS of 15.6 months compared to 14.7 months, respectively
(p=0.91)] (17).

However, the MAPS trial, the first phase III trial investigated
the addition of bevacizumab to standard chemotherapy regime
proofed the beneficial effect of bevacizumab as the primary
outcome of OS was significantly extended [median OS 18.8
months vs. 16.1 months without bevacizumab (p=0.0167)] (3).

We are aware of the limitations of this studymostly related to the
retrospective nature, even though we performed a 1:3 propensity
score match. Further stratification for more homogenous
distribution of patients in each treatment group was not
applicable due to the limited number of patients treated with
additional bevacizumab and next to the rarity of this disease and
the novel and not yet standardized use of bevacizumab. The
outcomes overall survival, progression free survival, postoperative
morbidity and mortality as well as response to chemotherapy given
as mRECIST may be influenced by potential cofounders in this
propensity score matched analysis. Due to the retrospective nature
of this analysis, there might have been an improvement in patient
management over the time, especially regarding the general learning
curve and a transition from EPP to (E)PD, on top of the lower
mortality rate in the latter group per se, in parallel to the patient
allocation to bevacizumab in the later period.

Themissing impact on overall survival additionally may be due to
this antiangiogenic drug being newly used as an addition to standard
induction chemotherapy (17–19). Secondly, the bevacizumab group
was the one with more patients still alive, this was in the majority
given to the fact, that those were the more recently treated patients.
The scarce statistically significant difference in terms of response was
seen in the bevacizumab group, as well as the missing benefit of
overall survival underlies again that these results must been taken
with caution due to the small sample size.

Despite all these new therapy approaches further trials are
warranted to find an ideal therapy regimen balancing toxicity
and efficacy. Although, increased bleeding risk with bevacizumab
is a known common side effect, mesothelioma surgery can still be
performed safely if appropriate time intervals are respected. We
conclude, this therapy approach, including bevacizumab,
warrants further investigation into a larger number of patients
in order to finally characterize safety and outcome for patients
with mesothelioma.
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BAP1-Altered Malignant Pleural
Mesothelioma: Outcomes With
Chemotherapy, Immune Check-Point
Inhibitors and Poly(ADP-Ribose)
Polymerase Inhibitors
Elizabeth Dudnik1,2*†, Jair Bar2,3†, Assaf Moore1, Teodor Gottfried3, Mor Moskovitz4,
Julia Dudnik5, Tzippy Shochat6, Aaron M. Allen1,2, Alona Zer1,2, Ofer Rotem1,
Nir Peled5,7, Damien Urban2,3 and on behalf of the Israel Lung Cancer Group

1 Thoracic Cancer Service, Davidoff Cancer Center, Rabin Medical Center, Petah Tikva, Israel, 2 Sackler Faculty of Medicine,
Tel Aviv University, Tel Aviv, Israel, 3 Thoracic Oncology Service, Institute of Oncology, Sheba Medical Center, Ramat Gan,
Israel, 4 Thoracic Cancer Service, Rambam Health Care Campus, Haifa, Israel, 5 The Legacy Heritage Oncology Center,
Soroka Medical Center, Beersheba, Israel, 6 Statistical Consulting Unit, Rabin Medical Center, Petah Tikva, Israel, 7 Ben
Gurion University of Negev, Beersheba, Israel

Objectives: Little is known regarding the outcomes of systemic treatments in BAP1-
altered malignant pleural mesothelioma (MPM).

Materials andMethods: Forty five patients with MPM [group A: eight MPM patients with
BAP1 inactivating mutation/copy number loss (FoundationOne® CDx/TEMPUSxT),
selected from the electronic databases of four Israeli cancer centers (ICC); group B: 37
consecutive (years 2016–2018) MPM patients selected from the electronic databases of
two ICC—of those six patients without a BAP1 alteration (group B1) and 31 patients not
tested for BAP1 (group B2)] were analyzed for ORR, PFS (mRECIST), and OS with 1st-line
platinum/pemetrexed+/−antiangiogenic drug (CT, n-28), immune check-point inhibitors
(ICPi, n-16) and poly (ADP-ribose) polymerase inhibitors (PARPi, n-4). OS since diagnosis
(OSDx) was assessed.

Results: There were no differences in ORR or mPFS with CT between the groups: ORR-
50% vs. 47% vs. 50% vs. 47% (p>0.9), mPFS-9.1mo (95% CI, 1.2–16.1) vs. 9.2mo (95%
CI, 2.9–13.3) vs. 7.2mo (95% CI, 2.3-NR) vs. 10.9mo (95% CI, 2.9–20.3) (p>0.8) in
groups A, B, B1, and B2, respectively. There were no differences in ORR or mPFS with
ICPi between the groups: ORR-0% vs. 27% vs. 33% vs. 25% (p>0.2), mPFS-2.5mo (95%
CI, 1.4–3.7) vs. 3.0mo (95% CI, 1.3–10.5) vs. 2.0mo (95% CI, 1.9-NR) vs. 4.5mo (95% CI,
0.3–10.5) (p>0.3) in groups A, B, B1, and B2, respectively. In group A, no responses were
seen with PARPi; mPFS with PARPi was 1.8mo (95% CI, 1.8-NR). OSDx was 98.3mo
(95% CI, 9.7–98.3) vs. 19.4mo (95% CI, 9.7–47.3) vs. 18.8mo (95% CI, 8.5-NR) vs.
19.5mo (95% CI, 8.3–82.2) in groups A, B, B1, and B2, respectively (p>0.3).
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Conclusions: BAP1-altered MPM, as compared to non-selected MPM, is characterized
by similar efficacy of CT and ICPi. Numerically longer OS in BAP1-altered MPMmay reflect
favorable tumor biology. No responses were observed with PARPi.
Keywords: mesothelioma, BAP1, immune check-point inhibitors, PARP inhibitors, chemotherapy
INTRODUCTION

Mesothelioma is a rare malignancy that originates from
mesothelial cells, mostly from the pleura [malignant pleural
mesothelioma (MPM)], with an incidence rate of 1.4 cases per
100,000 population in the United States (1, 2). The median OS
(mOS) of patients with MPM is in the range of 5.9–12.6 months,
1-year survival is 21–55%, and 5-year survival is about 10% (2–5).

The recommended 1st-line regimen for advanced MPM is a
combination of cisplatin and pemetrexed (6). The addition of
bevacizumab to cisplatin and pemetrexed results in a moderate
survival improvement (7), and it is recommended for use in
selected patients (8). Carboplatin-pemetrexed is also appropriate
when cisplatin is contraindicated (8–12). This therapy is
associated with an objective response rate (ORR) of 34–41%,
median progression-free survival (mPFS) of 5.7–9.2 months, and
mOS of 12.1–18.8 months (6, 7).

Immune checkpoint inhibitors (ICPi) in MPM were initially
assessed after progression on platinum/pemetrexed. In this
clinical scenario, therapy with programmed cell death-1 (PD-1)
inhibitors or programmed cell death ligand-1 (PD-L1) inhibitors
is associated with an ORR of 9–29%, mPFS of 2.6–4.1 months,
and mOS of 11.5–12 months (13–17). Numerically better results
have been demonstrated with the combination of a PD-1/PD-L1
inhibitor with a cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) inhibitor (ORR of 25%, mPFS of 5.6–5.7 months,
mOS of 16–16.6 months) (18, 19). Recently, the combination of
nivolumab, a PD-1-inhibitor, with ipilimumab, a CTLA-4
inhibitor, in treatment-naïve MPM, resulted in better OS as
compared to therapy with platinum/pemetrexed (20).
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BRCA1 associated protein-1 (BAP1) is responsible for de-
ubiquitination of histones and, as a result, protein transcription
and cell cycle regulation (21), it also acts as a homologous
recombination deoxyribonucleic acid (DNA) repair component
found in the BRCA1/BARD1 complex (22). Pathogenic germline
variants of BAP1 are associated with various malignancies,
including mesothelioma (23–25); 1–7% of malignant
mesotheliomas are attributable to a germline mutation in
BAP1 (26–28). Additionally, between 20 and 64% of MPM
harbor somatic inactivating aberrations in BAP1, including
point mutations, copy number loss, and rearrangements (22,
26, 29–38). In MPM, the presence of either germline or somatic
BAP1 aberration has been associated with prolonged OS in most
of the genomic analyses performed (23, 27, 31, 34–37, 39, 40).

Little is known about the value of BAP1 alterations as
potential predictive biomarkers and as targets for various
systemic treatments in MPM. It has been hypothesized that
BAP1-altered MPM are characterized by extremely high
sensitivity to platinum-based chemotherapy—similarly to
BRCA2-mutant ovarian cancer (41). This hypothesis was based
on the assumption that BAP1-altered MPM cells cannot
efficiently repair platinum-induced DNA cross-links. It has also
been suggested that BAP1-altered MPM might be susceptible to
poly (ADP-ribose) polymerase inhibitors (PARPi) (22, 42, 43).
Mesotheliomas harboring BAP1 aberrations are characterized by
elevated immune signaling and inflammatory tumor
microenvironment (36, 44), and, therefore, may predict long-
term responses with ICPi.

However, llittle is known regarding the clinical outcomes of
the above-mentioned systemic treatments in BAP1-mutant
MPM. We conducted this retrospective analysis, aiming to
compare the clinical outcomes with platinum/pemetrexed+/
−antiangiogenic drugs, ICPi and PARPi in patients with BAP1-
altered MPM to outcomes in BAP1-wild type or non-selected
MPM patients.
MATERIALS AND METHODS

Patient Selection and Group Assignment
Forty-three consecutive patients with histologically confirmed
MPM diagnosed in January 2016–December 2018 were
identified through electronic databases of two Israeli cancer
centers (Davidoff Cancer Center, Rabin Medical Center,
Beilinson Campus and Institute of Oncology, Sheba Medical
Center, Tel HaShomer). Of the selected patients, 12 patients
(28%) underwent next-generation sequencing of their tumors,
and BAP1 tumor status has been determined. The selected
patients were divided into group A (n-6; tumors with a BAP1
March 2021 | Volume 11 | Article 603223
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inactivating mutation/copy number loss) [BAP1 status was
determined using FoundationOne® CDx (n-5) (45), or
TEMPUSxT (n-1) (46)], and group B (n-37; tumors without a
BAP1 alteration or tumors not tested for the presence of a BAP1
alteration). Patients in group B were further divided into group
B1 (n-6; tumors without a BAP1 alteration) [BAP1 status was
determined using FoundationOne® CDx (n-3) (45),
FoundationOne® Liquid (n-1) (47), TEMPUSxT (n-1) (46),
and GPS Cancer™ (n-1) (48)], and group B2 (n-31; tumors
not tested for the presence of a BAP1 alteration). A search aiming
at identifying additional patients with a BAP1-mutant MPM was
performed within the Israeli Lung Cancer Group, and two
additional patients meeting the above-mentioned criteria for
inclusion in group A were identified [BAP1 mutation was
diagnosed by FoundationOne® CDx in both cases (45)]. After
adding these 2 patients, the study cohort reached 45 patients
overall, of those: 8 patients in group A and 37 patients in group B
(6 patients in group B1 and 31 patients in group B2).

Study Design and Assessments
Baseline demographic (including asbestos exposure and family
history of MPM), clinical [including European Organization for
Research and Treatment of Cancer (EORTC) prognostic score
(3), Cancer and Leukemia Group B

(CALGB) prognostic score (4, 5), surgery and radiotherapy
type, systemic treatment type] and pathologic characteristics
[including histological type, PD-L1 expression, tumor
mutational burden (TMB), MSI status/mismatch repair status
(MMR)] were collected and compared between the groups.

PD-L1 assessment was done by immunohistochemistry
(IHC) using 22C3 PharmDx antibody on either Dako 22C3
PD-L1 IHC platform (Dako, Carpinteria, CA) or Ventana’s
BenchMark XT platform (Ventana Medical Systems, Tucson,
AZ) (49, 50). PD-L1 tumor proportion score (TPS), which is the
percentage of tumor cells showing partial or complete membrane
staining, was determined and classified as negative, intermediate,
or high (TPS of <1%, 1–49%, and >=50%, respectively) (49).
TMB was calculated according to either the FoundationOne®

CDx algorithm (45, 47), TEMPUSxT algorithm (46), or GPS
Cancer™ algorithm (48)—according to the next-generation
sequencing platform used in each case. MSI status was
determined using either the FoundationOne® CDx algorithm
(45, 47), or TEMPUSxT algorithm (46), and reported as “MSI-
high” and “MSI-stable.” MMR status was assessed by IHC
staining for MLH-1 (mouse, clone M1 Ventana), MSH-2
(mouse, G-219-1129 Ventana), MSH-6 (mouse, clone 44
Ventana or SP93 Cell Marque), and PMS-2 (rabbit, EPR 3947
Ventana) proteins on Ventana’s BenchMark XT platform
(Ventana Medical Systems, Tucson, AZ), and reported as
“MMR deficient” or “MMR proficient.”

ORR, PFS, and OS were assessed and compared for each
different systemic treatment modality administered (platinum/
pemetrexed chemotherapy, ICPi). For that purpose, only
therapies administered for the treatment of advanced-stage
disease were considered (neo-adjuvant/adjuvant systemic
therapies were excluded from the analysis); for platinum-based
Frontiers in Oncology | www.frontiersin.org 332
combinations only 1st line treatments were analyzed (re-
challenge with platinum-based combination were not included
in the comparison). Additionally, OS since disease diagnosis
(OSDx) was compared between the groups. In group A, ORR,
PFS, and safety with PARPi were assessed. Univariate analyses of
PFS and OS with platinum/pemetrexed+/−antiangiogenic drug,
ICPi, and OSDx were performed using Cox proportional-
hazards regression model.

ORR and PFS were assessed using Modified Revised Response
Evaluation Criteria in Solid Tumors (mRECIST) used for
response assessment in MPM (51); radiological assessment was
done by the investigators. PFS was calculated from treatment
initiation until disease progression or death; the outcome was
censored if a patient was alive without known progression of the
disease at the time of last follow-up. OS was calculated from the
day of treatment initiation until death; the outcome was censored
if a patient was alive at the time of last follow-up. OSDx was
calculated similarly, since MPM diagnosis. Adverse events were
graded using Common Terminology Criteria for Adverse Events,
version 4.03 (CTCAE, v. 4.03) (52).

The study was conducted in accordance with the principles of
good clinical practice, and institutional review board approval
was obtained before the study initiation.

Statistical Analysis
The sample size was determined by the available patients
meeting the inclusion criteria. The statistical analysis was
generated using SAS Software, version 9.4 (53).

Categorical variables were presented by numbers and
percentiles, medians and ranges were reported for continuous
variables. Fisher’s exact test and T-test were used to compare the
baseline demographic, clinical, and pathologic characteristics.
PFS and OS were assessed by the Kaplan-Meier method, with the
log-rank test for the comparison. The Cox proportional-hazards
regression model was used for univariate and multivariate OS
analysis. All reported p-values are based on two-sided
hypothesis tests.
RESULTS

Patient and Tumor Characteristics
Baseline demographic and clinical characteristics of patients are
presented in Table 1. The vast majority of patients were mid-
aged males, tumors with epithelioid histology predominated; the
majority of tumors were “good-prognosis” by EORTC and
CALGB prognostic scoring systems. Patients in group A were
younger as compared to patients in group B1 (p-0.02). Patents in
group A were more likely to have a family history of malignancy
(including breast cancer, gastric cancer, cancer of ovary, lung
cancer, colorectal cancer, and CNS tumors), and less likely to
have an asbestos exposure—these differences were not
statistically significant. Interestingly, 1 patient appearing to
have no BAP1 alteration in his tumor (using GPS Cancer™)
had a family history of MPM in two brothers. More patients in
group A, as opposed to group B, received platinum-based
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TABLE 1 | Baseline and treatment characteristics of patients with malignant pleural mesothelioma in Group A (BAP1 inactivating mutation/copy number loss, n-8) and
Group B (without a BAP1 alteration/not tested, n-37).

Group A
(n-8)

Group B
(n-37)

Group B1
(n-6)

Group B2
(n-31)

p value
(between A

and B)

p value
(between A
and B1)

Age at diagnosis, years
(median, range)

65 (25-76) 69 (30-93) 77 (71-90) 66 (30-93) 0.2 0.02

Sex, n (%) 0.7 0.6
Female 3 (37) 11(30) 1 (17) 10 (32)
Male 5 (63) 26 (70) 5 (83) 21 (68)

Asbestos exposure, n (%) 0.4 1.0
Yes 2 (25) 15 (41) 2 (33) 13 (42)
No 5 (63) 15 (41) 4 (67) 11 (35)
NA 1 (12) 7(18) 0 (0) 7 (23)

Family history of malignancy, n (%) 2 (25) 4 (11) 1 (17) 3 (10) 1.0 1.0

Histology, n (%) 0.6 1.0
Epithelioid 7 (88) 31 (85) 6 (100) 25 (82)
Sarcomatoid 0 (0) 2 (5) 0 (0) 2 (6)
Biphasic 1 (12) 2 (5) 0 (0) 2 (6)
NA 0 (0) 2 (5) 0 (0) 2 (6)

PD-L1 TPS, n (%) 0.03 0.08
>50% 2 (25) 0 (0) 0 (0) 0 (0)
1-50% 0 (0) 5 (14) 3 (50) 2 (6)
<1% 1 (12) 2 (5) 1 (17) 1 (3)
NA 5 (63) 30 (81) 2 (33) 28 (91)

MSI high/MMR deficient, n (%) 0 (0)* 0 (0)** 0 (0) 0 (0) 0.4 0.6
TMB, mut/Mb, (median, range) 3 (0.8-5)¥ 1.5 (0-2)¥¥ 1.5 (0-2)¥¥ NA 0.2 0.2

Stage at diagnosis (AJCC Cancer
Staging, 8th edition), n (%)

0.5 0.5

I/II 1 (12) 9 (24) 2 (33) 7 (22.5)
III 3 (38) 19 (51) 3 (50) 16 (52)
IV 3 (38) 8 (22) 1 (17) 7 (22.5)
NA 1 (12) 1 (3) 0 (0) 1 (3)

ECOG PS at diagnosis, n (%) 1.0 1.0
0/1 7 (88) 30 (81) 6 (100) 24 (78)
2/3/4 1 (12) 5 (14) 0 (0) 5 (16)
NA 0 (0) 2 (5) 0 (0) 2 (6)

EORTC prognostic scoring system 0.6 1.0
Good-prognosis 5 (63) 22 (59) 5 (83) 17 (55)
Poor-prognosis 1 (12) 11 (30) 0 (0) 11 (35)
NA 2 (25) 4 (11) 1 (17) 3 (10)

CALGB prognostic scoring system 0.7 0.5
1/2 2 (25) 12 (32) 3 (50) 9 (29)
3/4 2 (25) 18 (49) 2 (33) 16 (51)
5/6 1 (12) 3 (8) 0 (0) 3 (10)
NA 3 (38) 4 (11) 1 (17) 3 (10)

Surgery, n (%) 1.0 1.0
EPP 1 (12) 6 (16) 1 (17) 5 (16)
Decortication 1 (12) 1 (3) 0 (0) 1 (3)
Pleurodesis 1 (12) 7 (18) 3 (50) 4 (13)

Chest radiotherapy, n (%) 0.4 1.0
Definitive 2 (25) 9 (24) 1 (17) 8 (26)
Palliative 3 (38) 7 (18) 2 (33) 5 (16)

Platinum/pemetrexed+/-antiangiogenic agents (as a 1st-line
treatment for advanced-stage disease), n (%)

8 (100) 20 (54) 4 (67) 16 (52) 0.02 0.2

ICPi, n (%) 3 (38) 13 (35) 4 (67) 9 (29) 1.0 0.6
PARPi, n (%) 4 (50) 0 (0) 0 (0) 0 (0) 0.0005 0.0005
Frontiers in Oncology | www.frontiersin.org
 433
 March 2021
 | Volume 11 |
AJCC, American Joint Committee on Cancer; CALGB, Cancer and Leukemia Group B; BAP1, BRCA1 associated protein-1; ECOG PS, Eastern Cooperative Oncology Group
performance status score; EORTC, European Organization for Research and Treatment of Cancer; EPP, extra-pleural pneumonectomy; ICPi, immune check-point inhibitors; MMR,
mismatch repair; MSI, microsatellite instability; mut/Mb, mutations per megabase; NA, not available/not applicable; PARPi, poly (ADP-ribose) polymerase inhibitors; PD-L1,
programmeddeath ligand 1; TMB, tumor mutational burden; TPS, tumor proportion score.
*n-8; **n-6; ¥n-5; ¥¥n-4.
Article 603223

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Dudnik et al. BAP-1 Mutant MPM
chemotherapy as a 1st-line treatment for advanced disease (p-
0.02); as expected, only patients in group A received PARPi. No
other imbalances in terms of clinical baseline and treatment
characteristics between the groups were observed.

From the molecular perspective, the proportion of tumors
with TPS ≥50% was higher in group A as opposed to group B (25
vs. 0%, p-0.03); no significant differences in terms of tumor PD-
L1 expression between groups A and B1 were observed. None of
the 14 tumors tested (8 in group A, and 6 in group B) had an
MSI-high or MMR-deficient status. Median TMB was low in
either group and comprised three mutations per megabase (mut/
Mb) (range, 0.8–5), 1.5 mut/Mb (range, 0–2), and 1.5 mut/Mb
(range, 0–2) in 5, 4, and 4 tumors tested in groups A, B, and B1,
respectively, without significant differences between the groups
(Table 1). The BAP1 alterations diagnosed in patients in group A
(all predicted to be associated with loss of BAP1 function(were as
follows: BAP1 Q684 mutation, BAP1 F660fs*32 mutation, BAP1
loss exons 9-17 mutation, BAP1 E198fs*45 mutation, BAP1
splice site 375 + 2T>C mutation, BAP1 loss exons 13-17,
BAP1 loss, BAP1 copy number loss. The co-existing alterations
observed in BAP1-altered tumors are listed in Table 2. No
matched normal DNA was available for the analysis. Upon our
request, in seven out of eight cases included in group A, an
additional review of the molecular data has been done by
Foundation Medicine, however, no differentiation could be
made with regards to somatic or germline nature of the BAP1
alterations (Table 2).
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ORR, PFS, and OS With Platinum/
Pemetrexed+/−Antiangiogenic Agents
Median follow-up since diagnosis of MPM was 18.7 months
[interquartile range (IQR), 10.2–31.8], 12.4 months (IQR, 7.8–
29.5), 14.7 months (IQR, 8.5–18.8), and 11.2 months (IQR, 7.5–
31.2) in groups A, B, B1, and B2, respectively.

Twenty-eight patients [8 patients (100%) in group A, 20
patients (54%) in group B, 4 patients (67%) in group B1, and
16 patients (52%) in group B2] were treated with 1st-line
platinum/pemetrexed chemotherapy. Of those, nine patients
[five patients (62% of receiving platinum/pemetrexed) in group
A and four patients (20% of receiving platinum/pemetrexed) in
group B (including 1 patient in group B1 and three patients in
group B2)] received chemotherapy in combination with
bevacizumab. Two additional patients in group B (of those, 1
patient in group B1 and 1 patient in group B2) received 1st-
line platinum/pemetrexed chemotherapy+/− nintedanib
within the LUME-Meso clinical trial (ClinicalTrials.gov
Identifier: NCT01907100).

In group A, four patients (50%) had a partial response (PR),
three patients (38%) had stable disease (SD), and one patient
(12%) had disease progression (PD). In group B, one patient
(5%) developed complete response (CR), eight patients (42%)
developed PR, seven patients (37%) experienced SD, three
patients (16%) had PD, and one patient was not evaluable for
response assessment (the treatment was stopped before
radiological assessment was done). In group B1, two patients
TABLE 2 | BAP1 alterations and co-existing genomic alterations, TMB and MSI status in patients with advanced BAP1 - altered MPM.

Patients BAP1 alteration Somatic/germline nature
of BAP1 alteration

Co-existing genomic alterations TMB, muts/Mb MSI

#1 BAP1 Q684 NA CDKN2A/B loss;
NOTCH3 R1893

4 MS-stable

#2 BAP1 F660fs*32 NA
The sample failed the copy BAP1 number
quality metrics for SGZ calling, whereas
somatic/germline calling was still unavailable
with manual review

MLL2 splice site 14382+1G>T NA NA

#3 BAP1 loss exons 9-17 NA
Somatic/germline calling is not available for
copy number alteration events

NF2 W74;
CDKN2A p16INK4a R80* and
p14ARF P94L;
CREBBP complex rearrangement

3 MS-stable

#4 BAP1 E198fs*45 NA
The sample failed the copy number quality
metrics for SGZ calling, whereas somatic/
germline calling was still unavailable with
manual review

DNMT3A D529fs*16 NA NA

#5 BAP1 splice site 375+
2T>C

NA HGF amplification;
CDKN2A/B loss;
PBRM1 deletion exons 8-12

5 MS-stable

#6 BAP1 loss exons 13-17 NA
Somatic/germline calling is not available for
copy number alteration events

TP53 splice site 9209_993+70del153 1 MS-stable

#7 BAP1 loss NA
Somatic/germline calling is not available for
copy numberalteration events

KDM6A loss; PBRM1 loss exons 23-
30

NA NA

#8 BAP1 copy number loss NA
Somatic/germline calling is not available for
copy number stable alteration events

PBRM1 copy number loss 0.8 MS-stable
March 202
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BAP1, BRCA1 associated protein-1; MSI, microsatellite instability; mut/Mb, mutations per megabase; NA, not determined; TMB, tumor mutational burden.
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(50%) developed PR, and two patients (50%) experienced SD. In
group B2, one patient (7%) developed CR, six patients (40%)
developed PR, five patients (33%) experienced SD, three patients
(20%) had PD, and one patient was not evaluable for response
assessment. ORR with 1st-line platinum/pemetrexed
chemotherapy+/− antiangiogenic agents comprised 50 and
47% in groups A and B, respectively (p-0.97). In groups A, B1,
and B2, ORR was 50, 50, and 47%, respectively (p-1.0).

Of patients treated with 1st-line platinum/pemetrexed
chemotherapy+/− antiangiogenic agents, 7 patients (87%) in
group A, 17 patients (85%) in group B, 4 patients (100%) in
group B1, and 13 patients (81%) in group B2 had progressed or
died. Median PFS comprised 9.1 months [95% confidence
interval (CI), 1.2–16.1] and 9.2 months (95% CI, 2.9–13.3) in
groups A and B, respectively (p-0.96; Figure 1). Median PFS
comprised 9.1 months (95% CI, 1.2–16.1), 7.2 months [95% CI,
2.3-not reached (NR)], and 10.9 months (95% CI, 2.9-20.3) in
groups A, B1, and B2, respectively (p>0.8 for each comparison;
Figure 1).

Of patients treated with 1st-line platinum/pemetrexed
chemotherapy+/− antiangiogenic agents, 4 (50%), 14 (70%), 1
(25%), and 13 (93%) patients had died in groups A, B, B1, and
B2, respectively. Median OS with 1st-line platinum/pemetrexed
chemotherapy+/− antiangiogenic agents comprised 32.2 months
(95% CI, 6.6-NR) and 17.4 months (95% CI, 5.4–46.3) in groups
A and B, respectively (p-0.45; Figure 1). Median OS comprised
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32.2 months (95% CI, 6.6-NR), NR (95% CI, 16.6-NR), and 17.4
months (95% CI, 4.2–46.3) in groups A, B1, and B2, respectively
(p>0.4 for each comparison; Figure 1).

In the univariate analysis, the only variables which correlated
with PFS and OS with 1st-line platinum/pemetrexed
chemotherapy+/− antiangiogenic agents were tumor histology
and EORTC risk score (Table 3). Presence or absence of BAP1
alteration did not affect PFS or OS with 1st-line platinum/
pemetrexed chemotherapy+/− antiangiogenic agents in a
significant manner.

ORR, PFS, and OS With ICPi
A total of 16 patients were treated with ICPi: 3 patients (38%) in
group A and 13 patients (35%) in group B [including 4 patients
(67%) in group B1 and 9 patients (29%) in group B2]. Of these,
12 patients [2 patients (67% of receiving ICPi) in group A and 10
patients (77% of receiving ICPi) in group B] received PD-1/PD-
L1 inhibitors, and 4 patients [1 patient [33% of receiving ICPi] in
group A and 3 patients (23% of receiving ICPi) in group B]
received a combination of a PD-1/PD-L1 inhibitor with another
ICPi (mostly, CTLA-4 inhibitor). In group B1, all four patients
(100% of receiving ICPi) were treated with PD-1/PD-L1
inhibitors, whereas in group B2, six patients (67% of receiving
ICPi) were treated with PD-1/PD-L1 inhibitors, and three
additional patients (33% of receiving ICPi) received a
combination of a PD-1/PD-L1 inhibitor with another ICPi.
A B

C D

FIGURE 1 | Progression-free survival (A, C) and overall survival (B, D) with platinum-based chemotherapy in patients with advanced MPM according to BAP1
mutation status. Group A: MPM with a BAP1 inactivating mutation/copy number loss; group B: MPM without a BAP1 alteration/not tested; group B1: MPM without
a BAP1 alteration; group B2: MPM not tested for a BAP1 alteration. BAP1, BRCA1 associated protein-1; CI, confidence interval; MPM, malignant pleural
mesothelioma; NR, not reached; OS, overall survival; PFS, progression-free survival.
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In group A, two patients (100%) had PD, and one patient was
not evaluable for response assessment. In group B, three patients
(27%) achieved PR, four patients (36.5%) experienced SD, four
patients (36.5%) had PD, and two patients were not evaluable for
response assessment. In group B1, one patient (33%) achieved
PR, two patients (67%) had PD, and one patient was not
evaluable for response assessment. In group B2, two patients
(25%) achieved PR, four patients (50%) experienced SD, two
patients (25%) had PD, and one patient was not evaluable for
response assessment. ORR with ICPi comprised 0 and 27% in
groups A and B, respectively (p-0.28), and 0, 33, and 25% in
groups A, B1, and B2, respectively (p-0.35).
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Of patients receiving ICPi, two (67%), nine (69%), two (50%),
and seven (78%) patients had progressed or died in groups A, B,
B1, and B2, respectively. Median PFS with ICPi comprised 2.5
months (95% CI, 1.4–3.7) and 3.0 months (95% CI, 1.3–10.5) in
groups A and B, respectively (p-0.39; Figure 2). Median PFS was
2.5 months (95% CI, 1.4–3.7), 2.0 months (95% CI, 1.9-NR), and
4.5 months (95% CI, 0.3–10.5) in groups A, B1, and B2,
respectively (p>0.5 for each comparison; Figure 2).

Of patients receiving ICPi, 2 (67%), 8 (61%), 1 (25%), and 7
(78%) patients had died in groups A, B, B1, and B2, respectively.
Median OS with ICPi comprised 10.4 months (95% CI, 4.0–16.8)
and 5.8 months (95% CI, 2.2–13.2) in groups A and B,
TABLE 3 | Univariate analysis of PFS and OS with platinum/pemetrexed+/antiangiogenic agent (A), ICPi (B) and OS since diagnosis of malignant pleural mesothelioma
(C) by the Cox proportional-hazards regression model.

A PFS OS

Parameter HR 95% HR CI p value HR 95% HR CI p value

Platinum/pemetrexed+/-antiangiogenic agent
Age 1.01 0.99 1.04 0.25 1.03 0.99 1.07 0.08
Sex (male vs female) 2.64 0.88 7.78 0.08 3.63 0.88 14.98 0.07
Histology (sarcomatoid vs epithelioid) 13.02 2.01 84.30 0.007 11.22 1.84 68.44 0.008
Histology (biphasic vs epithelioid) 12.12 2.02 72.83 0.006 5.62 1.04 30.26 0.04
No BAP1 mutation/not tested vs
BAP1 mutation present

0.99 0.40 2.42 0.97 1.44 0.46 4.45 0.53

ECOG PS at chemotherapy initiation
(2-4 vs 0/1)

10.48 0.65 167.75 0.10 3.41 0.54 21.41 0.19

EORTC prognostic scale
(poor risk vs good-risk)

8.96 2.01 39.88 0.004 9.33 2.13 40.83 0.003

CALGB prognostic scale (3/4 vs 1/2) 1.07 0.39 2.93 0.90 2.08 0.64 6.82 0.23
CALGB prognostic scale (5/6 vs 1/2) 1.49 0.33 6.78 0.60 2.34 0.44 12.45 0.32
B ICPi
Age 0.97 0.92 1.03 0.37 0.95 0.89 1.03 0.21
Sex (male vs female) 0.86 0.22 3.32 0.83 0.96 0.21 4.42 0.96
Histology (biphasic vs epithelioid) 12.40 1.17 131.77 0.04 7.14 0.99 51.53 0.05
No BAP1 mutation/not tested vs
BAP1 mutation present

0.44 0.09 2.08 0.30 1.07 0.23 4.92 0.93

ECOG PS at ICPi initiation
(2-4 vs 0/1)

3.56 0.47 27.19 0.22 2.21 0.31 15.93 0.43

EORTC prognostic scale
(poor risk vs good-risk)

12.96 0.81 207.57 0.07 12.41 0.77 199.35 0.07

CALGB prognostic scale (3/4 vs 1/2) 1.92 0.41 9.01 0.41 3.61 0.43 30.23 0.24
CALGB prognostic scale (5/6 vs 1/2) 2.63 0.28 25.12 0.40 1.20 0.10 14.51 0.88
C OS since diagnosis
Age 1.02 0.99 1.05 0.07 1.02
Sex (male vs female) 2.93 1.11 7.75 0.03
Histology (sarcomatoid vs epithelioid) 13.98 2.68 73.01 0.002
Histology (biphasic vs epithelioid) 3.24 0.79 13.32 0.10
No BAP1 mutation/not tested vs
BAP1 mutation present

1.56 0.55 4.41 0.40

ECOG PS at diagnosis
(2-4 vs 0/1)

3.53 1.11 11.19 0.03

Surgery (EPP/decortication) vs none 0.42 0.14 1.19 0.10
Radiotherapy vs none 0.77 0.36 1.67 0.51
Platinum-based chemotherapy vs none 1.54 0.57 4.16 0.39
ICPi vs none 0.80 0.37 1.76 0.58
EORTC prognostic scale
(poor risk vs good-risk)

2.80 1.19 6.59 0.02

CALGB prognostic scale (3/4 vs 1/2) 1.55 0.63 3.83 0.34
CALGB prognostic scale (5/6 vs 1/2) 1.91 0.49 7.53 0.35
Ma
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BAP1, BRCA1 associated protein-1; CALGB, Cancer and Leukemia Group B; CI, confidence interval; ECOG PS, Eastern Cooperative Oncology Group performance status score; EORTC,
European Organization for Research and Treatment of Cancer; EPP, extra-pleural pneumonectomy; HR, hazard ratio; ICPi, immune check-point inhibitors; OS, median overall survival;
PFS, median progression-free survival.
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respectively (p-0.78; Figure 2). Median OS was 10.4 months
(95% CI, 4.0–16.8), 5.8 months (95% CI, NR-NR), and 9.8
months (95% CI, 0.3–13.2) in groups A, B1, and B2,
respectively (p>0.9 for each comparison; Figure 2).

In the univariate analysis, the only variable which correlated
with PFS and OS with ICPi was tumor histology (Table 3).
Presence or absence of BAP1 alteration did not affect PFS or OS
with ICPi.

ORR, PFS With PARPi
Four patients in group A were treated with PARPi: two patients
received veliparib, two patients received olaparib, and one
patient was also treated with the combination of carboplatin
and olaparib after olaparib failure. Olaparib was administered at
a dose of 300 mg #2/d; veliparib was administered at a dose of
200 mg#2/d; the combination included carboplatin AUC-2
weekly and olaparib 300 mg #2/d. No objective responses with
PARPi occurred; three patients had PD, and one patient achieved
SD for 3.4+ months (SD is ongoing at the time of the analysis).
PFS with PARPi comprised 3.4+, 1.9, 1.8, and 1.8 months;
median PFS was 1.8 months (95% CI, 1.8-NR). The patient
treated with the combination of carboplatin and olaparib after
olaparib failure demonstrated PD 1.5 months after the initiation
of the combined treatment.

One patient developed grade 3 thrombocytopenia during
olaparib treatment; one patient developed grade 3 fatigue and
Frontiers in Oncology | www.frontiersin.org 837
grade 3 anorexia during veliparib treatment. The combined
treatment was not associated with any treatment-related
adverse events.

OS Since MPM Diagnosis
Of 45 patients included in the analysis, 4 (50%), 23 patients
(62%), 3 (50%), and 20 (64%) patients in groups A, B, B1, and
B2, respectively, had died. Median OSDx was 98.3 months
(95% CI, 9.7–98.3) and 19.4 months (95% CI, 9.7–47.3) in
groups A and B, respectively (p-0.31; Figure 3). Median OSDx
was 98.3 months (95% CI, 9.7–98.3), 18.8 months (95% CI, 8.5-
NR), and 19.5 months (95% CI, 8.3–82.2) in groups A, B1, and
B2, respectively (p>0.5 for each comparison; Figure 3).

In the univariate analysis, the variables which significantly
correlated with OSDx were sex, tumor histology, Eastern
Cooperative Oncology Group performance status (ECOG PS)
at diagnosis, and EORTC prognostic risk score (Table 3).
Presence or absence of BAP1 alteration did not demonstrate a
statistically significant correlation with OSDx.
DISCUSSION

To the best of our knowledge, our series represents one of the
first one reporting on different systemic treatment outcomes in
BAP1-altered MPM patients. According to our observation, 1st-
A B

C D

FIGURE 2 | Progression-free survival (A, C) and overall survival (B, D) with ICPi in patients with advanced MPM according to BAP1 mutation status. Group A: MPM
with a BAP1 inactivating mutation/copy number loss; group B: MPM without a BAP1 alteration/not tested; group B1: MPM without a BAP1 alteration; group B2:
MPM not tested for a BAP1 alteration. BAP1, BRCA1 associated protein-1; CI, confidence interval; ICPi, immune check-point inhibitors; MPM, malignant pleural
mesothelioma; NR, not reached; OS, overall survival; PFS, progression-free survival.
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line platinum/pemetrexed chemotherapy in this category of
patients was associated with an ORR of 50% and mPFS of 9.1
months (95% CI, 1.2–16.1). These results were similar to the
results observed in non-selected MPM patients [ORR of 47%, p-
0.97 and mPFS of 9.2 months (95% CI, 2.9–13.3), p-0.96]—
despite the fact, that higher proportion of patients with BAP1-
mutant MPM (62%), as compared to non-selected MPM patients
(20%), received the treatment in combination with bevacizumab.
Moreover, similar ORR (50%, p-1.0) and mPFS [7.2 months
(95% CI, 2.3-NR), p-0.93] were seen in wild-type BAP1 tumors.
These results are also in line with the previously reported in the
literature with platinum/pemetrexed-bevacizumab in non-
selected MPM patients [mPFS of 9.2 months (95% CI, 8.5–
10.5)] (7). Furthermore, the results of univariate analysis of
outcomes with platinum/pemetrexed did not indicate that
BAP1 alterations have any predictive ability in association with
this type of treatment. These observations, overall, do not
support the assumption regarding the extreme sensitivity of
BAP1-mutant MPM to platinum-based chemotherapy.
Importantly, Kumar et al. did not observe an association
between the loss of nuclear BAP1 expression and outcomes
with platinum-based chemotherapy in MPM either (54). In
another retrospective analysis assessing the predictive value of
different genomic aberrations in MPM performed by Lo Iacono
et al., PIK3CA and TP53 mutations, but not BAP1 mutations,
predicted time-to-tumor progression and OS with platinum/
pemetrexed (38). With regards to predictive value of BAP1
aberrations with another chemotherapy regimens, a non-
significant trend toward improved OS with vinorelbine in
MPM with loss of nuclear BAP1 expression was observed by
Kumar et al., suggesting a potential modulatory effect of BAP1
on microtubule organization and, as a result, response to
vinorelbine (54). In addition, non-functional BAP1 has been
associated with resistance to gemcitabine in cell lines (55, 56).

In our series, the presence of BAP1 aberrations did not seem
to modify response to ICPi. Indeed, treatment with ICPi, mainly
PD-1/PD-L1 inhibitors, resulted in similar ORR and mPFS of 0
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and 27% (p-0.28), and 2.5 months (95% CI, 1.4–3.7) and 3.0
months (95% CI, 1.3–10.5) (p-0.39) in BAP1-altered and non-
selected MPM patients, respectively. Again, similar ORR (33%,
p-0.35) and mPFS [2.0 months (95% CI, 1.9-NR), p-0.96] with
ICPi were seen in wild-type BAP1 tumors. The outcomes in both
groups were in line with the reported in the literature with PD-1/
PD-L1 inhibitors in similar clinical scenario (ORR of 9–29%,
mPFS of 2.6–4.1 months) (13–17). Furthermore, univariate
analysis of outcomes with ICPi did not demonstrate a
correlation between the presence of BAP1 alteration and
ICPi efficacy.

The presence of BAP1 aberration in our cohort was associated
with numerically longer OS since MPM diagnosis of 98.3 months
(95% CI, 9.7–98.3), as compared to 19.4 months (95% CI, 9.7–
47.3) in non-selected MPM and 18.8 months (95% CI, 8.5-NR)
in wild-type BAP1 MPM—despite the lack of striking inter-
group differences in other baseline patient and tumor
characteristics. The inter-group differences in proportion of
patients receiving platinum/pemetrexed and PARPi are less
likely to explain such a big numerical difference in OS. Similar
ORR and PFS with platinum/pemetrexed and ICPi, but
numerically longer OS since MPM diagnosis in the BAP1-
altered group, in our opinion, reflected favorable natural
history and indolent character of the disease, and not
necessarily better responsiveness to systemic treatments. Giving
the higher frequency of family history of malignancy in the
BAP1-mutant cohort (24), we can hypothesize, that in some
patients in our cohort BAP1 mutation reflected germline
abnormalities, which are known to be associated with longer
OS (39, 40). Every attempt to elucidate the nature of the BAP1
genomic alterations in our cohort, unfortunately, was
unsuccessful. However, considering the low prevalence of
germline BAP1 mutations in MPM [1–7% (25–28)], such an
explanation for the longer OS in the BAP1-altered group seems
less likely.

In our series, none of the four patients with BAP1-altered
MPM demonstrated an objective response with PARPi; three
A B

FIGURE 3 | Overall survival since MPM diagnosis according to BAP1 mutation status for groups A, B (A) and A, B1, B2 (B). Group A: MPM with a BAP1
inactivating mutation/copy number loss; group B: MPM without a BAP1 alteration/not tested; group B1: MPM without a BAP1 alteration; group B2: MPM not tested
for a BAP1 alteration. BAP1, BRCA1 associated protein-1; CI, confidence interval; ICPi, immune check-point inhibitors; MPM, malignant pleural mesothelioma; NR,
not reached; OS, overall survival.
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patients demonstrated progressive disease at the first radiological
response evaluation. This represents an early lack-of-activity
signal of PARPi in the BAP1-altered MPM, however, the
response evaluation in our series has been done retrospectively,
and no central radiological revision has been performed. PARPi
are currently being evaluated in two ongoing phase 2 trials: one
trial assessing niraparib in BAP1-altered malignant
mesothelioma and other DNA damage response-deficient
neoplasms (NCT03207347), and another trial evaluating
olaparib in separate cohorts of patients with malignant
mesothel ioma in accordance with the BAP1 status
(NCT03531840); no results have been presented so far. One of
the promising biological agents in BAP1—altered MPM is
enhancer of zeste homolog 2 inhibitor (EZH2i) tazemetostat.
This is based on its selective in vivo activity in BAP1-mutant
MPM (57), and positive results obtained in a phase 2 trial
conducted in BAP1-altered MPM (the study met its primary
end point demonstrating a disease-control rate of 51% at 12
weeks) (58). The role of histone deacetylase inhibitors (HDACi)
in MPM with BAP1 alterations warrants further exploration as
well. BAP1 downregulation increases the sensitivity to HDACi in
mesothelioma cell lines (59), and therefore, it would be
important to see whether BAP1 aberrations modulate response
to vorinostat in VANTAGE 014 study (60).

One of the major limitations of our series, in addition to its
retrospective nature, small sample size, and lack of central
radiological assessment, is the absence of routine molecular
profiling for all MPM patients resulting in a significant chance
of contamination of one of the comparator groups (group B,
representing the “non-selected” MPM) by the BAP1-altered
tumors. Whereas the prevalence of BAP1 somatic alterations
(including point mutations, deletions, splice alterations,
chromosomal alterations, and copy number loss) in MPM
ranges between 20 and 64%—depending on the technology
used (22, 26, 29–38), most large series implementing next-
generation sequencing or Sanger sequencing report on the
prevalence of 20–25% (30, 34, 37). Based on the latter
estimation and considering performance of genomic testing for
some of the patients in the comparator group, the proportion of
BAP1-altered tumors in the comparator group (group B) in our
cohort is expected to be around 20-25%. Moreover, the
estimation of prevalence of BAP1 somatic alterations of 50%
results in the proportion of BAP1-altered tumors in the
comparator group (group B) of 43%. Overall, the significant
chance of contamination of the “non-selected” comparator
group by the BAP1-altered tumors represents an additional
important limitation of our analysis. This limitation, at least
partially, was addressed by the comparative analysis of BAP1-
altered and wild-type BAP1 MPM which demonstrated similar
outcomes in both groups. Inability to differentiate between the
germline and somatic aberrations in the BAP1 gene represents an
additional weakness of the analysis. Finally, although patients in
the selected cohort were consecutive patients, these appeared to
be mainly “good prognosis” by EORTC and CALGB prognostic
scoring systems, reflecting the typical patient population treated
at tertiary cancer centers. As a result of this selection bias, there is
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an uncertainty regarding the representability of the selected
cohort. Noteworthy, many of the recent clinical trials assessing
novel treatment strategies in MPM have selection bias, which
misleads the understanding of these novel treatments’ efficacy in
the real-world setting.

Since loss of BAP1 nuclear staining correlates with BAP1 loss-
of-function mutations with a sensitivity and specificity of 88 and
97% respectively (61), it would be interesting to assess its
predictive value on the clinical outcomes of different systemic
treatments. Considering the involvement of several oncological
centers, and the absence of formal guidelines for IHC BAP1
assessment, a centralized pathological testing was essential for
such analysis. Such a centralized pathological testing, however,
was not feasible—which represents an additional important
limitation of our analysis.
CONCLUSIONS

According to our retrospective analysis, the presence of BAP1
genomic aberration in MPM does not seem to modulate
responses to platinum/pemetrexed or ICPi. Numerically longer
OS since diagnosis in BAP1-altered MPM has been observed
probably reflecting favorable natural history of this disease
subset. In four BAP1-altered MPM patients treated with
PARPi no responses have been seen. The clinical research to
identify effective biological agents in BAP1-mutant MPM
is ongoing.
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Malignant pleural mesothelioma (MPM) is a highly aggressive cancer with short

survival time. Unbalanced competing endogenous RNAs (ceRNAs) have been shown

to participate in the tumor pathogenesis and served as biomarkers for the clinical

prognosis. However, the comprehensive analyses of the ceRNA network in the prognosis

of MPM are still rarely reported. In this study, we obtained the transcriptome data

of the MPM and the normal samples from TCGA, EGA, and GEO databases and

identified the differentially expressed (DE) mRNAs, lncRNAs, and miRNAs. The functions

of the prognostic genes and the overlapped DEmRNAs were further annotated by the

multiple enrichment analyses. Then, the targeting relationships among lncRNA–miRNA

and miRNA–mRNA were predicted and calculated, and a prognostic ceRNA regulatory

network was established. We included the prognostic 73 mRNAs and 13 miRNAs and

26 lncRNAs into the ceRNA network. Moreover, 33 mRNAs, three miRNAs, and seven

lncRNAs were finally associated with prognosis, and a model including seven mRNAs,

two lincRNAs, and some clinical factors was finally established and validated by two

independent cohorts, where CDK6 and SGMS1-AS1 were significant to be independent

prognostic factors. In addition, the identified co-expressed modules associated with the

prognosis were overrepresented in the ceRNA network. Multiple enrichment analyses

showed the important roles of the extracellular matrix components and cell division

dysfunction in the invasion of MPM potentially. In summary, the prognostic ceRNA

network of MPM was established and analyzed for the first time and these findings shed

light on the function of ceRNAs and revealed the potential prognostic and therapeutic

biomarkers of MPM.

Keywords: ceRNA, mesothelioma, lncRNA, biomarker, overall survival, microenvironment
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INTRODUCTION

Malignant pleural mesothelioma (MPM), which is mainly
associated with the asbestos exposure and derived from the
pleural or peritoneal mesothelial cell surfaces, is an aggressive
tumor with very poor prognosis (median survival time <

12 months after diagnosis) (1). According to epidemiological
investigations, the number of patients has been increasing in
recent years, especially in developing countries, which leads
to ca. 40,000 deaths per year worldwide (2). Currently, it
is difficult to differentially diagnose MPM, since inclusion
of more biomarkers based on the latest research would
likely increase the accuracy and efficiency of prognosis. It
is therefore essential and urgent to identify new prognostic
biomarkers and therapeutic targets and to understand its
molecular mechanisms.

The competing endogenous RNA (ceRNA) theory illustrates
a novel regulatory mechanism for gene regulation, by which
one transcript (e.g., an lncRNA) can control and modulate the
expression of another transcript (e.g., an mRNA) by competitive
interactions with an miRNA (3). It has been demonstrated that
ceRNAs are widely involved in the occurrence and progression
of various cancers (4–6). Moreover, some ceRNAs have been
shown to be valuable targets for the treatment and prognosis
of multiple cancers (7, 8). With the development of high-
throughput sequencing technologies, more and more ceRNA
networks have been constructed and analyzed in multiple
cancers, such as gastric cancer and breast cancer (9, 10).
However, there are few studies focused on the function of ceRNA
networks in MPM. Some recent studies implicated that non-
coding RNA (ncRNA) dysfunction is closely associated with
the properties of MPM cells (11–13). Therefore, it is highly
likely that certain ceRNA networks may also be involved in the
pathogenesis of MPM.

In this study, we analyzed the differential expression of
mRNAs, lncRNAs, and miRNAs (DEmRNAs, DElncRNAs, and
DEmiRNAs) based on the RNA-Seq and miRNA-Seq data in
different subgroups of the MPM patients categorized according
to the overall survival of the MPM patients. The DEGs
related to the overall survival were further compared with
the DEGs between the MPM and the normal tissues in the
microarray data. Then, we constructed a ceRNA network of
the overlapped DERNAs based on their interactions obtained
from multiple databases. Furthermore, Kaplan–Meier survival
analyses and univariate, lasso, and multivariate Cox regression
analyses were conducted to explore the mRNA, miRNA, and
lncRNA biomarkers in the ceRNA network. Accordingly, the
risk assessment model combined with the multiple clinical
factors and the screened RNAs based on regression coefficients
were established, evaluated, and validated based on the two
independent MPM datasets. Weighted gene co-expression
network analysis (WGCNA) was used to further explore the
reliability of the ceRNA network as a prognostic marker as
well as its potential mechanism. This study provides new
insights on the biological functions related to the lncRNA
in MPM patients and the additional biomarkers for the
prognosis of MPM.

MATERIALS AND METHODS

TCGA MPM Dataset
Data for patients with MPM collected from the TCGA database
was regarded as a training group. The criteria of exclusion
were set as follows: (1) patients without lncRNA and mRNA
information; (2) survival time of patients was unavailable or
survival time of alive patients was <30 months. Overall, 80 MPM
patients were included in our study. Next, the 80 patients were
further screened to be included into two groups according to the
survival time: high-risk group and low-risk group. The criteria
of grouping were set as follows: patients with overall survival
<12 months were included into high-risk group, and patients
with overall survival >30 months were included in the low-
risk group. Finally, the expression profiles of the patients in
the two groups were used for the differential expression gene
(DEG) analyses. In addition, the clinical information and the
expression profiles of all 80 patients were used for the univariate,
the lasso andmultivariate Cox regression analyses, andWGCNA.
Similarly, another study from the EGA database including 211
MPM patients was used to validate the RNA expression results.
The GSE12345 (four normal tissues and nine MPM tissues) and
GSE42977 (nine normal tissues and 39 MPM tissues) datasets
were downloaded from the GEO database to explore the DEGs
between the normal tissues and the MPM tissues for cross
comparison of DEG associated with overall survival.

Data Processing
The normalized read-count data and the Fragments Per Kilobase
of transcript per Million fragments of RNA-Seq by RNASeqV2
were obtained from the TCGA database as well as the STAD
level 3 microRNA sequencing (miRNA-seq) data. The cleaned
fastq files were downloaded from the EGA database. According
to the protocol in the TCGA database, the STAR software was
used to align the fastq files to the human GRCh38 genome file,
and the Htseq-Count software was used to count the reads.
Next, the Edge R package was applied to analyze the gene
expression profiles to identify the DEmRNAs, DElincRNAs, and
DEmiRNAs (log2-fold change > 1.0, false discovery rate (FDR)
< 0.05). The TPM (Transcripts Per Million) were calculated
for the subsequent analyses and validation. The GSE12345
dataset obtained from the Affymetrix Human Genome U133
Plus 2.0 Array was annotated by GPL570. The GSE42977 dataset
based on the Illumina HumanRef-6 v2.0 expression beadchip
was annotated by GPL6790. The two microarray datasets were
normalized by the robust multi-array average algorithm. When
multiple probes were mapped to the same gene, the mean of
the probe intensities will be used. After that, the differential
expression analyses of the microarray data were performed using
limma package [fold change > 2.0, false discovery rate (FDR)
< 0.05].

Functional Enrichment Analysis
The functional enrichment analyses of the DEGs, including
GO function analyses and KEGG pathway analyses,
were carried out by the clusterProfiler package. For
the GO analyses, cellular component (CC), biological
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process (BP), and molecular function (MF) terms were
analyzed. FDR < 0.05 was used as the statistically
significant cutoff in these analyses. Besides, we also
performed the gene set enrichment analysis (GSEA) for

all the mRNAs using the clusterProfiler package with the
c2.all.v6.2.entrez.gmt and c5.all.v6.2.entrez.gmt gene set
collections. Gene sets with FDR < 0.05 were considered to be
significantly enriched.

TABLE 1 | The characteristics of the included MPM patients.

Characteristic TCGA EGA

All case numbers Case numbers used

in DEG analysis

All case numbers Case numbers used in

DEG analysis

Sample type MESO 80 30 211 128

Age Median 64.5 62.5 65.4 64.15

Range [years] 28–81 28–81 18.8–86 27.3–86

Sex Male 65 27 176 108

Female 15 3 35 20

Vital status Alive 8 0 48 0

Dead 72 30 163 128

Survival time Median 15.06 8.32 12.6 7.8

Range [months] 0.65–91.73 0.65–91.73 0.24–132.6 0.24–132.6

FIGURE 1 | Differential expression gene analyses. (A,B) DEG heatmap of the RNA-Seq and the miRNA-Seq. (C–E) Screening of the DEmRNA, DElncRNA, and

DEmiRNA. Black points represent the insignificant genes, red points represent the upregulated genes, and green points represent the downregulated genes. FC, fold

change. Threshold criteria: FC > 2 and FDR < 0.05.
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FIGURE 2 | GO, KEGG pathway, and GSEA enrichment analyses. (A–C) Top 10 enriched terms in GO-BP, GO-CC, and GO-MF. (D) The significant terms in the KEGG

pathway. (E,F) TOP 5 enriched terms of GSEA in the c5.all.v6.2.entrez.gmt gene sets and the c2.all.v6.2.entrez.gmt gene sets. P-value adjusted by FDR < 0.05.
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Construction of an lncRNA-Related ceRNA
Network
The overlapped DEGs between the RNA-Seq and the microarray
were used for the construction of the prognostic ceRNA network.
We used starBase v3.0 (http://starbase.sysu.edu.cn/) to retrieve

the lncRNA–miRNA interactions and then used miRBase targets
(http://mirdb.org/miRDB/), miRTarBase (http://mirtarbase.mbc.

nctu.edu.tw/), and TargetScan (http://www.targetscan.org/) to
predict lmiRNA–mRNA interactions (14–17). To increase the

reliability of the results, only the miRNA–mRNA interactions

FIGURE 3 | Compared the DEmRNAs obtained from the RNA-seq data and the microarray data. (A) The overlapped upregulated genes. (B) The overlapped

downregulated genes. (C) The enrichment analyses of the overlapped upregulated genes. (D) The enrichment analyses of the overlapped downregulated genes.
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FIGURE 4 | The construction of the ceRNA network among the 26 lncRNAs, 13 miRNAs, and 73 mRNAs. (A) The ceRNA network among lncRNA–miRNA–mRNA.

Ellipse represents mRNA. Rectangle represents lncRNA. Diamond represents miRNA. Red represents upregulation, and blue represents downregulation. (B–D) The

Pearson correlation analyses among the miRNA–mRNA, 26 lncRNAs, and 73 mRNAs.
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intersecting in all three databases were included into the ceRNA
network. Moreover, the Pearson correlations of the pairs between
miRNAs and mRNAs were calculated and the absolute values
of the pairs more than 0.4 were regarded as interacted pairs.
Finally, a ceRNA network was constructed and visualized by
Cytoscape v3.7.1.

Survival Prediction Model Construction
and Evaluation
The mRNAs, miRNAs, and lncRNAs from the ceRNA network
were used for the univariable Cox regression analyses to screen
for the RNAs associated with overall survival, and only the RNAs
with P < 0.05 were enrolled into the followed Kaplan–Meier
survival analyses based on the log-rank test according to the
grouping by the median value of the expression quantities. After
Kaplan–Meier survival analyses, the mRNAs and lncRNAs with
P < 0.05 were included into the lasso Cox regression analyses to
further screen the variables. Accordingly, the survival prediction
model was constructed through the regression coefficients of
the multivariable Cox regression analysis, as described in the
following equation: risk score = R1G1 + R2G2 + R3G3 +

. . . . . . RnGn (R is the regression coefficient obtained from the final
multivariable Cox analysis and L is the expression value of each
gene or the type of different clinical factor). Then, the patients
were divided into two groups (high-risk-score group and low-
risk-score group) according to the cutoff value obtained from
the OptimalCutpoints package, and the Kaplan–Meier survival
analyses were performed between the two groups. Moreover,
the receiver-operating characteristic (ROC) curve analyses were
performed to estimate the efficiencies of the model under the

same grouping; only AUC values > 70% were regarded as
efficient models.

Identification and Annotation of Gene
Modules Related to the Risk Model
According to WGCNA
The WGCNA algorithm was used to construct the gene co-
expression network (18). We first conducted the WGCNA
analysis to identify the gene modules closely related to the overall
survival and the risk scores. Then the significant modules were
further selected for further analyses, and the mRNAs of the
ceRNA network co-expressed in the significant modules were
further input in the String database (string.org) to predict the
protein–protein interaction (PPI) relationship. The PPI network
was then visualized by Cytoscape v3.7.1, and the hub genes were
identified using 12 algorithms of the CytoHubba plugin. Then,
the results were cross-compared to generate a final list of hub
genes. Besides, the genes enrolled into these significant modules
were used for GO-BP, GO-MF, and KEGG pathway enrichment
analyses by clusterProfiler package.

Evaluation of the Tumor Infiltrating
Immune Cells With the Risk Model
To infer the infiltrating immune cells of MPM associated with
the ceRNA axes, we used the mRNAs in the ceRNA network to
estimate the proportions of the 22 types of infiltrating immune
cells by deconvolution of the CIBERSORT algorithm (19).
According to the grouping, we obtained the significant changes
of the immune cell types between the high- and low-risk-score
groups using Student’s t-test.

TABLE 2 | The concrete interactions among the lncRNAs, miRNAs, and mRNAs in the ceRNA network.

miRNA lncRNA mRNA

hsa-miR-1 LINC-PINT, HOTAIR, AL035661.1, SMIM25, AC087741.1 NOTCH2, FN1, TM4SF1, SMIM14, SLC7A11, SH3PXD2B, CDK6,

SNAI2, ADAM12, WEE1, BDNF, CORO1C, GPR137C, NOTCH3, AXL

hsa-miR-129 AC087741.1, XIST CDK6

hsa-miR-141 AL359852.1, LINC01176, RUNDC3A-AS1, XIST TGFB2, CDC25A, FOXL2, EPHA7, PAPPA, ADRB1, KIAA1549L,

FRMD6, IGF1R, PHLPP2, LHX1

hsa-miR-196b LOXL1-AS1, XIST HAND1, EPHA7, HOXA9, CPEB3, PPFIBP1, HMGA2, IGF2BP1,

SALL3

hsa-miR-200c MSC-AS1, SGMS1-AS1, LINC02568, LINC02128, AC022150.4, XIST FN1, DCBLD2, DNAJB9, SH3PXD2A, NCAM1, AVPR1A, HNF1B,

PMAIP1, DNMT3B

hsa-miR-302a TENM3-AS1, LINC00689, MSC-AS1, LINC00484, SGMS1-AS1,

AC091057.1, AC022150.4, XIST

PSD3, ATAD2, CKS2, WEE1, GDF11, KPNA2

hsa-miR-302b TENM3-AS1, LINC00689, MSC-AS1, LINC00484, SGMS1-AS1,

AC091057.1, AC022150.4, XIST

SLC26A9, SATB2, SLC7A11, CDK6, PSD3, ATAD2, C9orf40,

TMEFF1, WEE1, GDF11, KPNA2

hsa-miR-372 TENM3-AS1, LINC00689, MSC-AS1, LINC00484, SGMS1-AS1,

AC091057.1, AC022150.4, XIST

PKP1, ENAH, SORBS2, DCDC2, CDK6, PSD3, MCM4, ATAD2,

TRIB1, WEE1, GDF11, WDR76, PHLPP2, PRR11, KPNA2, CHAF1B

hsa-miR-483 AL365361.1, LINC01176, LINC00689, AC022150.4, XIST ALCAM, CACNG8

hsa-miR-503 AC022167.2, AC106886.2 ANLN, RECK, WEE1, CHEK1, CDCA4, CHAC1, KIF23, CBX2

hsa-miR-552 TENM3-AS1, LINC01176, AC091057.1, AC022150.4, XIST,

LOXL1-AS1

IFITM1, RACGAP1, NPTXR

hsa-miR-888 LINC02015, SGMS1-AS1, AC090181.2, RUNDC3A-AS1,

AP000526.1, XIST

PMAIP1

hsa-miR-3129 MIR200CHG, AL035661.1, XIST BCAT1, TSPAN3
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Statistical Analysis
The differential expression gene analyses of the RNA-seq
data were performed by the R package “edge R.” The
differential expression gene analyses of the microarray data
were conducted by the R package “limma.” The enrichment
analyses were performed by R package “clusterProfiling.” All
of these analyses involved in the multiple-hypothesis test
were finally corrected by the FDR method. The univariate
and the multivariate Cox regression analyses were performed
by R package “survival.” The lasso regression analyses were
performed by the R package “glmet.” Moreover, the Kaplan–
Meier analyses were carried out by R package “survival,” whose
statistical significances were assessed by the two-sided log-rank
test. The statistical analyses between the clinical traits and the
risk model were performed by the chi-square test or Fisher
exact test according to the distribution of the data. The R
software version 3.6.3 was used for the study. All statistical tests
were two-sided.

RESULTS

Screening of Patients and Identification of
DEGs
A total of 80 patients with MPM were downloaded from the
TCGA database. Thereinto, the RNA expression profiles of
21 low-risk (overall survival > 30 months) samples and nine
high-risk (overall survival < 12 months) samples were used
to explore the DEmRNAs, DElncRNAs, and DEmiRNAs. The
clinical and pathological characteristics of MPM patients are
shown in Table 1. According to the results of the DEGs, the
patients were clearly clustered into two groups, indicating that
the overall gene expression patterns are significantly different in
the two groups (Figures 1A,B). A total of 1,499 DEmRNAs, 358
DElncRNAs, and 29 DEmiRNAs were obtained according to the
criteria (P < 0.05 and fold change > 2, Figures 1C–E).

To explore the functional features of these DEGs related
to overall survival, we performed GO and KEGG enrichment
analyses (FDR-corrected P < 0.05). The top 10 significant GO
terms are mainly involved in the processes and the components
related to the extracellular matrix, the cell division, and the
receptor regulator activity (Figures 2A–C). Four pathways were
enriched in the KEGG analysis (Figure 2D). These results
all suggested that abnormal extracellular matrix components,
cell cycle, and immune-response components are potentially
important causes in the progression of MPM, which have been
closely associated with growth and metastasis of other cancer
cells (20).

In addition, to explore the changes of the overall gene
expression levels of MPM, 17746 mRNAs were input to
implement GSEA based on the fold change order using the
gene sets of c2.all.v6.2.entrez.gmt and c5.all.v6.2.entrez.gmt. One
hundred eighty terms in c5.all.v6.2.entrez.gmt gene set and 188
terms in the c2.all.v6.2.entrez.gmt gene set were enriched (FDR
< 0.05), the top five of which were exhibited in Figures 2E,F.
Morphogenesis and differentiation of epithelium, cell movement,
and extracellular matrix were significantly enriched in the

c5.all.v6.2.entrez.gmt gene set (Figure 2E), supporting the role
of the extracellular matrix in the progression of MPM and
indicating the convergence between the invasion of MPM
and the morphogenesis and differentiation of the epithelium.
Some specific targets and pathways were mainly enriched in
the c2.all.v6.2.entrez.gmt gene set (Figure 2F), suggesting that
progression of MPM may partly be involved in the invasive

TABLE 3 | Statistical analyses associated with the OS of the mRNAs and

lncRNAs in the ceRNA network.

Gene symbol Univariate analysis (Kaplan–Meier

survival curves,

log-rank test)

HR CI95 P-value P-value

KPNA 1.02 1.01–1.02 <0.0001 3.53e-10

PRR11 1.25 1.16–1.34 <0.0001 4.82e-08

CDC25A 2.14 1.68–2.73 <0.0001 9.28e-08

KIF23 1.19 1.12–1.23 <0.0001 1.92e-07

ANLN 1.06 1.04–1.09 <0.0001 6.64e-07

CHAF1B 1075 1.46–2.1 <0.0001 1.20e-06

RACGAP1 1.21 1.14–1.29 <0.0001 4.29e-06

CHEK1 1.20 1.1–1.31 0.00001 4.30e-06

SATB2 1.58 1.19–2.11 <0.0019 4.35e-06

DNMT3B 3.01 1.85–4.49 <0.0001 5.10e-06

MCM 1.11 1.06–1.16 <0.0001 8.06e-06

CORO1C 10.4 1.03–1.05 <0.0001 2.21e-05

AXL 1.01 1.01–1.02 <0.0001 2.48e-05

CDCA4 1.14 1.08–1.2 <0.0001 3.35e-05

TMEFF1 129.56 4.61–3643.52 0.043 4.54e-05

WEE1 1.17 1.07–1.28 0.0006 5.15e-05

CKS2 1.03 1.02–1.04 <0.0001 7.01e-05

CDK6 1.13 1.08–1.18 <0.0001 9.47e-05

C9orf40 1.78 1.46–2.16 <0.0001 0.000147

ENAH 1.11 1.06–1.16 <0.0001 0.000354

GDF11 1.64 1.26–2.12 <0.0001 0.000413

WDR76 1.45 1.24–1.71 <0.0001 0.001005

ATAD2 1.26 1.14–1.39 <0.0001 0.00202

CPEB3 0.50 0.34–0.74 <0.0001 0.002249

NPTXR 1.25 1.12–1.39 <0.0001 0.002846

PAPPA 1.19 1.08–1.3 <0.0002 0.004774

SNAI2 1.07 1.04–1.1 <0.0001 0.006123

DCDC2 1.12 1.05–1.2 0.0014 0.006189

DNAJB9 0.98 0.96–0.99 0.0027 0.006755

AC026470.1 0.75 0.69–0.88 0.0001 0.008526

DCBLD2 1.03 1.01–1.05 0.0007 0.01441

FRMD6 1.10 1.05–1.15 0.0001 0.035087

SMIM14 0.93 0.9–0.97 0.0007 0.041198

hsa-miR-302a 1.02 1–1.04 0.0118 0.000125

hsa-miR-302b 1.01 1–1.02 0.0109 0.000134

hsa-miR-503 1.01 1–1.01 0.0062 0.007793

AC091057.1 3.92 2.21–6.97 <0.0001 0.000565

AC022150.4 3.99 2.1–7.6 <0.0001 0.000763

SGMS1.AS1 0.03 0–0.19 2.00E-04 3.56E-05

LINC00689 0.4 0.23–0.71 0.0017 0.030472

AC087741.1 0.58 0.41–0.83 0.0025 0.036343

MSC.AS1 1.26 1.08–1.48 0.0031 0.00131

RUNDC3A.AS1 10.26 1.98–53.1 0.0055 0.010718

Bold: the genes in the survival model.
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pathways of breast cancer and pathways related to TCF21 and
SMARCA2 targets.

We next performed the differential expression analyses to
explore the DEGs between the MPM tissues and the normal
tissues by the limma algorithm based on the microarray
data. A total of 1351 DEGs (725 upregulated genes and 626
downregulated genes) were obtained from the GSE12345 dataset,
and 1211 DEGs (556 upregulated genes and 655 downregulated

genes) were obtained from the GSE42977 dataset (Figures 3A,B).
To screen the DEGs associated with the development of the
MPM, we further compared the DEGs related to the overall
survival from the RNA-Seq dataset with the DEGs related
to MPM obtained from the two microarray datasets, which
showed the 32 overlapped upregulated DEGs and the 77
downregulated DEGs (Figures 3A,B). Similar to the above
results, the enrichment analyses of the overlapped downregulated

FIGURE 5 | Construction, estimation, and validation of the risk model. (A) Least absolute shrinkage and selection operator (LASSO) coefficient profiles of the 40

genes. The value was chosen by 10-fold cross-validation. (B) The numbers above the graph represent the number of genes involved in the LASSO model. (C,D)

Survival curve and ROC curve of the risk model according to the dataset of EGA. (E) Forest plot showing associations between the selected nine genes, the reported

clinical factors, and the overall survival in the model. (F–H) Validation of the risk model based on the survival curve, the ROC curve, and the multivariate Cox analysis

according to the EGA dataset. The significances of the survival curves were calculated by log-rank test. Also, the AUC values of ROC curves > 70% were regarded as

efficient models.
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TABLE 4 | Statistical analyses between the clinical traits and the risk model.

Subgroup Low

score

High

score

P-value

Age

<60 12 11 0.8049

≥60 28 29

Sex

Male 32 33 0.7745

Female 8 7

Tumor grade

STAGE I 3 6 0.4638

STAGE II+STAGE III+STAGE IV 37 34

Histological types

Biphasic mesothelioma 5 17 0.003296

Diffuse malignant mesothelioma (NOS) 2 3

Epithelioid mesothelioma 33 20

Bold: the types of clinical traits.

Italic and bold: significant value.

DEGs also revealed the abnormal roles of the cell division in the
development of theMPM (Figure 3C). Moreover, the overlapped
upregulated DEGs were mainly involved in the regulation of the
metabolic processes (Figure 3D).

Construction of an lncRNA–miRNA–mRNA
ceRNA Network
To construct the credible ceRNA network among the lncRNAs–
miRNAs–mRNAs, we input the 29 DEmiRNAs and the 358
DElncRNAs to get the interaction data between miRNAs and
lncRNAs from the starBase v3.0 database. We next performed
target prediction for miRNAs–mRNAs among the 29 miRNAs
and the 109 overlapped mRNAs in the three databases
(miRTarBase, miRDB, and TargetScan) and cross-compared
the results to retain the miRNA–mRNA interactions that are
consistent in all three databases. As a result, 26 lncRNAs, 13
miRNAs, and 73 mRNAs were predicted to have close interaction
(Figure 4A, Table 2). To further explore the reliability of the
ceRNA network, the Pearson correlations among the miRNAs–
mRNAs, lncRNAs, and mRNAs were calculated based on the
80 expression profiles. The interacted miRNAs–mRNAs almost
have relative high correlations with |r| > 0.4 (Figure 4B). Similar
to the scattered distributions of the lncRNAs in the ceRNA
network, the correlations among the lncRNAs were relatively
weak, which suggested the accuracy of our ceRNA network
(Figure 4C). Moreover, the majority of the mRNAs in the
ceRNA network have positive correlations; the same with that
many of the mRNAs in the ceRNA network are downregulated
genes (Figure 4D). These results suggested the validity of the
prognostic ceRNA network.

Construction and Evaluation of Survival
Prediction Model
To further determine the association between the expression
levels of the 73 mRNAs, 13 miRNAs, and 26 DElncRNAs in

the ceRNA network and the overall survival of MPM patients,
we performed the univariate Cox regression analyses in the 80
patients from TCGA (Table 3). Next, 52 mRNAs, six miRNAs,
and 12 lncRNA were analyzed by the Kaplan–Meier survival
analyses according to the grouping by the median value of
expression quantities. Thirty-three mRNAs, three miRNAs,
and seven lncRNAs were significant in the Kaplan–Meier
survival analyses, and the significant mRNAs and lncRNAs were
further screened to avoid overfitting by lasso Cox regression
analyses (Figure 5A). As a result, CDC25A, CDK6, CHAF1B,
CKS2, CORO1C, WEE1, KIF23, SGMS1-AS1, and LINC00689
were enrolled into the survival model (Figure 5B, Table 3).
Interestingly, WEE1 and KIF23 were also identified as hub genes
in the co-expressed PPI network, highlighting the importance
of them related to the prognosis and the progression of MPM
and the reliability of the model. Besides, the lncRNAs, WEE1,
CKS2, and KIF23 included in the model were interacted with
the miRNAs associated with survival time, suggesting that the
model possessed high efficiency by integrating the information
of mRNAs, lncRNAs, and miRNAs. Next, several clinical factors
related to prognosis were also enrolled into the model, including
age (≤60 or > 60), gender (female, male), T pathological
stage (T1 + T2 or T3 + T4), N pathological stage (N0 +

N1 or N2 + N3), and tumor type (epithelioid mesothelioma
or non-epithelioid mesothelioma). According to the result
of multivariate analysis, a risk model was constructed: Risk
score = −0.472∗age + 0.400∗gender + 0.418∗(T pathological
stage)−0.180∗(N pathological stage) + 0.102∗ (tumor type)
+ 0.036∗ CDC25A(exp) + 0.017∗CDK6(exp) + 0.054∗

CHAF1B(exp) + 0.003∗ CKS2(exp) + 0.002∗ CORO1C(exp)
+ 0.0237∗ WEE1(exp)−0.004∗ KIF23(exp)−0.0597∗ SGMS1-
AS1(exp)−0.056∗ LINC00689(exp). The cutoff value was
determined by the sensitivity equal to the specificity method
from the OptimalCutpoints package, which showed the best
sensitivity and specificity for prognostic prediction (AUC values
= 86.9%, Figure 5D). The Kaplan–Meier survival curves showed
that the overall survival of patients with high-risk scores (n
= 32) were significantly lower than those with the low-risk
scores in the three models (p < 0.001, Figure 5C). The results
showed that the model is of value for prognostic prediction
(Figures 5C,D). In this risk model, CDK6 and SGMS1-AS1
were significant as potential independent prognostic factors
(Figure 5E). Interestingly, the histological types of MPM were
associated with the risk score after the statistical analyses
between the clinical traits and the risk score, similar to the
previous report about the correlation between the histological
types and the overall survival (Table 4). Furthermore, another
dataset of MPM patients was used to validate our results.
According to the TPM values of 128 patients in the EGA
database, the expression of the nine DEGs in our risk model
were further confirmed to be significant based on Student’s
t-test with or without Welch correction (low risk: 40 patients,
high risk: 88 patients, Figure 6). Moreover, the Kaplan–Meier
survival analyses of the nine DEGs in our risk model based
on the data of the 211 patients from EGA also showed that
all of them are closely related to the survival time of the
MPM patients (Figure 7). Likewise, the Kaplan–Meier survival
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FIGURE 6 | Validation of DEGs in the risk model based on the EGA MPM dataset. The statistical analyses were performed by Students’ t-test with or without Welch

correction according to the TPM of genes.

analyses and the ROC curves showed that the risk model has
great values to estimate the prognosis of MPM (P < 0.001,
AUC values = 77.0%, Figures 5F,G). Also, the multivariate
Cox analysis was performed to verify the identified potential
independent prognostic factors according to the variates from

the survival model in the EGA data, which showed that CDK6
had marginal significance and KIF23 and CORO1C were
significant in the model (Figure 5H). In summary, all of these
results using the EGA data validated the effectiveness of the
risk model.
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FIGURE 7 | Kaplan–Meier survival analyses. (A-I) Validation of of the nine genes in the model based on the EGA MPM dataset. The statistical significances were

determined by the log-rank test.

Identification of Gene Modules and
Functional Analyses According to WGCNA
To investigate the potential biological function of the ceRNA
network, we used the WGCNA method to cluster the
DEmRNAs based on the 80 expression profiles obtained from
the TCGA database. Except the non-co-expression module
(gray), we identified nine co-expression modules (Figure 8A)
and associated the clinical traits with the identified modules,
including the tumor stage, survival time, and risk score
(Figure 8B). We found that the turquoise module and the blue
module were the top two most significant modules associated
with the risk scores and the survival time (Figure 8B). We
then performed the Pearson analyses based on the genes in the

two modules and further revealed that the turquoise module
was positively correlated with the risk scores and the blue
module was negatively correlated with the risk scores (turquoise
module—risk score: cor = 0.9, P = 1e-200; blue module—
risk score: cor = 0.81, P = 6e-59; Figures 8C,D). Notably,
7 of 73 mRNAs in the ceRNA network co-expressed in the
blue module and 42 of 73 mRNAs in the ceRNA network
co-expressed in the turquoise module (turquoise module: 513
genes, blue module: 195 genes), which showed that the genes

in the turquoise co-expression modules associated with survival

were overrepresented in the ceRNA network and indicated the

reliability of the ceRNA network (P= 2.458e-05). We then input
the genes in the turquoise module into the String database to
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FIGURE 8 | WGCNA analyses of the DEmRNAs. (A) Identification of the co-expression modules. (B) Association between the modules and the traits. (C) Pearson

correlations between the genes in the turquoise module and the risk score. (D) Pearson correlations between the genes in the blue module and the risk model. (E)

Protein–protein interaction network analysis of the overlapped mRNAs in the ceRNA network and the turquoise module. The size and color of the round represent the

number of links of the protein (gene).

predict the PPI relationship (Figure 8E). We further analyzed
the topical structure of the PPI network by 12 methods to
obtain the hub genes. According to the degrees among the genes,
WEE1 and KIF23 were finally selected as the hub genes in the
ceRNA PPI network, suggesting that they play important roles in
the MPM.

The top 10 results of GO-BP, GO-MF, and KEGG pathway
enrichment analyses using the genes included into the blue
module and the turquoise module are shown in Figure 9. In the

blue module, GO terms are mainly involved in the constituent
of extracellular matrix (Figures 9A,B). As for pathways, they
may be associated with the terminal symptoms of cancer
patients (Figure 9C).

In the turquoise module, multiple processes related to
the cell division were enriched (Figures 9D,E). Moreover,
the markedly enriched pathways are associated with the
cell cycle, the homologous recombination, the microRNAs
in cancer, the p53 signaling pathway, etc. Figure 9F), which
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FIGURE 9 | Gene-enrichment analyses of genes in the blue module and the turquoise module. (A) Top 10 GO-BP terms in the blue module. (B,C) Significant GO-MF

and KEGG pathway terms in the blue module. (D,E) Top 10 GO-BP and GO-MF terms in the turquoise module. (F) Significant KEGG terms in the turquoise module.

P-value was adjusted by the FDR method and p < 0.05 was significant.

have been reported to participate in multiple levels of the

tumorigenesis and the invasion. Overall, the results of the

enrichment analyses demonstrated that the genes in the turquoise
module are mainly involved in the abnormal process of
cell division.

The Immune Cell Infiltration Analysis in the
ceRNA Network
The tumor microenvironment involves the extracellular
matrix components, the immune cells, and the other cellular
components, which have partly been highlighted in multiple
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FIGURE 10 | Twenty-two types of immune-cell infiltration analyses. (A) The overall changes of 22 types of immune cells in the MPM tissues of the 80 patients.

(B–J) The significant differences of the immune cells between the high- and low-score groups based on the Student’s t-test.
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analyses above. To further investigate the biological function of
the ceRNA network regarding the tumor microenvironment,
we utilized the CIBERSORT algorithm to study the changes
of tumor-infiltrating immune cells between the high- and
low-risk-score groups according to the DEmRNAs in the ceRNA
network (73 mRNA). We calculated the variations of the 22
types of immune cells among the 80 patients (Figure 10A) and
found that the components of the nine immune cell subtypes
exhibited obvious variations between the high- and low-risk
groups. Compared to the low-risk group, the high-risk group
possesses a higher proportion for the neutrophils, the NK
cells activated, and the T cell gamma delta, while the dendritic
cell resting, the dendritic cells activated, the naïve B cells, the
macrophages M0, the monocytes, and the CD4-naive T cells
decreased (Figures 10B–J). These results suggested that the
ceRNA network may be involved in the regulation of the tumor-
related microenvironment partly by changing the immune
infiltration, which is potentially important for the subsequent
targeted intervention.

DISCUSSION

MPM is a highly aggressive cancer. In the past years, great
progress has been made in the knowledge of the occurrence
and the development of MPM, and some target molecules and
pathways were identified, including BAP1 and YAP/TAZ/TEAD
oncogenic axis (21, 22). However, the pathomechanism of MPM
is still largely unknown, and the clinical outcomes are highly
heterogeneous. Thus, the pathogenesis of MPM requires further
study, and more effective biomarkers and predictive models need
to be established to satisfy the clinical setting.

Up to now, the studies aimed at screening the potential
diagnostic and therapeutic targets of MPMmainly focused on the
protein-coding genes (23). However, the biological processes of
MPM are very complicated, which are involved in the complex
interactions of the multiple types of components rather than
regulation of individual molecules. Thus, it is necessary to
understand the mechanism of tumor progression based on the
regulatory networks. In this study, we comprehensively analyzed
the expression and function of aberrant RNAs and established
a ceRNA network of MPM to screen the prognostic biomarkers
and construct a survival prediction model.

We firstly identified the DEGs closely related to overall
survival and then annotated the abnormal function. We
found that extracellular matrix organization, chromosome
structure, and cell cycle were mainly involved in MPM
progression. It has been well-established that the chromosome
structure and the cell-cycle regulation are closely related to
the cancer. Interestingly, recent studies also suggest that the
tumor microenvironment is mainly formed by extracellular
matrix organization, which plays an important role in the
invasion and metastasis of tumor (24–26). As tumor cells
proliferate, the surrounding extracellular matrix dynamically
interacts with resident cells to change the architecture of the
microenvironment (27). Our findings supported the importance
of the extracellular matrix in MPM. In addition, the GSEA

analyses based on the expressional changes of all genes also
suggested anomalous morphogenesis and differentiation of
epithelium and the invasive process of breast cancer partly
shared the processed with the MPM development. The pathways
related to oncogenes TCF21 and SMARCA2 were also enriched
in the GSEA analyses. TCF21 and SMARCA2 have been
reported to participate in the multiple steps of the invasion
of several cancers, such as proliferation, chemoresistance,
and migration (28–30), suggesting the convergence of targets
among the different cancers. Besides, the overlapped DEmRNAs
between the RNA-seq data and the microarray data were also
identified. The function of the overlapped DEmRNAs further
suggested the dysfunction of the cell division in the development
of MPM.

Next, multiple databases were simultaneously used to predict
the interaction among the lncRNA–miRNA-overlapped mRNAs.
Finally, 26 lncRNAs, 13 miRNAs, and 73 target mRNAs were
included to construct the ceRNA network. Thirty-three mRNAs,
three miRNAs, and seven lncRNAs are finally identified as
the genes associated with overall survival by univariate Cox
regression analyses and Kaplan–Meier survival analyses. Seven
mRNAs and two lncRNAs were finally selected and further
used to establish survival predictive models (mRNAs: CDC25A,
CDK6, CHAF1B, CKS2, CORO1C, WEE1, and KIF23; lncRNAs:
SGMS1-AS1 and LINC00689). Besides, after reviews of these
genes in the model, we found that all of the seven genes
have been associated with multiple processes of tumor, where
CDC25A, CDK6, and KIF23 have been reported to directly
participate in the pathophysiological process of MPM (31–33).
The expression of CDC25A has been reported to correlate
with lymph-node spread of MPM (33). CDK6, WEE1, and
KIF23 are thought as potential therapeutic targets, which are
closely related to the prognosis of the MPM patients (31, 34).
Similarly, it is noteworthy that CDK6 is also significant or
marginal significant in the multivariate Cox analysis of the
model according to both TCGA and EGA data, which indicated
that CDK6 may be an important target and an independent
prognostic factor. Although the other four genes have not
been directly linked to MPM, they are widely involved in the
development of cancers. CHAF1B plays a considerable role in
leukemia pathogenesis and proliferation of the lung cancer and
the prognosis of some cancers (32, 33). CKS2 and CORO1C
participate in the growth, invasion, and prognosis of several
types of cancers (35–38). Therefore, it is possible that they
are also involved in the progression of MPM. LINC00689 and
SGMS1-AS1 have not been extensively studied. However, there
are some hints that they may be genuine tumor factors. It
has been reported that LINC00689 can promote the growth,
metastasis, and glycolysis of the glioma cells by completing
with miR-338-3p (39). The abnormal expression of SGMS1
has been reported to regulate the epithelial-to-mesenchymal
transition in several tumors (40–42). Moreover, SGMS1-AS1may
be an independent prognostic factor, which needs more data
to verify. Thus, the two lncRNAs are likely to participate in
the invasive process of MPM. The functions of all these genes
are worth further studying, especially the concrete validation
of the lncRNA–miRNA–mRNA axis. The genes included in the
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model exhibited high efficiency by integrating the information
of mRNAs, lncRNAs, and miRNAs. The other genes may also
have high clinical significance. Interestingly, some of these
genes out of the models were also directly associated with the
MPM, which were mainly regarded as potential therapeutic
targets, including CHEK1, DNMT3B, AXL, PAPPA, and miR-
302b. Previous studies suggested that these genes are involved
in the multiple antineoplastic processes of MPM, such as relief
of chemo- and radioresistance, anti-proliferation, inhibition of
growth and migration, and induction of apoptosis (31, 43–48).
Only two small-molecule drugs aiming to target the identified
genes have been preliminarily evaluated, including palbociclib
targeting CDK6 and AZD1775 targeting WEE1. Therefore, more
preclinical experiments should be conducted to screen the drugs
targeting the corresponding genes and assess the antitumor effect
of these identified targets before the clinical studies, especially for
these identified lncRNAs, in consideration of their central roles
in the ceRNA network.

We next clustered the nine co-expression modules from
the 1500 DEmRNAs based on the method of WGCNA and
found that the blue module and the turquoise module were
significantly associated with the overall survival and the risk
model. Importantly, the two hub genes WEE1 and KIF23 in
the turquoise co-expression PPI network have been previously
reported to play important roles in the aggressive property
of MPM, whose inhibition was previously regarded as the
promising therapeutic targets (49, 50). Interestingly, WEE1 and
KIF23 are also included into the survival model, which indicated
the validity of the model and the ceRNA network. Besides, KIF23
was identified as an independent survival predictor in EGA data,
but not in the TCGA data, possibly due to insufficient data.
As for the biological functions of KIF23 and WEE1 in MPM,
they remain largely unknown. The ceRNA mechanisms of the
two genes in MPM also have not been assessed, which may
be important for the growth and metastasis of the MPM cells.
Similarly, the gene enrichment analyses further suggested that
the blue module mainly regulates the function of the extracellular
matrix, indicating that the ceRNA network could affect the
tumor microenvironment and consequently contribute to MPM
progression. Moreover, the functions of the turquoise module
were mainly involved in the process of cell division and in
the structure of cells, whose dysfunction is widely regarded
as the initiation and the invasive factor of cancer. In other
words, we deduce that the ceRNA network mainly regulates the
invasion of MPM by regulating the extracellular matrix and the
cell division.

The tumor-related microenvironment also includes the
immune cells, the fibroblasts, and the endothelial cells,
which could inhibit the development of tumor. However,
with the progression of tumor, the inhibitory signals and
the immune cells could be circumvented by changing the
tumor microenvironment (51). Therefore, there is a complex
relationship between the tumor cells and the immune cells, which
plays important roles in either elimination of tumor cells or
invasion of rumors. Thus, we calculated the proportions of the

22 types of immune cells by the deconvolution of the DEmRNAs
from the ceRNA network, whose result suggested that the ceRNA
network may also be involved in the infiltration of multiple
immune cells and the regulation of the microenvironment
of MPM.

To conclude, we have identified a number of potential
prognostic genes and analyzed their functions related to the
progression of the MPM. A ceRNA regulatory network was
accordingly constructed, where 33 mRNAs, three miRNAs, and
seven lncRNAs are finally identified as the genes associated
with the overall survival. Then an efficient risk score assessment
system based on two lncRNAs, seven mRNAs, and five clinical
factors were accordingly established and validated to predict the
overall survival ofMPMpatients by two independentMPM case–
control studies. Besides, the influence of the ceRNA network
on the tumor microenvironment has also been assessed from
several perspectives, providing a further understanding of the
mechanisms of MPM progression. The follow-up clinical and
experimental researches are needed to further optimize the
models and concretely clarify the role that these genes play in
the MPM.
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Background: Malignant mesothelioma (MM) is a highly aggressive cancer with a poor
prognosis. Despite the use of several well-known markers, the diagnosis of MM is still
challenging in some cases. we applied bioinformatics to identify key genes and screen for
diagnostic and prognostic markers of MM.

Methods: The expression profiles of GSE2549 and GSE112154 microarray datasets
from the Gene Expression Omnibus database contained 87 cases of MM tissue and 8
cases of normal mesothelial tissue in total. The GEO2R tool was used to detect
differentially expressed genes (DEGs). Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analyses of DEGs were performed
using DAVID Bioinformatics Resources. The DEGs protein-protein interaction networks
were constructed from the STRING database. Cytoscape was used to identify significant
modules and hub genes. The GEPIA database was used to explore relationships between
hub genes and prognosis of MM. Immunohistochemistry was used to analyze protein
expression in tissue microarrays with 47 Chinese MM tissues. Statistical analyses
diagnostic and prognostic values.

Results: 346 DEGs were identified: 111 genes upregulated, and 235 downregulated. GO
analysis showed that the primary biological processes of these DEGs were cell adhesion,
leukocyte migration, and angiogenesis. The main cellular components included the
extracellular space, extracellular exosome, and extracellular region. The molecular
functions were integrin binding, heparin binding, and calcium ion binding. KEGG
pathway analysis showed that DEGs are primarily involved in PPAR signaling pathway,
extracellular matrix–receptor interactions, and regulation of lipolysis in adipocytes. Survival
analysis showed that seven genes—AURKA, GAPDH, TOP2A, PPARG, SCD, FABP4,
andCEBPA—may be potential prognostic markers for MM. Immunohistochemical studies
showed that Aurora kinase A (AURKA gene encode, Aurora-A) and GAPDH were highly
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https://www.frontiersin.org/articles/10.3389/fonc.2021.789244/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.789244/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.789244/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:ychan@cmu.edu.cn
https://doi.org/10.3389/fonc.2021.789244
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.789244
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.789244&domain=pdf&date_stamp=2021-12-08


Guo et al. Aurora-A as a Mesothelioma Marker

Frontiers in Oncology | www.frontiersin.org
expressed in MM tissue in comparison with normal mesothelial tissue. Kaplan-Meier
analysis confirmed a correlation between Aurora-A protein expression and overall survival
but did not confirm a correlation with GAPDH. The receiver operating characteristic curves
of Aurora-A protein expression suggested acceptable accuracy (AUC = 0.827; 95% CI
[0.6686 to 0.9535]; p = 0.04). The sensitivity and specificity of Aurora-A were 83.33% and
77.78%, respectively.

Conclusion: Aurora-A could be an optimal diagnostic biomarker and a potential
prognostic marker for MM.
Keywords: malignant mesothelioma, bioinformatics, biomarkers, tissue microarray, Aurora kinase A
INTRODUCTION

Malignant mesothelioma (MM) is an aggressive cancer that arises
from the mesothelial cells lining the pleura, peritoneum,
pericardium, and tunica vaginalis. MM primarily affects older
people who have been occupationally exposed to asbestos (1).
The median survival of patients with MM is less than one year,
and their 5-year survival rate is less than 5%. Although
the development of multidisciplinary treatment, including
surgical resection, radiotherapy, chemotherapy and targeted
immunotherapy, the diagnosis and treatment of malignant
mesothelioma is still a big challenge. Therefore, it is important to
identify the diagnostic and prognostic value ofmarkers that can aid
in selecting patients who will benefit from treatments (2).

Genomic studies have been conducted on pleural MM subsets
using microarray-based comparative genomic hybridization,
fluorescence in situ hybridization, and targeted DNA sequencing
with the ultimate goal of finding new molecular targets. genetic
alterations (BAP1,NF2, TP53, and CDKN2Amutations and/or copy
number alterations) commonly found in pleural mesothelioma are
alsopresent indiffuse peritonealMM,although their frequencies vary
according to the anatomical localization (3–5).

Integrating and reanalyzing these genomic data offer
possibilities for identifying specific disease-related biomarkers.
Recently, two studies used bioinformatics methods to analyze
MMmicroarrays based on the Gene Expression Omnibus (GEO)
dataset GSE51024 for the identification of differentially expressed
genes (DEGs) between pleural MM tissues and normal lung
tissues (6, 7). However, MM is derived from mesothelial cells on
the surface of the pleura and peritoneum. Therefore, using
pleural or peritoneal tissue as a negative control can obtain
more accurate data. In this study, we identified robust and stable
DEGs between MM tissues and normal pleural or peritoneal
tissues from GEO microarray datasets and assessed potential
functions of the genes. Seven hub genes were selected with
prognostic value for MM. Subsequently, tissue microarray
(TMA) was used to validate protein expression encoded by
DEGs and evaluate the diagnostic and prognostic value.
Finally, Aurora-A was identified as an optimal diagnostic
biomarker and a potential prognostic marker for MM. In
conclusion, these results provide a novel biomarker for
diagnosis and prognosis, as well as potential therapeutic targets
for MM.
262
MATERIAL AND METHODS

Microarray Data
Using the keywords “malignant mesothelioma [Accession]” to
search the GEO database (https://www.ncbi.nlm.nih.gov/geo/),
we downloaded the gene expression profiles of GSE2549 (8, 9)
and GSE112154 (10). The platform for GSE2549 is GPL96
Affymetrix Human Genome U133A Array (HG-U133A),
which includes pleural MM surgical tissues (n = 42), normal
pleura tissues (n = 5). The platform for GSE112154 is GPL10558
Illumina HumanHT-12 V4.0 expression bead chip, which
includes 45 frozen surgical tissues of diffuse malignant
peritoneal mesothelioma, 3 normal peritoneal tissues. The
dataset information is shown in Table 1. In addition, MM
RNA-sequencing and clinical data were downloaded from The
Cancer Genome Atlas database (https://cancergenome.nih.gov/)
and used in the study.

DEGs Screening
The GEO2R tool (https://www.ncbi.nlm.nih.gov/geo/geo2r) was
used to detect DEGs between MM and normal pleural or
peritoneal tissues. the cut-off criteria was (p < 0.01 and
|logFC| ≥ 1). Statistical analysis was carried out for each
dataset, and the intersecting part was identified using the Venn
diagram web tool (bioinformatics.psb.ugent.be/webtools/Venn).
Heatmap was drawn on the normalized expression matrix using
the pheatmap package in R software Volcano plot was drawn
using the ggplot2 package in R software

Functional DEGs Enrichment Analyses
Gene ontology (GO) functional annotations and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
of DEGs were performed using the DAVID Bioinformatics
Resources 6.8 database (https://david.ncifcrf.gov/home.jsp).

Gene set enrichment analysis (GSEA) was performed using
Gene Set Enrichment Analysis (GSEA, version 4.1.0, http://www.
gsea-msigdb.org/gsea/index.jsp) to reveal the critical signaling
pathways involving MM.

Construction and Module Analysis of
PPI Network
The STRING database (version 11.0, http://string-db.org) was
used to build a protein-protein interaction (PPI) network. a
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comprehensive Gt score greater than 0.4 was considered
statistically significant. Analysis of functional interactions
between proteins can be helpful for understanding mechanisms
related to disease occurrence and development. Cytoscape
(version 3.8.2) was used to visualize and analyze the
interaction network. The most important module in the PPI
network was identified by the MCODE of Cytoscape. The
selection criteria were as follows: MCODE score greater than 5,
cut-off value of 2, node cut-off value of 0.2, maximum depth of
100, and k-score of 2.

Identification of Hub Genes
The CytoHubba plugin of the Cytoscape software was used to
select the hub genes and can predict and explore important
nodes and subnetworks using several topological algorithms. The
Maximal Clique Centrality algorithm was selected to explore
hub genes.

Validation and Survival Analysis of
Hub Genes
The GEPIA database (http://gepia.cancer-pku.cn) includes 9736
tumor and 8587 normal tissue samples from The Cancer
Genome Atlas database (TCGA) and the Genotype-Tissue
Expression (GTEx) projects. Initial survival analysis was
conducted with the gene expression profiles and clinical
information of 87 MM patients who were diagnosed between
1999 and 2013 in the GEPIA database. Single-gene analysis was
used to create plots in MM and normal mesothelium. The
threshold was selected as the default value.

Patient Material
Patients diagnosed with MM between 2002 and 2020 in the
Cancer Hospital of the University of Chinese Academy of
Sciences (Zhejiang Cancer Hospital) were selected.
Corresponding H&E slides and immunochemistry slides were
reviewed by three pathologists (Z.Guo, N.Li and Y.Han) for
confirmation of the diagnosis. Clinical records were accessed:
sex, age at diagnosis, family and personal history of cancer,
asbestos exposure, lymph node or systemic metastases, and the
date of last follow-up or death. Data on histologic type, the
presence of vascular invasion and lymph node metastases was
extracted from the surgical pathology reports. Follow-up time
was calculated as months between the date of the diagnosis and
the date of the last follow-up. Patients were considered to be lost
to follow-up if no medical information was obtainable beyond
Frontiers in Oncology | www.frontiersin.org 363
the original surgery. The Institutional Review Board at the
Cancer Hospital of the University of Chinese Academy of
Sciences (Zhejiang Cancer Hospital) approved this study. 10
normal peritoneal mesothelium (NP) were obtained from
patients who underwent surgery for gastric or colon
carcinomas as control.

Tissue Microarray
Formalin-fixed, paraffin-embedded tissue blocks of 47 MM
specimens were selected according to tissue availability for the
construction of TMA. The TMA consisted of triplicate 1.0-mm
coresmade using amanual tissue microarray (Beecher Instrument,
Sun Prairie, WI, USA). The selection of regions in the tissue block
for the cores included twocores fromtheperiphery of the lesionand
one core from the center of the lesion. Sections of 4 mmwere cut for
subsequent immunohistochemical analysis.

Immunohistochemical Staining
Immunohistochemical staining of the TMA was conducted with
the following antibodies: anti-SCD1 (1:250 dilution; Abcam,
CD.E10, ab19862), anti-FABP4 (1:10000 dilution; Abcam,
EPR3580, ab92501), anti-topoisomerase II alpha (1:5000
dilution; Abcam, EP1102Y, ab52934), anti-C/EBPa (1:200
dilution; CST, D56F10, No. 8178), anti-phospho-Aurora-A
(Thr288) (1:800 dilution; CST, C39D8, No. 3079), anti-Aurora-
A (1:200 dilution; Abcam, 35C1, ab13824), anti-PPARg (1:250
dilution; Santa Cruz Biotechnology, E-8, sc-7273), anti-GAPDH
(1:800 dilution; CST, 14C10, No. 2118). Negative control slides
consisted of substituting normal serum for the primary antibody.
A whole section of a MM was used as a positive control.
Immunohistochemical staining was scored semi-quantitatively
by three pathologists (Z.Guo, N.Li, Y.Han), which is obtained by
multiplying the proportion of cells showing staining and the
intensity of staining (0, no staining; 1, weak; 2, moderate; and 3,
strong). A case was considered to show positive staining when at
least 1% of tumor cells showed staining.

Statistical Analysis
Immunohistochemical data between the MM group and NP
group were compared using the Mann-Whitney U test. The
Kaplan-Meier method was used to estimate survival. The
receiver operating curve (ROC) was used to test for diagnostic
factors. All statistical analyses were performed using Prism
(version 9.2; GraphPad Inc.). A p value (two-tail) of less than
0.05 was considered to be statistically significant.
TABLE 1 | Characteristics of the included datasets.

GEO Dataset ID GSE2549 GSE112154

Platform GPL96 GPL10558
Number of Rows per platform 22283 48107
Country USA Italy
Tumor Site Pleura Peritoneum
Number of samples
Tumor tissue 42 45
Normal pleural mesothelium 5 /
Normal peritoneal mesothelium / 3

Reference Gordon GJ et al. (8) Sciarrillo R et al. (10)
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RESULTS

Identification and Functional Enrichment
Analysis of DEGs in MM
The MM expression microarray datasets GSE2549 and
GSE112154 were used in this study. GSE2549 contained 42
pleural MM samples and 5 normal pleural tissues, and
GSE112154 included 45 peritoneal MM tissues and 3 normal
peritoneal tissues (Table 1). Overall, 346 DEGs were identified:
111 upregulated genes and 235 downregulated genes
(Figure 1A). Hierarchical heatmap revealed distinct clusters of
MM and Normal mesothelial tissues (Figure 1B). Volcano plot
displayed significantly downregulated (green) or upregulated
(red) genes (Figure 1C).

Biological annotation of the DEGs in MM was performed
using the DAVID online analysis tool, and the 346 DEGs were
chosen to perform GO and KEGG analyses (Figure 2). We
detected enrichment in biological process (BP) GO terms
such as cell adhesion, leukocyte migration, and angiogenesis.
Regarding cell composition (CC), enrichment areas included the
extracellular space, extracellular exosome, extracellular region,
and extracellular matrix. In terms of molecular function (MF),
enrichment was found in integrin binding, heparin binding,
calcium ion binding, and protein binding (Figure 2A). KEGG
pathway analysis showed that the DEGs were mostly associated
with the PPAR signaling pathway, regulation of lipolysis in
adipocytes, ECM-receptor interaction, AMPK signaling
pathway, and cell adhesion molecules (Table 2). These results
indicate that most of the DEGs are significantly enriched in the
extracellular matrix, cell cycle adhesion, and the PPAR signaling
pathway. Chord plot depicting the relationship between genes
and GO terms of the top 100 DEGs (Figure 2B). Gene set
enrichment analysis (GSEA) analysis revealed that genes
involved in Ubiquitin mediated proteolysis and cell cycle were
significantly enriched in MM compared to normal mesothelial
tissues (Figure 2C).

PPI Network Construction and
Module Analysis
Protein interactions among a network of DEGs were constructed
using STRING. A total of 305 nodes and 1217 edges were involved
in the PPI network (Figure 1D) and the top 2 significant modules
were obtained using Cytoscape (Figure 3). The functional analyses
of genes involved in this module were analyzed using DAVID.
Based onMCODE score, we identified twomodules in the network
with a setting k-score greater than 6. Module 1 included 35 nodes
and 148 edges. Module 2 consisted of 19 nodes and 60 edges. The
DEGs of modules 1 and 2 were significantly enriched in cell
adhesion, angiogenesis, and protein phosphatase binding
(Table 3). Cell adhesion molecules included CD36, PECAM1,
MSLN, MCAM, SELP, SELE. Protein phosphatase binding
included CDH5, PPARG, NEK2 Angiogenesis included JAG1,
ANGPT2, ANGPT1, LEP, MCAM, PDE3B, PECAM1, MFGE8.

Hub Gene Selection and Survival Analysis
The top 20 genes of the PPI network were identified as hub genes
with the Maximal Clique Centrality analysis method (Table 4).
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Subsequently, the overall survival analysis and disease-free
survival analysis of the hub genes were performed using the
GEPIA based on TCGA database. MM patients with higher
expressions in GAPDH, AURKA, TOP2A, SCD, and FABP4
showed worse overall survival than lower expressions
(Figure 4). Nonetheless, MM patients with higher alterations
in GAPDH, AURKA, TOP2A, and SCD showed worse disease-
free survival than lower expressions (Figure 4). However, MM
patients with higher PPARG expressions showed better disease-
free survival. Moreover, high alteration of CEBPA was associated
with more prolonged disease-free survival and better overall
survival of MM (Figure 4). GAPDH has both glyceraldehyde-
3-phosphate dehydrogenase and nitrosylase activities, thereby
playing a role in glycolysis and nuclear functions, respectively.
Aurora Kinase A encoded by AURKA is a mitotic serine/
threonine kinase that contributes to the regulation of cell cycle
progression. TOP2A encodes a DNA topoisomerase, an enzyme
that controls and alters the topologic states of DNA during
transcription. SCD encodes an enzyme involved in fatty acid
biosynthesis, primarily the synthesis of oleic acid. FABP4 roles
include fatty acid uptake, transport, and metabolism. PPARG
encodes a member of the peroxisome proliferator-activated
receptor (PPAR) subfamily of nuclear receptors It’s a key
regulator of adipocyte differentiation and glucose homeostasis.
CEBPA gene encodes a transcription factor that contains a basic
leucine zipper domain and recognizes the CCAAT motif
inthe promoters of target genes. CEBPA coordinates
proliferation arrest and the differentiation of myeloid
progenitors, adipocytes, hepatocytes, and cells of the lung and
the placenta

Clinicopathological Characteristics
The demographic and follow-up information about the patients
whose MM tissues were analyzed on the TMA are shown in
Table 5. In total, 47 diagnosed cases of MM were analyzed: 44 in
the peritoneum, 3 in the pleura. The mean age of the patients at
diagnosis was 47 (range, 21-73) years; 18 patients were men, and
29 were women. Twenty-two of the 47 MM cases (20 in the
peritoneum, 2 in the pleura) occurred in patients who were
exposed to asbestos. The mean follow-up period ranged from 1
to 70 months. MM samples were subclassified as epithelioid
(n = 42), biphasic (n = 3), or sarcomatoid (n = 2).

Immunohistochemistry
Immunohistochemistry was performed on the TMA with
antibodies summarized in Table 6. The staining analysis is
summarized in Table 7. GAPDH staining was primarily in the
cytoplasm and found in 97% (44/47) of MM samples (Figure 5).
The expression of GAPDH was significantly higher in MM than
normal mesothelial cells (p < 0.0001). Additionally, GAPDH
immunostaining was noted in some stromal fibroblasts in the
TMA. Cytoplasm staining for GAPDH was present in 4 of 10
normal mesothelial tissue samples. Aurora-A membrane and
cytoplasm staining was expressed in 76.7% (36/47) MM samples
(Figure 5). Focal week cytoplasmic staining for Aurora-A was
present in 2 of 10 normal mesothelial samples but was absent in
all other NP cases. The expression of Aurora-A was significantly
December 2021 | Volume 11 | Article 789244
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higher in MM samples than in NP samples (p < 0.0001). DNA
topoisomerase II alpha (TOPIIA) expression was found in the
nuclei of 19.1% (9/47) MM tissues but not in those of normal
mesothelial samples; however, this difference was not statistically
significant (Figure 5). SCD1 was expressed in the cytoplasm of
89.4% (42/47) MM tissues and 80% (8/10) NP tissues (p > 0.05);
some stromal fibroblasts and endovascular cells expressed SCD1
as well. FABP4 was weakly expressed in the cytoplasm of 12.8%
(6/47) MM tissues but no NP tissues (p > 0.05). Additionally,
Frontiers in Oncology | www.frontiersin.org 565
FABP4 immunostaining was noted in some fat stromal cells and
endovascular cells in the TMA. All MM cases were negative for
CEBPA and PPARG.

Kaplan-Meier analysis showed that MM cases with Aurora-A
expression had significantly poorer overall survival rates
(Figure 6A). The ROC curve of Aurora-A demonstrated
diagnostic accuracy (area under the curve, 0.81; p = 0.04)
(Figure 6B). However, GAPDH expression was not associated
with overall survival and diagnostic accuracy in MM tissues
A

B

DC

FIGURE 1 | Differentially expressed genes (DEGs) in patients with malignant mesothelioma. (A) Venn diagram of DEGs among the mRNA expression profiling sets
GSE2549 and GSE112154. Blue denotes downregulated genes, and red denotes upregulated genes showed. (B) Hierarchical heat map of TOP100 DEGs between
malignant mesothelioma and normal mesothelial tissues. (C) Volcano plot of all DEGs between malignant mesothelioma and normal mesothelial tissues. (D) Protein-
protein interaction network constructed with DEGs using Cytoscape. Red nodes represent upregulated genes, and blue nodes represent downregulated genes.
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A

B C

FIGURE 2 | Functional analysis of differentially expressed genes (DEGs). (A) Gene ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis for DEGs were performed using DAVID Bioinformatics Resources. The enriched GO terms were divided into CC, BP, and MF ontologies.
(B) Chord plot depicting the relationship between genes and GO terms of the top 100 DEGs. (C) Gene set enrichment analysis (GSEA) analysis of DEGs.
Frontiers in Oncology | www.frontiersin.org December 2021 | Volume 11 | Article 789244666

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Guo et al. Aurora-A as a Mesothelioma Marker
(Figures 6A, B). The results suggested that Aurora-A could be an
optimal diagnostic biomarker for identifying MM from benign
mesothelial hyperplasia and it could be a potential prognostic
marker for MM.
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DISCUSSION

MM is a highly aggressive cancer with a poor prognosis for
patients who receive multimodal treatment, including surgical
TABLE 2 | KEGG pathway enrichment analysis of DEGs.

Category Term Count PValue Genes

Upregulated genes ECM-receptor interaction 5 4.67E-03 COL1A1, COL3A1, ITGA3, HMMR, AGRN
Arrhythmogenic right ventricular
cardiomyopathy

4 1.54E-02 DSP, CDH2, ITGA3, PKP2

Biosynthesis of amino acids 4 1.86E-02 PKM, TPI1, SHMT2, GAPDH
Protein processing in endoplasmic reticulum 5 4.30E-02 SEC61A1, EIF2AK1, EDEM2, HYOU1, P4HB

Downregulated
genes

PPAR signaling pathway 11 2.08E-07 FABP4, ACADL, ACSL1, SCD, ADIPOQ, LPL, PPARG, PLIN1, SORBS1,
CD36, PCK1

Malaria 8 2.04E-05 SELP, IL6, PECAM1, HBB, CD36, ACKR1, SELE, THBS4
Regulation of lipolysis in adipocytes 8 4.97E-05 LIPE, FABP4, PDE3B, PTGER3, PLIN1, ADRB2, PIK3R1, PNPLA2
AMPK signaling pathway 11 5.49E-05 LIPE, PFKFB3, SCD, LEP, ADIPOQ, PPARG, CD36, PIK3R1, PCK1, ACACB,

FOXO1
Adipocytokine signaling pathway 7 1.37E-03 SOCS3, ACSL1, LEP, ADIPOQ, CD36, PCK1, ACACB
A

B

FIGURE 3 | The top two most significant modules of DEGs. The top two significant modules (A, B) are selected from the PPI network. Red nodes represent
upregulated genes, and blue nodes represent downregulated genes.
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TABLE 3 | The Top 2 significantly modules.

Cluster Score Nodes Edges Node IDs

1 8.706 35 148 VWF, LEP, ASPM, SPARCL1, AURKA, MCM2, KIAA0101, FEN1, TF, MFGE8, GPC3, SMC4, CFD, NEK2, HMMR, GAPDH,
CEP55, ECT2, TOP2A, CEBPA, CIDEA, ACACB, PDK4, ACSL1, SCD, JAG1, PLIN2, CIDEC, HADH, MSLN, FABP4, P4HB,
FOXO1, PLIN1, CD36

2 6.667 19 60 ACADL, LIPE, PPARG, PCK1, PNPLA2, ANGPT2, PECAM1, ANGPT1, CDH1, LPL, SELP, MCAM, SELE, CXCL5, CDH5, CXCL12,
PDE3B, CAT, RBP4
Frontiers
 in Oncolo
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FIGURE 4 | Kaplan-Meier survival analyses for the top 20 hub genes expressed in malignant mesothelioma patients. (A) Upregulated genes are significantly
associated with overall survival (OS) and/or disease-free survival (DFS; red square). (B) Downregulated genes are significantly associated with OS and/or DFS (blue
square). The other 13 genes without significant associations with OS and DFS are shown in Supplemental Data.
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resection, radiation therapy, chemotherapy, and immunotherapy
(11, 12). Identifying molecular biomarkers is critically important
for early diagnosis, prognosis prediction, and personalized
therapy. Mesothelioma primarily arises from mesothelial cells
in the thoracic and abdominal cavities. During embryogenesis,
mesothelial cells are a single layer of mesodermal cells resting on
a basement membrane that covers the celomic cavity. During the
second month of human gestation, the celomic cavity is divided
by the septum transversum into what will become the thoracic
and abdominal cavities. Pleural and peritoneal mesothelioma has
the same origin, similar histology and immunophenotypes.
In this study, we analyzed the genes expression in GSE2549
Frontiers in Oncology | www.frontiersin.org 969
and GSE112154 microarray datasets to identify common
differentially expressed genes between pleural and peritoneal
MM and verified them in TMA. To the best of our knowledge,
this is the first report to demonstrate the differential expressed
gene involvement of diagnostic-and prognosis-related genes in
pleural and peritoneal MM.

A total of 346 DEGs were identified in the two GEO datasets,
of which 111 genes were upregulated and 235 genes were
downregulated. Subsequently, we utilized bioinformatics
methods to deeply explore these DEGs, including GO term
enrichment, signaling pathway enrichment, PPI network
construction, hub genes selection, and survival analysis.
Functional enrichment analysis of DEGs revealed primary
involvement of cell adhesion, leukocyte migration, extracellular
matrix, integrin binding, heparin binding, and calcium ion
binding. KEGG pathway analysis showed that these genes were
primarily associated with the PPAR signaling pathway, ECM-
receptor interaction, regulation of lipolysis in adipocytes, AMPK
signaling pathway, and cell adhesion molecules. GSEA analysis
revealed that genes involved in Ubiquitin mediated proteolysis
and cell cycle were significantly enriched in MM compared to
normal mesothelial tissues

In our previous research, compared with Europe and the
United States, the incidence of malignant mesothelioma in China
has unique characteristics: 1) women have a high incidence;
2) peritoneal site is more common than pleural; 3) the age of
onset is less than 50 years old (13, 14). In most industrialized
countries, pleural MM characteristically occurs in a setting of
asbestos exposure. Because men are most often involved in trades
that expose them to asbestos, pleural MM is typically higher in
men, with a male to female ratio of approximately 4:1 (15).
However, among Chinese patients with pleural MM, 80% were
women, and only 42% had been exposed to asbestos, underscoring
the unusual prevalence of MM in Chinese women (13). These
findings present a unique opportunity to investigate other causes of
peritoneal MM in the Chinese population, aside from asbestos. In
the United States and Europe, an increasing number of peritoneal
MM cases do not seem to be associated with asbestos (16), leading
some researchers to speculate that a subgroup of peritoneal MM
cases may have a different pathogenesis.

Then, initial survival analysis was conducted with the gene
expression profiles and clinical information from The Cancer
Genome Atlas database of 87 patients who were diagnosed as
having MM between 1999 and 2013. Seven key genes associated
TABLE 6 | Characteristics of antibodies used for IHC.

Protein (clone) Antibody Origin Pretreatment Dilution Location of staining

SCD1(CD.E10) Mouse mAb Abcam Dako 3 in 1 AR buffers EDTA pH 9.0 1:250 Cytoplasm
FABP4(EPR3579) Rabbit mAb Abcam Tris/EDTA buffer, pH 9.0 1:10000 Cytoplasm
Topoisomerase II alpha (EP1102Y) Rabbit mAb Abcam Tris/EDTA buffer, pH 9.0 1:5000 Nucleus
C/EBPa(D56F10) Rabbit mAb CST Citrate Unmasking Solution 1:200 Cytoplasm
Phospho-Aurora-A (Thr288) (C39D8) Rabbit mAb CST Citrate Unmasking Solution 1:800 Cytoplasm
Aurora-A(35C1) Mouse mAb Abcam Tris/EDTA buffer, pH 9.0 1:200 Cytoplasm
PPARg(E-8) Mouse mAb Santa Cruz Biotechnology Citrate Unmasking Solution 1:250 Nucleus
GAPDH (14C10) Rabbit mAb CST Citrate Unmasking Solution 1:800 Cytoplasm
December
 2021 | Volum
mAb-monoclonal antibody.
TABLE 4 | Top 20 Hub gene in PPI network ranked by MCC method.

Rank Name Score Degree

1 PPARG 3741564 39
2 PNPLA2 3726405 33
3 LIPE 3725389 26
4 LPL 3724044 28
5 SCD 3601850 24
6 FABP4 3443890 24
7 LEP 3128788 44
8 PDK4 2107470 19
9 PLIN2 1815265 16
10 GAPDH 1257609 83
11 CIDEA 1134028 16
12 CIDEC 1129272 15
13 PCK1 1020601 21
14 PLIN1 857570 18
15 CD36 766099 19
16 ACSL1 576013 18
17 IL6 491836 67
18 CEBPA 453645 17
19 AURKA 161314 15
20 TOP2A 161312 13
TABLE 5 | Patient and tumor Characteristics of MM cases.

Characteristics MM

Number of cases 47
Gender 18 M/29 F
Site 3 pleura/44 peritoneum
Age, median (range) 47 (21-73)
Histologic type 42 epithelioid/3 biphasic/2 sarcomatoid
Asbestos exposure (%) 22 (46.8%)
Alive with disease 4
Died of disease 43
e 11 | Article 789244
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with prognosis—including GAPDH, AURKA, TOP2A, SCD,
FABP4, CEBPA, and PPARG—were selected. To evaluate the
diagnostic and prognostic value of seven key genes, we
constructed a TMA consisting of 47 MM tissue samples and
performed immunohistochemistry to verify the proteins encoded
by those seven genes. GAPDH and Aurora-A expression were
significantly higher in MM samples than in normal mesothelial
samples (p < 0.0001). Kaplan-Meier analysis identified that only
Aurora-A (encoded byAURKA) is associated with a poor prognosis.
Frontiers in Oncology | www.frontiersin.org 1070
As a pathologist, we identify malignant mesothelioma not
only from other source cancer in pathological diagnostic work
but also from benign mesothelial hyperplasia, especially in the
case of pleural biopsies, abdominal biopsies, hydrothorax, and
ascites specimens. How to distinguish between benign
mesothelial hyperplasia and malignant mesothelioma has
become particularly important. The commonly used
mesothelioma markers such as Calretinin and WT-1 are not
useful to identify mesothelioma from mesothelial hyperplasia.
TABLE 7 | IHC staining in MM.

Specimens Positive/Total, (%)

GAPDH Aurora-A TOPⅡA SCD1 FABP4 CEBPA PPARG

MM 44/47(93.6%) 36/47(75.6%) 9/47(19.1%) 42/47(89.4%) 6/47(12.8%) 0/47(0%) 0/47(0%)
Epithelioid 39/42(92.9%) 33/42(78.6%) 6/42(14.3%) 39/42(92.9%) 6/42(14.3%) 0/42(0%) 0/42(0%)
biphasic 3/3(100%) 2/3(66.7%) 2/3(66.7%) 2/3(66.7%) 0/3(0%) 0/3(0%) 0/3(0%)
sarcomatoid 2/2(100%) 1/2(50%) 1/2(50%) 1/2(50%) 0/2(0%) 0/2(0%) 0/2(0%)
normal peritoneum 4/10(40%) 2/10(20%) 0/10(0%) 8/10(80%) 0/10(0%) 0/10(0%) 0/10(0%)
December 2021 |
 Volume 11 | Articl
FIGURE 5 | Immunohistochemical (IHC) staining of tissue microarrays (TMA) of malignant mesothelioma (MM) and normal peritoneal (NP) samples to identify the
expression of hub genes. Amplification of IHC images of representative mesothelial cells in NP tissue was shown in the blue box. Significant differences are shown in
Aurora-A and GAPDH. Quantification of IHC results of aforementioned key genes is shown in the box plot. ****p < 0.0001; ns, not statistically significant.
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In this study, the expression of Aurora-A was significantly higher
in MM samples than in Normal mesothelial samples. ROC curve
analysis identified that Aurora-A has a diagnostic value. Aurora-
A is a useful marker for identifying benign mesothelial
hyperplasia and malignant mesothelioma.

Threemembers of theAurora kinase familyhave been identified
in mammals: Aurora-A, Aurora-B, and Aurora-C (17). Both
Aurora-A and Aurora-B play essential roles in regulating cell
division during mitosis, whereas Aurora-C has a unique
physiological role in spermatogenesis. Aurora-A is a cell cycle-
regulated serine/threonine-protein kinase that appears to be
involved in crucial cancer-related signaling pathways such as the
p53, Hippo, FOXO, PI3K-Akt, and Wnt pathways. Aurora-A has
been a popular target for cancer therapywithnearly 50 clinical trials
using specific Aurora-A kinase inhibitors (AKIs) (18). Aurora-A
promotes tumorigenesis by participating in the cancer cell
proliferation, apoptosis, epithelial-mesenchymal transition, self-
renewal of cancer stem cells, and metastasis. Aurora-A interacts
with numerous tumor suppressors and oncogenes, such as YBX1,
Merlin, LDHB, ALDH1A1, Twist, YAP, GSK-3b, b-catenin, and
ERa. In recent years, several selectively target Aurora-A small
molecules have been identified with anticancer activity in
preclinical studies, including BPR1K0609S1 (19, 20), LY3295668
(21),MK-8745 (22, 23), LDD970 (24),CYC3(25), andAKI603 (26).
Frontiers in Oncology | www.frontiersin.org 1171
A phase 2 study for MLN8237 (alisertib), a selective Aurora-A
kinase inhibitor, found an overall response rate of 27% in patients
with relapsed and refractory aggressive B- and T-cell non-Hodgkin
lymphomas (27). Alisertib seems to be clinically active in both B-
and T-cell aggressive lymphomas. Based on these results,
confirmatory single-agent and combination studies have been
initiated. However, in an open-label, first-in-setting, randomized
phase 3 trial to evaluate the efficacy of alisertib, in patients with
relapsed/refractory peripheral T-cell lymphoma, alisertib was not
significantly superior to the placebo comparator arm (28). A single-
arm phase 2 study assessed single-agent efficacy and safety of
alisertib in patients with platinum-refractory or -resistant epithelial
ovarian, fallopian tube, or primary peritoneal carcinoma. Sixteen
(52%) patients achieved stable disease with a mean response
duration of 2.86 months, and 6 (19%) reached three or more
months. Median progression-free survival and the time to
progression were 1.9 months (29). In a multicenter phase 1/2
study, an objective response was noted in 9 (18%) of 49 women
with breast cancer and 10 (21%) of 48 patients with small-cell lung
cancer (30). In a phase 2 trial of patients with castration-resistant
and neuroendocrine prostate cancer, a subset of patients with
advanced prostate cancer and molecular features supporting
Aurora-A and N-myc activation achieved significant clinical
benefit from single-agent alisertib (31).
A

B

FIGURE 6 | Aurora-A and GAPDH protein expression in tissue microarrays from patients with malignant mesothelioma. (A) Kaplan-Meier survival curves. (B) Receiver
operating curves.
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Alisertib plus cytarabine and idarubicin induction are effective
and safe in acute myeloid leukemia patients (32, 33). 60 mg/m2

alisertib per dose for seven days shows antitumor activity,
particularly in neuroblastoma patients with MYCN-nonamplified
tumors (34, 35). EGFR-mutant lung adenocarcinoma cells with
acquired resistance to third-generation EGFR inhibitors are
sensitive to AKIs. Furthermore, combination treatment with AKIs
and EGFR inhibitors was found to robustly decrease tumor growth
in an EGFR-mutant lung adenocarcinoma PDX model (36).
alisertib facilitates an anticancer immune microenvironment with
decreased numbers of myeloid-derived suppressor cells and
increased numbers of active CD8+ and CD4+ T lymphocytes
(37). More importantly, the combined administration of alisertib
and a PD-L1 antibody demonstrated synergistic efficacy for treating
breast cancer cell 4T1 xenografts (37).

In this study, we identified common differentially expressed
genes between pleural and peritoneal MM. Functional enrichment
analysis of DEGs revealed primary involvement of cell adhesion,
leukocyte migration, extracellular matrix, integrin binding,
heparin binding, and calcium ion binding. KEGG pathway
analysis showed that these genes were primarily associated with
the PPAR signaling pathway, ECM-receptor interaction,
regulation of lipolysis in adipocytes, and AMPK signaling
pathway. Through TCGA database and immunochemistry
analysis on Chinese MM TMA, Aurora-A expression was
significantly higher in MM samples than in normal mesothelial
samples (p < 0.0001). and Kaplan-Meier analysis and ROC curve
analysis identified that only Aurora-A (encoded by AURKA) is
associated with poor prognosis and has diagnostic value. At the
same time, it may also be a potential therapeutic target.
CONCLUSION

We identified Aurora-A as a prognostic and diagnostic marker
for MM. This protein may predict the survival of patients with
MM and play a role as a biomarker of diagnosis and sensitivity to
target therapy. Moreover, we validated these results in tissue
samples of patients with MM in China. However, due to the low
incidence of mesothelioma, larger samples are needed to verify
our results in the future. Taken together, Aurora-A shows
promise as a diagnostic and prognostic marker for MM.
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Insulin-Like Growth Factor 2
mRNA Binding Protein 3
Promotes Cell Proliferation of
Malignant Mesothelioma Cells
by Downregulating p27Kip1

Ihiro Endo, Vishwa Jeet Amatya, Kei Kushitani , Takahiro Kambara, Tetsuya Nakagiri ,
Yutaro Fujii and Yukio Takeshima*

Department of Pathology, Hiroshima University Graduate School of Biomedical and Health Sciences, Hiroshima, Japan

Malignant mesothelioma is a tumor with a poor prognosis, mainly caused by asbestos
exposure and with no adequate treatment yet. To develop future therapeutic targets, we
analyzed the microarray dataset GSE 29370 of malignant mesothelioma and reactive
mesothelial hyperplasia, downloaded from the Gene Expression Omnibus (GEO)
database. We identified insulin-like growth factor 2 mRNA binding protein 3 (IGF2BP3)
as one of the significantly upregulated genes in malignant mesothelioma. IGF2BP3
functions as an oncoprotein in many human cancers; however, to our knowledge, this
is the first study on the biological function of IGF2BP3 in malignant mesothelioma cells.
The knockdown of IGF2BP3 in malignant mesothelioma cells resulted in the suppression
of cell proliferation with an increase in the proportion of cells in the G1 phase of the cell
cycle. Furthermore, knockdown of IGF2BP3 inhibited cell migration and invasion. We
focused on the cell cycle assay to investigate the role of IGF2BP3 in cell proliferation in
malignant mesothelioma. Among the various proteins involved in cell cycle regulation, the
expression of p27 Kip1 (p27) increased significantly upon IGF2BP3 knockdown. Next,
p27 siRNA was added to suppress the increased expression of p27. The results showed
that p27 knockdown attenuated the effects of IGF2BP3 knockdown on cell proliferation
and G1 phase arrest. In conclusion, we found that IGF2BP3 promotes cell proliferation, a
crit ical step in tumorigenesis, by suppressing the expression of p27 in
malignant mesothelioma.

Keywords: mesothelioma, IGF2BP3, siRNA, p27, cell line, proliferation
INTRODUCTION

Malignant mesothelioma is a highly aggressive tumor that is mainly caused by occupational and
environmental exposure to asbestos. The incidence of malignant mesothelioma is increasing
worldwide, especially in developing countries, and the mortality rate in Japan is expected to peak
by 2030 (1, 2). Although multidisciplinary therapies, including surgery, chemotherapy, and
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radiation therapy, are used to treat malignant mesothelioma,
sufficiently effective treatments have not yet been established (3,
4). The molecular mechanisms of mesothelioma carcinogenesis
are not fully understood, and it is important to evaluate potential
new therapeutic targets for the development of new therapies.

Insulin-like growth factor 2 mRNA-binding protein 3
(IGF2BP3) is a member of the IGF2BP family (5) and plays a
vital role in the transport, stabilization, and translational
regulation of multiple mRNAs (6, 7). IGF2BP3, an oncofetal
protein, is not expressed in normal adult tissues (8). IGF2BP3 is
highly expressed in human cancers, including lung cancer (9),
melanoma (10), colorectal cancer (11), liver cancer (12), and
squamous cell carcinoma of the head and neck (13). The
expression of IGF2BP3 has a significant influence on biological
functions related to tumorigenesis, such as cell proliferation and
migration in various human cancers, including esophageal cancer
(14), breast cancer (15), colorectal cancer (16), and prostate cancer
(17). IGF2BP3 also contributes to tumorigenesis in many human
organs and its malignant progression.

There are a few studies on IGF2BP3 expression in malignant
mesothelioma. IGF2BP3 has been reported as a prognostic
biomarker of malignant mesothelioma, and its reduced
expression has a positive effect on life expectancy (18).
Furthermore, IGF2BP3 has been used as a differential
diagnostic marker to distinguish malignant mesothelioma from
reactive mesothelial hyperplasia (19–21). These studies suggest
that IGF2BP3 has diagnostic and prognostic value in malignant
mesothelioma. However, biological studies have not yet been
conducted. In this study, we conducted a functional analysis of
IGF2BP3 in malignant mesothelioma cell lines and the
regulation of downstream genes.
MATERIALS AND METHODS

Analysis of Gene Expression Data
Microarray data were downloaded from GEO datasets. The GSE
29370 (22) was used to analyze 11 malignant mesothelioma and
2 reactive mesothelioma hyperplasia samples; the differentially
expressed genes were examined based on those that showed
more than 1.5-fold change, using the Subio Platform software
(Subio, Amami-shi, Japan). The histological types of 11
malignant mesothelioma samples used were as follows: MM26-
P (epithelioid), MM34-P (epithelioid), MM35-P (epithelioid),
MM45-P (epithelioid), MM46-P (sarcomatoid), MM16-P
(biphasic), MM30-P (biphasic), H28 (epithelioid), H2452
(epithelioid), HMMME (epithelioid), MSTO-211H (biphasic).

Mesothelioma Cell Lines
Two human mesothelioma cell lines were used in this study. The
ACC-MESO1 mesothelioma cell line was purchased from
RIKEN BioResource Research Center (Tsukuba, Japan), and
the CRL-5915 mesothelioma cell line was purchased from the
American Type Culture Collection (Manassas, VA, USA). The
cell lines used were sampled from malignant pleural
mesothelioma, and the histological types are ACC-MESO1 for
fibroblast-like type and CRL-5915 for epithelioid type. Cells were
Frontiers in Oncology | www.frontiersin.org 276
cultured in Roswell Park Memorial Institute 1640 medium
(RPMI-1640) supplemented with kanamycin, amphotericin B,
and 5% fetal bovine serum (Thermo Fisher Scientific, Tokyo,
Japan). Cells were maintained in culture dishes at 37°C in a
humidified incubator with 5% CO2.

Transfection of Mesothelioma Cells
IGF2BP3 siRNA (#s20919), p27 Kip1 siRNA (#s2837), and
negative control (NC) siRNA were purchased from Thermo
Fisher Scientific (Tokyo, Japan). Mesothelioma cells at 60%–
80% confluence were transfected with IGF2BP3, p27, or NC
siRNA using Lipofectamine RNAiMAX (Thermo Fisher
Scientific) in Opti-MEM Reduced Serum Medium (Thermo
Fisher Scient ific) according to the manufacturer ’s
recommended protocols.

Quantitative Reverse-Transcription
Polymerase Chain Reaction
Mesothelioma cell lines (3 × 105) were transfected with 25 pmol of
IGF2BP3 or NC siRNA in 6-well plates for 72 h. RNA was
extracted from the cells using Maxwell RSC RNA Cells Kits
using the Maxwell RSC Instrument (Promega KK, Tokyo,
Japan) according to the manufacturer’s protocols. The extracted
RNA was reverse transcribed with SuperScript IV VILO Master
Mix (Thermo Fisher Scientific) and amplified using the PowerUp
SYBR Green Master Mix (Thermo Fisher Scientific) on an
AriaMax Real-Time PCR System (Agilent Technologies, Tokyo,
Japan). The relative expression levels were calculated using the
comparative Cq method. Expression levels were normalized to
that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
The primer sequences used for quantitative reverse-transcription
polymerase chain reaction (qRT-PCR) were as follows:

IGF2BP3 forward: 5′-AGT TGT TGT CCC TCG TGA CC-3′
IGF2BP3 reverse: 5′-GTC CAC TTT GCA GAG CCT TC-3′
GAPDH forward: 5′-ACAACTTTGGTATCGTGGAAGG-3′
GAPDH reverse: 5′-GCC ATC ACG CCA CAG TTT C-3′

Cell Proliferation Assay
Mesothelioma cell lines (3 × 103 cells) were incubated with 1
pmol IGF2BP3 siRNA, p27 siRNA, or NC siRNA in 96-well
plates for 72 or 96 h. The proliferation rate was determined at 24,
48, 72, and 96 h using the Cell Titer Glo 2.0 reagent (Promega)
and the GloMax Explorer microplate reader (Promega)
according to the manufacturer’s recommended protocols, by
measuring the ATP level relative to the number of viable cells.

Cell Cycle Assay
Mesothelioma cell lines (1 × 105 cells) were transfected with 5
pmol IGF2BP3, p27, or NC siRNA in 24-well plates for 72 h,
following which the cells were collected and fixed in 70% ethanol
in 15 mL centrifuge tubes for approximately 1 h. After
centrifugation and ethanol removal, the Guava Cell Cycle
Reagent (Luminex, Austin, TX, USA) was added. This reagent
contains propidium iodide, which allows for discrimination
between cells at different stages of the cell cycle by labeling the
cellular DNA. The signal intensity of the DNA labelling was
measured using a Guava EasyCyte Mini flow cytometer (Guava
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Technologies, Hayward, CA, USA) according to the
manufacturer’s protocol. Cell cycle data were analyzed using
FCS Express 5.0 (DeNovo, Los Angeles, USA).

Cell Migration Assay
Mesothelioma cell lines were incubated overnight with 5 pmol
IGF2BP3, p27, or NC siRNAs in collagen-coated 24-well plates.
A wound was created by scratching each well with a 1 mL
micropipette tip. The wells were washed twice to remove floating
cells and subsequently incubated. The gap area (wound) was
photographed every 12 h using a CKX53 inverted microscope
equipped with a DP21 digital camera (Olympus, Tokyo, Japan),
and the gap area was further analyzed using ImageJ software
(https://imagej.nih.gov/ij/index.html).

Cell Invasion Assay
ACC-MESO1 (1 × 105 cells) and CRL-5915 (3 × 105 cells) were
incubated with 5 pmol siRNA in BD FluoroBlok culture inserts
(BD Biosciences, Franklin Lakes, NJ, USA) with 8 mm pores. The
ACC-MESO1 and CRL-5915 cells were analyzed 48 h and 72 h
after transfection, respectively. Infiltrating cells were stained with
Hoechst 33342 (Thermo Fisher Scientific) for 10 min, and
images of the infiltrating cells were acquired using an IX81
inverted fluorescence microscope equipped with a DP80 digital
camera (Olympus, Tokyo, Japan). Fluorescence images were
analyzed using ImageJ software (https://imagej.nih.gov/ij/index.
html), and the total number of infiltrating cells was determined.

Western Blot Analysis
Mesothelioma cell lines (3 × 105) were transfected with 25 pmol
IGF2BP3, p27, or NC siRNA in 6-well plates for 72 h. Cell lysates
were prepared using the RIPA Lysis Buffer System (Santa Cruz
Biotechnologies, Dallas, TX, USA), and the total protein was
quantified using a Qubit Fluorometer (Thermo Fisher
Scientific). The total protein (20 mg) was separated on a Bolt
4%–12% Bis-Tris Plus Gel (Thermo Fisher Scientific) with lithium
dodecyl sulfate (LDS) electrophoresis at 165 V for 35 min. It was
then transferred onto a polyvinylidene difluoride (PVDF)
membrane using a Mini Blot Module (Thermo Fisher Scientific)
at 20 V for 60 min. After blocking with 5% bovine serum albumin
in TBS-T, the membranes were incubated overnight with primary
antibodies. Anti-IGF2BP3 antibody (1:2000, polyclonal, #14642-
1-AP) was purchased from Proteintech (Rosemont, IL, USA). p27
Kip1(1:3000, #3686), CDK2 (1:3000, #2546), cyclin E1 (1:3000,
#20808), phospho-RB (1:3000, #8516), and GAPDH (1:5000,
#2118) were purchased from Cell Signaling Technology
(Danvers, MA, USA). The membrane was then incubated with
secondary antibody. The secondary antibody used was anti-rabbit
IgG-HRP (1:2000, #7074, Cell Signaling Technology). The
membrane was stained with ImmunoStar LD (Wako Pure
Chemical Industries, Osaka, Japan) and captured using a c-Digit
Blot Scanner (LICOR, Lincoln, NE, USA).

Statistical Analysis
The experiments were performed in triplicate, and the data are
expressed as the mean ± the standard deviation. The difference
Frontiers in Oncology | www.frontiersin.org 377
between the two groups was analyzed using an unpaired
Student’s t-test. The statistical significance was set at p < 0.05.
RESULTS

IGF2BP3 Is Upregulated in Malignant
Mesothelioma Tissue and Cell Lines
Using the GSE29370 dataset from the GEO database, we
analyzed 11 malignant mesothelioma samples and 2 reactive
mesothelial hyperplasia samples. We identified 378 upregulated
transcripts and 256 downregulated transcripts with more than
1.5-fold change in malignant mesothelioma compared to those in
reactive mesothelial hyperplasia, as shown by the hierarchical
clustering (Figure 1A). The mean transcript level of IGF2BP3 in
mesothelioma increased by approximately 2-fold as shown in the
scatter plot (Figure 1B). All seven mesothelioma tissues and four
mesothelioma cell lines showed high expression of IGF2BP3
compared with two reactive mesothelial hyperplasia
tissues (Figure 1C).

IGF2BP3 Knockdown Reduces
Proliferation With G1 Phase Arrest,
Migration, and Invasion of
Mesothelioma Cell
IGF2BP3 siRNA was transfected into malignant mesothelioma
cells to knock down IGF2BP3, and the efficiency of transfection
was evaluated by western blotting and RT-PCR. IGF2BP3 mRNA
expression was suppressed by 86.9% in ACC-MESO1 cells and
85.7% in CRL-5915 cells transfected with IGF2BP3 siRNA, as
compared with those transfected with NC siRNA (Figure 2A).
Furthermore, IGF2BP3 protein expression was suppressed by
77.4% in ACC-MESO1 and by 64.5% in CRL-5915, compared
with that in the negative control (Figure 2B).

IGF2BP3 siRNA transfection suppressed the proliferation of
ACC-MESO1 cells by 47.2% and CRL-5915 cells by 47.5% after
72 h, when compared with that of cells transfected with NC
siRNA (Figure 3A). Given that the IGF2BP3 knockdown
suppressed cell proliferation, we further investigated the effect
of IGF2BP3 on cell cycle progression. The proportion of ACC-
MESO1 and CRL-5915 cells in the G1 phase of the cell cycle was
higher with IGF2BP3 siRNA transfection (69.9% and 75.4%,
respectively) than with NC siRNA transfection (57.3% and
62.5%, respectively) (Figure 3B).

IGF2BP3 siRNA transfection decreased the wound gap area
more slowly than NC siRNA transfection in both mesothelial cell
lines. Transfection with IGF2BP3 siRNA significantly reduced
the migration of both ACC-MESO1 and CRL-5915 cells, by
23.9% and 36.0%, respectively, as compared with that by NC
siRNA transfection (Figure 3C).

IGF2BP3 knockdown significantly reduced cell invasion in
both mesothelial cell lines Transfection with IGF2BP3 siRNA
reduced the number of invading cells by 16.0% in ACC-MESO1
cells and 36.5% in CRL-5915 cells as compared with the cell
numbers after NC siRNA transfection (Figure 3D).
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IGF2BP3 Knockdown Regulates p27,
CDK2, Cyclin E1, and Phospho-RB
By comparing IGF2BP3 siRNA-transfected cells with NC siRNA-
transfected cells, we comprehensively examined the differential
expression of proteins related to cell cycle regulation by western
blotting. IGF2BP3 siRNA transfection significantly increased the
expression of p27 and decreased the expression of CDK2, cyclin E1,
and phospho-RB in both mesothelial cell lines compared to those
after NC siRNA transfection (Figure 4). IGF2BP3 knockdown in
ACC-MESO1 cells increased p27 protein expression by 424.2% and
A

B

FIGURE 2 | Validation of IGF2BP3 knockdown. (A) Bar graph showing the
relative IGF2BP3 mRNA expression in mesothelioma cell lines transfected
with IGF2BP3 siRNA as compared with those transfected with NC siRNA (the
lower panel represents the amplification curves of real time PCR experiments).
(B) Bar graph showing the relative IGF2BP3 protein expression in mesothelioma
cell lines transfected with IGF2BP3 siRNA as compared with those transfected
with the NC siRNA (lower panel is an image of the western blot). NC, negative
control; **p < 0.01; ***p < 0.001.
A

B

C

FIGURE 1 | Microarray data analysis. (A) Supervised hierarchical clustering
of 11 malignant mesothelioma samples and 2 reactive mesothelial hyperplasia
samples. IGF2BP3, presented as a red line, is upregulated in malignant
mesothelioma, as compared with its expression in reactive mesothelioma
hyperplasia. (B) The scatter plot showing the correlation between gene
expression in malignant mesothelioma and reactive mesothelial hyperplasia.
The two IGF2BP3 transcripts, shown as red dots, were upregulated in
malignant mesothelioma when compared against expression in reactive
mesothelial hyperplasia. (C) Line graph showing the gene expression in
malignant mesothelioma and reactive mesothelial hyperplasia; IGF2BP3
expression, represented by the red line, is higher in malignant mesothelioma
than in reactive mesothelial hyperplasia. RMH, reactive mesothelial hyperplasia.
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decreased the expression of CDK2 protein by 52.7%, cyclin E1 by
35.4%, and phospho-RB by 60.5%. The changes in protein
expression of CRL-5915 were as follows: p27, 508.2%, CDK2,
65.4%; cyclin E1, 83.5%; and phospho-RB, 86.3%.

IGF2BP3 Increased Cell Proliferation by
Suppressing p27
To investigate whether IGF2BP3 causes cell proliferation by
suppressing p27, mesothelioma cells were transfected with either
Frontiers in Oncology | www.frontiersin.org 579
one or both IGF2BP3 siRNA and p27 siRNA. Western blotting
showed the suppression of specific protein expression in IGF2BP3
or p27 siRNA-transfected cells (Figure 5A). Furthermore, when
mesothelial cells were transfected with both IGF2BP3 and p27
siRNA, elevated p27 protein expression by IGF2BP3 knockdown
was diminished, and repressed phospho-RB protein was recovered.

Mesothelioma cells simultaneously transfected with IGF2BP3
siRNA and p27 siRNA showed a significant recovery in cell
proliferation, when compared with cells transfected with IGF2BP3
A

B

C

D

FIGURE 3 | Functional assays of IGF2BP3 expression. (A) Cell proliferation assay. Line chart showing reduced cell proliferation in ACC-MESO1 and CRL-5915 cells
with IGF2BP3 siRNA transfection, compared with those cells transfected with NC siRNA. (B)Cell cycle assay. Cell cycle histogram and bar graph showing the G1
arrest of ACC-MESO1 and CRL-5915 by IGF2BP3 siRNA transfection. (C) Migration assay. Line chart and images showing reduced wound gap area of ACC-
MESO1 and CRL-5915 following IGF2BP3 siRNA transfection. (D) Invasion assay. Bar graph and images showing reduced numbers of invading ACC-MESO1 and
CRL-5915 cells, following transfection with IGF2BP3 siRNA. NC, negative control; NS, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.
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siRNA alone. Specifically, in ACC-MESO1 cells, transfection with
IGF2BP3 siRNA and p27 siRNA together increased cell
proliferation; cells were initially transfected with IGF2BP3 siRNA
alone, then transfected with the combination of IGF2BP3 and p27
siRNAs after 72 h and 96 h, resulting in increases in cell
proliferation of 31.8% and 30.4%, respectively. Similarly, when
IGF2BP3 siRNA and p27 siRNA were transfected together in
CRL-5915 cells, there was a 43.8% increase in cell proliferation
with addition 72 h after transfection of IGF2BP3 siRNA alone, and a
48.8% increase with addition after 96 h. In contrast, mesothelial cells
transfected with p27 siRNA alone showed no significant change in
cell proliferation compared with that of cells transfected with NC
siRNA (Figure 5B). These results indicate that the repression of p27
expression is significant for IGF2BP3 to activate cell proliferation in
mesothelioma cells.

Furthermore, we examined the effects of IGF2BP3 and p27 on
cell cycle progression. When p27 siRNA and IGF2BP3 siRNA
were simultaneously transfected into mesothelioma cells, there
was an increase in the percentage of cells in the G1 phase of the
cell cycle compared with the cell numbers after transfection with
IGF2BP3 siRNA alone. Specifically, when IGF2BP3 siRNA and
p27 siRNA were transfected together, the percentage of cells in
the G1 phase was reduced by 18.0% in ACC-MESO1 cells and by
7.6% in CRL-5915 cells. However, when p27 siRNA alone was
transfected into mesothelioma cells, there was no significant
difference in the percentage of cells in the G1 phase compared
with that after NC siRNA transfection (Figure 5C).
DISCUSSION

Malignant mesothelioma is a tumor with a poor prognosis that
develops in mesothelial cells, primarily due to asbestos exposure.
Frontiers in Oncology | www.frontiersin.org 680
The current first-line treatment for malignant mesothelioma is a
combination of cisplatin and pemetrexed (23), and very few patients
undergo surgery (24). The survival rate for patients with malignant
pleural mesothelioma is still low; a population-based study reported
average survival times ranging from 5 months to 13.2 months (25).
Although immunotherapeutic approaches to malignant
mesothelioma have received much attention, further studies are
needed to show a clear advantage over standard chemotherapy (26).
A recent study of immunotherapeutic approach also showed
significant and clinically meaningful improvements in overall
survival versus standard chemotherapy (27). It is essential to
develop novel treatments and to explore effective therapeutic
targets against malignant mesothelioma.

In this study, we searched for genes that were significantly
altered in malignant mesothelioma compared with those in
reactive mesothelial hyperplasia to identify therapeutic targets.
We analyzed 11 malignant mesothelioma cell samples and 2
reactive mesothelial hyperplasia samples from the microarray
dataset GSE 29370. IGF2BP3 expression was significantly
increased in mesothelioma cell samples compared with that in
reactive mesothelial hyperplasia.

IGF2BP3 is an oncogenic protein that is overexpressed in
many human cancers. IGF2BP3 functions as a biomarker of
aggressiveness and metastasis in many tumors (28–31). IGF2BP3
expression correlates with poor prognosis in malignant
mesothelioma (32). Structurally, IGF2BP3 has two N-terminal
RNA recognition motifs (RRMs) and four C-terminal messenger
ribonucleoprotein K homology (KH) domains (33). IGF2BP3
has been shown to target RNA as an RNA-binding protein and
promote tumorigenesis primarily through regulation at the
transcriptional level (34). IGF2BP3 was first identified for its
ability to promote the translation of IGF2 mRNA (34). The
currently-identified mRNA targets of IGF2BP3 include CD44
FIGURE 4 | Downstream regulation of IGF2BP3. Western blots of IGF2BP3, p27, CDK2, Cyclin E1, and phospho-RB proteins in ACC-MESO1 and CRL-5915 cells
show increased expression of p27 and decreased expression of CDK2, Cyclin E1, and phospho-RB with IGF2BP3 siRNA transfection. NC: negative control.
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(6), MMP9 (15), HMGA2 (35), and PDPN (36). This is the first
study to investigate the biological functions of IGF2BP3 in
mesothelioma cells.

First, we performed IGF2BP3 knockdown in mesothelioma cell
lines (ACC-MESO1 and CRL-5915) using siRNA to analyze its
biological functions, including cell proliferation, cell cycle, cell
migration, and cell invasion. IGF2BP3 knockdown suppressed cell
proliferation and induced G1 cell cycle arrest in both cell lines.
Furthermore, IGF2BP3 knockdown suppressed cell migration and
Frontiers in Oncology | www.frontiersin.org 781
invasion. These results suggest that IGF2BP3 strongly contributes
to tumorigenesis in malignant mesothelioma.

The regulation of cell cycle proteins has long been an important
field of oncology research (37). Cells proliferate successfully by
passing through the G1, S, G2, and M phases of the cell cycle. A
central component of the cell cycle regulatory system is cyclin-
dependent kinase (CDK), which is regulated by cyclin binding,
phosphorylation, and CDK inhibitors (37). A cell cycle assay
revealed that IGF2BP3 knockdown induced G1 phase arrest.
A

B

C

FIGURE 5 | Effect of IGF2BP3 and p27 on cell proliferation and G1 cell cycle phase arrest. (A) Western blot of IGF2BP3, p27, and phospho-RB proteins. IGF2BP3
or p27 siRNA- transfected cells show the suppression of specific protein expression in ACC-MESO1 and CRL-5915 cells. Cell lines transfected simultaneously with
both IGF2BP3 and p27 siRNAs re-diminish p27 protein expression and recover phospho-RB protein expression. (B) Cell proliferation assay. In ACC-MESO1
and CRL-5915, transfection with IGF2BP3 siRNA and p27 siRNA together show a significant increase in cell proliferation at 72 h and 96 h from transfection of
IGF2BP3 siRNA alone. Note the cells transfected with p27 siRNA alone show no significant change from those transfected with NC siRNA. (C) Cell cycle assay.
ACC-MESO1 and CRL-5915 cells transfected with IGF2BP3 siRNA and p27 siRNA together, show significant reduction in the percentage of cells in G1 phase of the
cell cycle. Note the cells transfected with p27 siRNA alone show no significant difference in the percentage of cells in G1 phase compared with those cells
transfected with NC siRNA. NC, Negative control; NS, no significance; *p < 0.05; ***p < 0.001.
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Therefore, we comprehensively examined the effect of IGF2BP3
knockdown on the expression of proteins related to cell cycle
regulation. We found that IGF2BP3 knockdown significantly
increased the expression of p27, followed by markedly decreasing
CDK2 and cyclin E1 expression, and suppressing the
phosphorylation of RB. Among the E2F family as transcriptional
factors, E2F1, E2F2, and E2F3 were shown to be associated with RB
in cell proliferation (38). In addition, E2F promotes transcription by
targeting E2F itself and TYMS, POLA1, ORC1, FBXO5, and RRM2
as mentioned in G1/S- specific transcription pathway of Reactome
website (https://reactome.org/PathwayBrowser/#/R-HSA-
453279&SEL=R-HSA-69205&PATH=R-HSA-1640170,R-HSA-
69278) as known targets of E2F, which are involved in DNA
biosynthesis, regulation, and G1/S transition. Therefore, we
investigated the expression of E2F1, E2F2, E2F3, and TYMS,
POLA1, ORC1, FBXO5, and RRM2 as targets of E2F. The real
time qPCR showed, in both ACC-MESO1 and CRL-5915 cell lines,
the reduced expression of E2F family and E2F target genes by
IGF2BP3 siRNA transfection compared to NC siRNA transfection
(Supplementary Figure). The CDK inhibitor, p27, was first
identified as a tumor suppressor protein able to induce G1 phase
arrest (39); it binds to the CDK2/Cyclin E complex and inhibits its
activity (40, 41). Overactivation of the cyclin CDK2/Cyclin E
complex results in genomic instability and the development of
tumors (42). Activation of the CDK2/Cyclin E complex induces RB
protein phosphorylation and releases activated E2F, resulting in cell
cycle progression from the G1 phase to S phase and cell
proliferation (43–45). In summary, our results suggest that
IGF2BP3 activates CDK2/Cyclin E1 and phosphorylates RB and
activates E2F by suppressing the expression of p27, thereby
facilitating the progression from the G1 phase of the cell
cycle (Figure 6A).

We further verified that p27 suppression is a critical factor in
IGF2BP3-induced cell proliferation. First, mesothelioma cells
transfected with p27 siRNA alone did not show significant
changes in cell proliferation compared with those transfected with
NC siRNA. In mesothelioma cells without knockdown of IGF2BP3,
the expression of p27 itself is usually a low level, suggesting that p27
knockdown alone did not cause significant changes in cell
proliferation. Next, when IGF2BP3 siRNA and p27 siRNA were
simultaneously transfected into the cells, cell proliferation was
significantly restored toward to that of mesothelioma cells
transfected with only NC siRNA. This is thought to result from
the suppression of p27 expression (by transfection of cells with p27
siRNA), which would otherwise be increased by transfection with
IGF2BP3 siRNA. Similarly, simultaneous transfection alleviated G1
cell cycle arrest (Figure 6B).

Numerous studies have investigated the molecular mechanisms
underlying the oncogenic function of IGF2BP3; it is associated with
several regulators of cell proliferation and the cell cycle, including
cyclin D1, D3, G1, and CDK6 (46, 47). In vitro biological analysis
has shown that IGF2BP3 promotes cell proliferation and cell cycle
progression from the G1 phase to S phase (48). The identification of
cell cycle regulatory proteins with particularly close associations is
an important clue in elucidating the metabolic mechanism
of IGF2BP3.
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In this study, we focused on the association between IGF2BP3
and p27. However, it is essential to note that it is not clear
whether the effect of IGF2BP3 on p27 expression is due to its
function as an RNA-binding protein or otherwise and whether it
acts directly or indirectly. Further investigation is necessary to
determine the relationship between IGF2BP3 and p27.

In summary, IGF2BP3 is involved in the proliferation of
mesothelioma cells by decreasing p27 expression, which
regulates the progression from the G1 phase to S phase of the
cell cycle. This study highlights the potential of IGF2BP3 as a
therapeutic target for the treatment of malignant mesothelioma.
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IGF2BP3 siRNA alone results in inhibition of cell proliferation with G1 phase
arrest by increasing the expression of p27. Simultaneous transfection with
IGF2BP3 and p27 siRNA prevents p27 upregulation by IGF2BP3 siRNA,
leading to alleviation of G1 phase arrest and restoration of cell proliferation.
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INTRODUCTION

Malignant pleural mesothelioma (MPM) is a rare, aggressive disease that harbors a poor prognosis.
Most patients are diagnosed with advanced disease, in which platinum-based combinations, with or
without bevacizumab, yielded poor long-term outcomes. Recently, immune checkpoint inhibitors
(ICI) have demonstrated promising activity for the treatment of MPM and have been incorporated
as treatment options (1).

Around 20% of patients are eligible for attempted curative surgery at diagnosis. Treatment for
such cases often involves multimodal therapy, including preoperative chemotherapy, followed by
extrapleural pneumonectomy/pleural decortication and radiotherapy (2). Despite a comprehensive
treatment, systematic reviews have demonstrated a median overall survival (OS) of only 13 to 23.9
months, likely due to the poor efficacy of systemic therapy, achieving 1.3% complete radiological
responses and 5% pathological complete responses documented after neoadjuvant chemotherapy,
warranting further improvement in the early-stage setting (3).

The combination of chemotherapy and immunotherapy showed promising results in several
tumor types, with good tolerability. In advanced MPM, the combination of durvalumab with
chemotherapy resulted in an objective tumor response rate of 48%, with a median overall survival of
18.4 months, higher than historical control with chemotherapy alone, irrespective of program
death-ligand 1 (PD-L1) expression (4). Herein, we report a case of a borderline-resectable
epithelioid pleural mesothelioma who underwent neoadjuvant therapy with cisplatin, pemetrexed
and off-label pembrolizumab who was able to be operated, and obtained a complete pathological
response (pCR) with sustained benefit, currently disease and treatment-free 14 months
after surgery.

CASE REPORT

This is a 73-year-old female patient, non-smoker, with a prior history of occupational exposure to
perchloroethylene during a 5-year period working at a dry-cleaning facility twenty years ago. She
presented to the emergency department with a 4-week history of worsening dyspnea. She underwent
pulmonary computed tomography (CT) that demonstrated a right-sided moderate pleural effusion,
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several nodules on the parietal, mediastinal and diaphragmatic
ipsilateral pleura (Figure 1A). CT-guided biopsy of the pleura was
compatible with epithelioid MPM (Figure 2).

Positron emission tomography – computed tomography
(PET-CT) and brain magnetic resonance imaging (MRI) were
unremarkable for metastatic disease. The PET-CT did show,
however, ipsilateral paratracheal and anterior mediastinal lymph
nodes (Figure 3A). Clinical staging, according to the American
Joint Committee on Cancer 8th edition, was defined as
cT1cN2M0. The mediastinal lymph nodes were not biopsied
prior to therapy initiation.

The patient was considered borderline resectable due to local
extent of disease, high symptom burden and patient frailty. A PD-
L1 immunohistochemistry with 22C3 antibody clone was
performed, resulting in an expression in tumor cells of 80%
(Figure 4A). After discussion of risks and benefits, she was
treated with cisplatin (75 mg/m2), pemetrexed (500 mg/m2) and
pembrolizumab (2 mg/kg) every three weeks for 4 cycles, with no
significant adverse events, except for tinnitus. An initial restaging
PET-CT after 2 cycles showed a mixed response, with
improvement in pleural implants but increase in the mediastinal
lymph nodes’ FDG uptake and size (Figure 3B). Due to the
patient’s clinical improvement, therapy was continued and a repeat
scan after the fourth cycle demonstrated a complete metabolic
response in pleural implants and near-complete improvement in
the lymph nodes (Figures 1B, 3C). Her case was discussed at
multidisciplinary tumor board and she was considered eligible for
surgical resection, no additional pathological examwas performed at
the time prior to the surgical procedure. A pleural decortication and
mediastinal lymph node dissection was performed and after
thorough pathological review of the 105 slides, pCR was achieved
in all sites (ypT0ypN0, Figures 4B–D). Adjuvant radiotherapy was
omitteddue to thepathologic response, and thepatient is currentlyon
surveillance with no evidence of disease after 14 months of her
surgery and 18 months from systemic therapy initiation.
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DISCUSSION

Treatment of advanced MPM had not seen major improvement
in the last 20 years since the combination of cisplatin and
pemetrexed was established as standard of care in the first-line
setting, with a median overall survival of less than 12 months and
less than 5% of patients remaining alive after 5 years (2). ICI have
been studied in phase I/II trials in the refractory setting with
promising response rates, though a randomized phase 3 trial
published after our patient’s treatment decision failed to
demonstrate improvement in progression-free and overall
survival (5). Recently, CheckMate-743 evaluated the use of
nivolumab plus ipilimumab in untreated patients, leading to a
26% reduction in the risk of death versus chemotherapy. At 2
years, 41% of patients were alive, compared with 27% who
received chemotherapy (1).

PD-1 inhibitors are currently being investigated in several
tumors as a neoadjuvant treatment, either as single agent, or
combined with anti-CTLA-4 or chemotherapy. Pre-clinical and
clinical data have postulated that early use of ICI may lead to
improved efficacy, possibly due to a less immunosuppressive
environment and enhanced priming of T-cells with the primary
tumor’s antigens still present (6). In melanoma, the use of
combination immunotherapy provided a 61% rate of pCR/
near-pCR, with 96% of them relapse-free after 2 years (7). In
non-small cell lung cancer, the combination of chemotherapy
and nivolumab increased the pCR rate from 2% to 24%,
compared with chemotherapy alone (8).

Thus, due to the overall poor prognosis of the disease, off-label
strategies were discussed with the patient. Chemotherapy was
warranted due to the potential resectability and high symptom
burden. The rationale for the combination of chemotherapy and
immunotherapy was based on the phase 2 DREAM trial, which
treated patients in the advanced setting with durvalumab and
standard chemotherapy, achieving a 48% overall response rate
FIGURE 1 | CT-scans at baseline and after surgery. (A) Baseline CT-scan demonstrating pleural effusion, thickening and nodules and a rounded atelectasis;
(B) Restaging CT-scan with improvement of pleural effusion and minimal focal pleural thickening.
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A B C

FIGURE 3 | PET-CT at baseline and during treatment. (A) Baseline PET-CT demonstrating right pleural implants and mediastinal lymph node involvement;
(B) restaging PET-CT after 2 cycles of treatment showing improvement in pleural nodules, but enlargement of lymph nodes; (C) PET-CT after 4 cycles showing
complete improvement in pleural implants, and near-complete improvement of lymph nodes.
A B
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FIGURE 2 | Pre-treatment pleural biopsy compatible with epithelioid malignant pleural mesothelioma. The pictures show a pleomorphic, solid epithelioid neoplasia
(A), with pseudoglandular formations and scattered lymphocytes (B). This neoplasia was positive por CK7 (C) and calretinin (D) and negative por MOC31/BerEP4.
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(4). Pembrolizumab was chosen due to reduced costs on a 2 mg/kg
regimen, with comparable efficacy in other settings to a flat 200mg
dose. Our patient had an initial mixed response, with increased
lymph nodes’ size and FDG uptake, a finding commonly seen with
ICI, but less often seen when chemotherapy is associated.
Pseudoprogression was reported in two cases in the DREAM
trial. In such cases, this may represent a proof of concept that the
immunotherapeutic agent likely played an important role in the
documented efficacy. PD-L1 expression generally correlates with
response to PD-1 inhibitors in several tumor types. Despite no clear
association seen inmesothelioma trials, our patient had a high PD-
L1 expression and an excellent response. After a pCRwas achieved,
no further treatment was administered and the patient is disease-
free and well, corroborating the hypothesis of a durable benefit
attributable to the anti-PD-1.

To the best of our knowledge, this is the first case report
that illustrates the use of ICI in the neoadjuvant setting for
MPM and the attainment of a pathological complete response.
Frontiers in Oncology | www.frontiersin.org 488
Further research in prospective clinical trials incorporating
this strategy is warranted to improve clinical outcomes in
patients with resectable tumors.
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*Correspondence:
Chuong D. Hoang

chuong.hoang@nih.gov

Specialty section:
This article was submitted to

Thoracic Oncology,
a section of the journal
Frontiers in Oncology

Received: 28 February 2022
Accepted: 04 April 2022
Published: 02 May 2022

Citation:
Choi AY, Singh A, Wang D, Pittala K

and Hoang CD (2022) Current State of
Pleural-Directed Adjuncts Against
Malignant Pleural Mesothelioma.

Front. Oncol. 12:886430.
doi: 10.3389/fonc.2022.886430

REVIEW
published: 02 May 2022

doi: 10.3389/fonc.2022.886430
Current State of Pleural-Directed
Adjuncts Against Malignant
Pleural Mesothelioma
Agnes Y. Choi , Anand Singh, Danyi Wang, Karthik Pittala and Chuong D. Hoang*

Thoracic Surgery Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD, United States

Multimodality therapy including surgical resection is the current paradigm in treating
malignant pleural mesothelioma (MPM), a thoracic surface cancer without cure. The main
limitation of all surgical approaches is the lack of long-term durability because
macroscopic complete resection (R1 resection) commonly predisposes to locoregional
relapse. Over the years, there have been many studies that describe various intrapleural
strategies that aim to extend the effect of surgical resection. The majority of these
approaches are intraoperative adjuvants. Broadly, there are three therapeutic classes
that employ diverse agents. The most common, widely used group of adjuvants are
comprised of direct therapeutics such as intracavitary chemotherapy (± hyperthermia). By
comparison, the least commonly employed intrathoracic adjuvant is the class comprised
of drug-device combinations like photodynamic therapy (PDT). But the most rapidly
evolving (new) class with much potential for improved efficacy are therapeutics delivered
by specialized drug vehicles such as a fibrin gel containing cisplatin. This review provides
an updated perspective on pleural-directed adjuncts in the management of MPM as well
as highlighting the most promising near-term technology breakthroughs.

Keywords: malignant pleural mesothelioma, multimodality treatment, intraoperative adjuncts, intrathoracic,
polymer, hydrogel, nanoparticle, microRNA
INTRODUCTION

Malignant pleural mesothelioma (MPM) is a rare, highly aggressive, and recalcitrant tumor arising
from the mesothelial lining of the pleura. To date, there is no clinical standard (1) that might yield
satisfactory long-term outcomes. It remains incurable. Selected patients, however, enjoy improved
overall survival (OS) and recurrence-free survival with multimodality approaches. These strategies
involve surgical resection by either extra-pleural pneumonectomy (EPP) or pleurectomy-decortication
(PD) plus chemotherapy and/or radiotherapy (2, 3). The most critical success-limiting factor in the
treatment of patients afflicted withMPM is the high recurrence rates of local disease ranging from 30%
to 75% (4). This failure has prompted further investigations into intraoperative adjuncts to improve
locoregional control by curbing microscopic residual foci (R1 margin) more effectively. In this review,
we identify three major therapeutic classes (i.e., strategies) for pleural-directed adjuncts that summate
the entire emerging field. We discuss the pros and cons of specific examples to illustrate the concept
underlying each class of adjuvant that spans the application of direct therapeutics, to delivery vehicles
carrying therapeutic(s), and to drug-device combinations (Figure 1, Table 1).
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DIRECT THERAPEUTIC

A focused review and update of intrapleural therapeutic
modalities (i.e., agents) that can augment surgical resection
and address microscopic residual tumor foci (R1 margin) is
presented here. Particular attention is dedicated to verifying the
molecular mechanisms of action for each type of agent used in
this class of surgical adjuvants.

Intracavitary Chemotherapy ± Hyperthermia
Results from intracavitary chemotherapy in ovarian carcinoma
in the 1980s (5) led to pharmacokinetic studies of intrapleural
cisplatin and mitomycin as intraoperative adjuvants to PD in the
1990s (6), followed by the first phase II trial in MPM patients
(60-minute perfusion time without heating) (7). The use of
intracavitary chemotherapy was predicated on some perceived
advantages like improved drug penetration at higher doses to
residual tumor foci and less systemic toxicity. Later, adding
hyperthermia was thought to improve the efficacy of
intracavitary chemotherapy by increasing absorption into
cancer cells and potentiating the tumoricidal activity of the
chemotherapy agent. A small study of 10 MPM patients
compared PD with normothermic intracavitary cisplatin (100
mg/m2) versus PD or EPP with hyperthermic intraoperative
chemotherapy (HIOC) at 41.5°C (8). A higher local tissue to
perfusate ratio of cisplatin concentration after hyperthermic
perfusion suggested a pharmacokinetic advantage imparted by
heat. This observation, thus, paved the way for numerous HIOC
studies in MPM patients.

Since 1994, there have been at least 20 studies using HIOC in
MPM surgical studies (9). A recent phase I trial assessed safety
Frontiers in Oncology | www.frontiersin.org 291
and feasibility of combination drug HIOC in 59 patients
undergoing EPP and 41 receiving PD (10). The observed
morbidity rates in EPP and PD groups were 54% and 42%,
respectively, while there were two perioperative deaths (2%).
Dosing for cisplatin at 175 mg/m2 and gemcitabine at 1000 mg/
m2 was established during 60 minutes of perfusion at 40 to 42°C.
Median OS for patients with epithelioid histology was 26 and 59
months for the EPP versus PD cohorts, respectively, compared to
11 and 21 months for patients with non-epithelioid tumors.
Similar outcomes were reported in a retrospective single
institution study of 71 MPM patients who all underwent PD
followed by 90 minutes of HIOC at 42°C using cisplatin (200 mg)
and doxorubicin (100 mg) (11). For MPM HIOC studies to date
(mostly observational, retrospective, underpowered phase I-II
studies), cohorts ranged from four to 104 patients with survival
between 11 and 36 months (9). Despite these encouraging
outcomes with HIOC-based multimodality therapy, lack of
improvement in locoregional control is still the major
shortcoming. In a follow-up retrospective study of 132 patients
undergoing EPP plus HIOC (cisplatin 175 – 225 mg/m2 for 60
minutes at 42°C) followed by adjuvant chemoradiation
(according to modern techniques and standards), there was a
disappointing overall recurrence rate of 75% (4). The ipsilateral
hemithorax was the most common site of recurrence and both
hemithoraces recurred independent of stage. Other non-thoracic
sites of recurrence were observed more frequently according to
higher stages. This study emphasizes the unreliable therapeutic
effect of HIOC in MPM surgery and the critical need for better
locoregional therapies.

Currently, there are no available phase III studies to help
guide current multi-modality approaches for MPM. Meaningful
FIGURE 1 | Classification of locoregional pleural-directed adjuncts for surgical-based therapy of mesothelioma.
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TABLE 1 | Locoregional pleural-directed adjuncts against mesothelioma: pros & cons.

cer Targeting Mechanism Toxicity Current Status

Unknown Systemic effects
Grade III+ AE

• Phase I/II studies
• No standardized protocol

Unknown Systemic effects
Grade I-III AE

• Single institution Phase I/II
studies
• No standardized protocol

ctivation of immune cells
(LAK cells)

Systemic effects
Grade I-II AE

• Single Phase II study
• No standardized protocol
• No follow-up studies

Unknown Systemic effects
Grade I-IV AE

• Single Phase I study
• Lack of dose-dependent drug
levels in tumor tissue
• Phase II study started

Unknown Systemic drug
concentration
No major effects

• Preclinical studies orthotopic
xenograft tumor models
• Preclinical large animal
pharmacokinetic study
• EMA & FDA approval

Unknown Not studied • Preclinical study with
orthotopic xenograft tumor
models

ositive-charged microRNA-peptide
ely target negative-charged cancer cells

microRNA undetectable
in systemic circulation
No major effects

• Preclinical study with
orthotopic xenograft tumor
models

tion & uptake of photosensitizer & oxygen Systemic effects
(photosensitizer)
Grade I-V AE

• Phase I-III studies
• No standardized protocol
• Unclear efficacy

Medicines Agencyp; FDA, Food and Drug Administration (USA); VATS, Video-assisted Thoracoscopic Surgery.
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Pleural Adjuncts Form Factor Administration Therapeutic
Cargo

Can

DIRECT THERAPEUTIC
Intracavitary
chemotherapy
± hyperthermia (HIOC)

Liquid Intracavitary perfusion Chemotherapy

Povidone-iodine (PVP-I)
± hyperthermia

Liquid Intracavitary perfusion Povidone-
iodine

Immunocytokines Liquid Intracavitary infusion Interleukin-2

DELIVERY VEHICLE
Cisplatin-fibrin gel Gel VATS spray-on

application (Vivostat)
Chemotherapy

Hyaluronate cisplatin
(HYALCIS) film

Thin-Film Direct surface application Chemotherapy

Expansile nanoparticles
(eNP)

Nanoparticle Intrapleural injection Chemotherapy

Surface-fill hydrogel
(SFH) nanocomposite

Hydrogel
nanocomposite

Intrapleural injection and
spray-on application

microRNA Local application & P
nanoparticles selecti

DRUG-DEVICE
Photodynamic therapy
(PDT)

Laser Light Intracavitary
+
Systemic

Photosensitizer Volume of light irrad

AE, Adverse Events categorized according to common toxicity criteria (CTC) or Clavian-Dindo grade, EMA, European
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comparisons of short- and long-term outcomes between HIOC
regimens is impossible owing to diverse implementation of
parameters like temperature, duration, type, numbers and
combinations of chemotherapy agents, drug concentrations,
volume of perfusate fluid, nephroprotective agents, etc. Thus,
there is not yet a clinical consensus on a standardized HIOC
procedure, although there is a multi-institution, international
effort to define some basic working parameters (9). Aligned with
this effort to realize the clinical value of HIOC, is the current call
for acknowledging HIOC as a feasible practice to augment MPM
surgical resection and that it should be mentioned as a
therapeutic option in society guidelines, which will continue to
evolve as more data becomes available in future trials (12).

Critical review of the literature reveals only a few, if any,
basic science studies that lend to the fundamentals of HIOC
mechanism of action. In fact, the precise mechanism of
preferential drug delivery to cancer cells in the specific
context of HIOC remains unknown (13). The bulk of
experimental evidence purporting a rationale for using
HIOC as a drug delivery strategy is based on older
pharmacokinetic studies which inferred successful delivery/
unloading of agent from concentration differences across
tissue (chest wall or lungs) to perfusate content to the
measured plasma levels (6, 8, 14). The relative contribution
of temperature versus local drug dose to selectively kill cancer
cells remains obscure (13). In one of the very few MPM-
specific studies (in vitro) (15), the ongoing rationale to employ
HIOC in multimodality therapy of MPM was called into
question. When MPM cell lines were compared to other
types of cancer cell l ines, the MPM cells were not
particularly heat sensitive and cisplatin alone was less
effective. Importantly, the temperature of the perfusate did
not consistently match the actual internal temperature of
tissues/cells. Clinically relevant cancer cytotoxicity in this
study did not occur until temperature exceeded 45°C, which
is higher than temperatures commonly used in HIOC human
trials (namely 42°C) (9).

Povidone-Iodine
Povidone-iodine [PVP-I, poly-(1-vinyl-2-pyrrolidone)] is a
time-honored antiseptic agent commonly used throughout
clinical practices for handwashing, skin cleansing, and
irrigation/lavage of body cavities for disinfection (16, 17). Since
2004, a single European group has been assessing the impact of
adding hyperthermic PVP-I as an intraoperative adjuvant for
MPM patients undergoing PD followed by prophylactic
radiotherapy and later chemotherapy. The latest update on a
cohort of 102 patients encompassing all MPM histologies and
stages I-IV who received intraoperative PVP-I 10% (mixed with
5-6 L sterile water over 15 minutes total exposure time at 40 to
41°C) showed encouraging outcomes that continued to improve
from their previous reports when the cohort size was 36 and 54
patients (18). The median OS was 32 months, and 5-year survival
rate was 23.1%. Thirty-day mortality was nil and 30 patients
(29.4%) sustained postoperative complications. Despite
demonstrating feasibility and safety, further investigations of
Frontiers in Oncology | www.frontiersin.org 493
whether PVP-I use intrinsically impacts MPM outcomes and
whether there is any necessity for hyperthermia are warranted.

The basic scientific support for this clinical practice is based
on limited in vitro studies without any in vivo demonstration of
PVP-I-specific effects in cancer cells. It is generally thought in
human MPM cancer cell lines that PVP-I causes cellular
necrosis via reactive oxygen intermediates which might
contribute to stimulating anti-tumor inflammatory reactions
(19, 20). One in vitro study showed that the necrotic phenotype
(< 1% cell viability) was evident at 0.01 to 0.1% PVP-I
concentration by 7.5 minutes post-exposure, without further
improvement at longer exposures times up to 48 hours (20).
Another in vitro study showed that sarcomatoid cells required a
higher PVP-I concentration of 1% for cell killing while non-
sarcomatoid histologies exhibited similar cell killing effect at
the 0.1% concentration after a 10-minute incubation period
(19). In both studies, no hyperthermia was needed in their
experimental conditions. Moreover, cellular necrosis was a
non-specific effect with similar cell killing observed in the
MeT-5A “normal” pleural mesothelial cells (immortalized
with SV40 large T antigen) (21). Importantly, no further
experimental data were provided from animal studies or
other in vivo results. Recently, there is conflicting data
reported on the possible mechanism of cellular killing exerted
by normothermic (37°C) PVP-I where thymic epithelial cells
and MeT-5A were indiscriminately killed by cellular fixation
after 30 minutes of exposure (22). Why different cells/tissues
would die by distinctly different cellular mechanisms (cellular
fixation is not necrosis or apoptotic cell death) using the
identical PVP-I agent is perplexing.

Immunocytokines
The least explored intrapleural adjuvant strategy to date is the
direct use of immunomodulatory agents that can induce anti-
tumor effects. A phase II trial of 49 stage II-III MPM patients
explored the feasibility and efficacy of a unique four-modality
intervention, including immunotherapy (23). Patients underwent:
1) pre-operative intrapleural IL-2 infusion via pigtail 12Fr catheter,
2) PD procedure, 3) post-operative sequential intrapleural
chemotherapy followed with IL-2 infusions, and 4) adjuvant
chemoradiotherapy plus long-term subcutaneous IL-2. Median
OS reached 26 months without any operative fatality. Since then,
there have not been more similar-minded studies in MPM.

Overall, this was a complicated clinical regimen. There was
not an abundance of convincing preliminary data to support all
elements of trial design, much less in combining them all.
Consequently, it has been difficult to discern why this trial was
conceived as such since there was not an easily recognized logical
step-building from previous trials. In fact, there was not a specific
hypothesis stated. The total length of treatment for enrolled
patients was never specified (at least 4 months from study entry
to the start of maintenance immunotherapy). The final outcomes
were difficult to discern, especially in being able to pinpoint
whether surgery, immunotherapy, chemotherapy, or radiation
(and in what order: pre-, intra-, post-operative) was most
beneficial. The role of immunotherapy as an intrapleural
May 2022 | Volume 12 | Article 886430
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adjuvant remains undefined, yet should be revisited now in the
context of approved frontline use of immune checkpoint
inhibitors in certain scenarios of MPM (24).

Pre-clinical mechanistic studies directly warranting use of
intrapleural IL-2 therapy in MPM treatment are sparse. An in
vitro study demonstrated that IL-2 in combination with
lymphokine-activated killer cells could effectively lyse the
MPM cells whereas NK cells were ineffective (25, 26).
Extrapolation of in vitro results and success of cytokine
therapy in other solid tumors ultimately led to, for example, a
phase II MPM trial of intrapleural IL-2 as frontline monotherapy
(n = 22 patients) (27). Over one-half (55%) of the patients
showed at least a partial response with median OS of 18
months, but this was complicated by significant systemic
tox ic i t i e s . Subsequent ly , w ide spread adopt ion of
immunocytokines as part of a multimodal strategy never fully
materialized. The pharmacokinetics of (28) and the detailed
cellular mechanisms and all relevant cell effectors that are
induced by intrapleural IL-2 remain incompletely characterized
in vivo in the context of MPM.
DELIVERY VEHICLE CARRYING
THERAPEUTIC

Newer strategies for the delivery of intracavitary local therapy are
being developed and tested in pre-clinical models and human
trials. The broad aim is to achieve durable and effective
treatments against MPM by leveraging novel technologies to
specifically enhance cancer cell-targeted strategies. These drug
delivery depot systems (i.e., vehicle) encompass a variety of form-
factors such as drug-releasing gels, thin films, or nanoparticles. It
is anticipated that when these approaches mature, improved
clinical efficacy over intrapleural application of direct
therapeutics may be attained.

Cisplatin-Fibrin Gel
Building upon the clinical experience of pleural-directed drug
adjuvants to improve the local effect of MPM surgical resection,
therapeutic agents have been combined with delivery vehicles to
maximize local drug concentrations while limiting systemic
adverse events. Pre-clinical MPM studies demonstrated anti-
tumor efficacy using cisplatin combined with fibrin (gel)
delivered by an intracavitary injection technique (29, 30). The
intracavitary cisplatin-fibrin treatment increased local cisplatin
tissue concentrations while significantly reducing systemic
cisplatin distribution as compared to the chemotherapeutic
solution alone.

A phase I dose escalation trial followed, in which 12 non-
sarcomatoid MPM patients with mostly stages III-IV underwent
extended PD procedure (31). Cisplatin was mixed with patient
autologous plasma-derived fibrin which was prepared using the
Vivostat system (32) where the cisplatin-fibrin gel was sprayed
on pleural surfaces intraoperatively. The mortality rate at 30 and
90 days was 0% and four patients (33%) experienced major
morbidity. Median OS was 21 months with a median freedom
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from recurrence of 8 months, where 83% of patients recurred at
1-year post-operative. Based on tissues biopsies of the chest wall,
cytotoxic cisplatin concentrations (12-133 mg/g) were achieved
for all treatment dose levels. Moreover, drug levels remained
detectable in chest wall musculature for extended timepoints
(cytotoxic concentrations in one patient at day 74 and detectable
non-cytotoxic levels in another patient beyond 6 months of
therapy). Despite locoregional administration, cisplatin
distributed systemically and 10% to 27% of the total cisplatin
was excreted in the urine within the first 48 hours. Tissue
cisplatin levels were highly variable, not dose dependent.
Overall, this study demonstrated safety and feasibility of
cisplatin-fibrin gel, leading to initiation of a phase II trial.

However, many questions remain for further investigation.
How the fibrin interacts with cisplatin and specifically how it
forms a conjugate with cisplatin remains unknown because no
mechanistic data have been presented. Whether the fibrin has
any impact on the efficacy of cisplatin is unknown. Most
importantly, the mechanism of cisplatin release from fibrin still
needs to be investigated. These unknowns contribute to the lack
of dose-dependent cisplatin tissue levels and its high variability
as measured in each patient (i.e., inconsistent dose delivery).
Without this prerequisite knowledge, it remains uncertain
whether this delivery strategy will be able to selectively target
tumor cells/tissues and, thereby, be any more efficacious
compared to direct instillation of cisplatin. The off-target
effects of cisplatin-fibrin are concerning as reflected by the
urine excretion of systemic-leak cisplatin and its persistence in
deep tissues outside of the pleural surfaces where
MPM originates.

Hyaluronate Cisplatin Polymer Film
Hyaluronate (hyaluronan or hyaluronic acid) is a polysaccharide
of repeating units of D-glucuronic acid and (1-b-3) N-acetyl-D-
glucosamine with physiochemical attributes useful in drug
delivery strategies (33). Polymer flexible thin sheets of
hyaluronate loaded with cisplatin (HYALCIS) have thus been
applied in an orthotopic rat MPM recurrence model (after
pneumonectomy) to investigate efficacy and toxicity as
compared to direct cisplatin solution (34). Oddly, the cisplatin
level in rat pleural tissue at autopsy was lower in the HYALCIS
group compared to intrapleural cisplatin. Compared to direct
intrapleural cisplatin, significant cisplatin levels (6- to 7-fold
higher) were detected in plasma over an extended time (6 days).
Histologic and biochemistry tests did not reveal major systemic
toxicity in HYALCIS-treated mice. A follow-up pharmacokinetic
study in an ovine (non-tumor) pneumonectomy model treated
with 1% w/w HYALCIS films demonstrated the feasibility of
inserting large polymer sheets into an animal cavity and delivery
of relevant doses of cisplatin in vivo (35). Cisplatin concentrations
in diaphragm, parietal pleura, and pericardium were markedly
higher than those of intrapleural cisplatin solution and
intravenous cisplatin for up to 24 days. However, cisplatin levels
increased dramatically in plasma after treatments and continued
to persist at clinically relevant levels for over 21 days despite there
being no reported major systemic toxicities in treatment subjects.
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These pre-clinical results support the next step of human
trials that have yet to be conducted. Polymer films loaded with
cisplatin for intrapleural therapy have been approved by
regulatory agencies in Europe and the U.S. (e.g., Food and
Drug Administration). Nevertheless, many facets of this
technology remain obscure and could potentially predict
suboptimal outcomes in future clinical settings. This
methodology lacks a cancer-specific targeting mechanism.
None of the in vivo studies in MPM have directly traced the
fate of cisplatin once released from the hyaluronate film. Despite
no major systemic side-effects in animals, there remains concern
for treatment-related morbidity in humans considering the
significant higher plasma levels seen with HYALCIS. More
basic research is needed to understand the impact of the
hyaluronate-cisplatin complex (36) to improve release kinetics
and drug elimination rates. Furthermore, it remains unclear how
efficiently a polymer sheet would perform in non-
pneumonectomy situations which represent a more physically
challenging anatomic landscape to effectively coat. Uneven
application in areas where sufficient contact with certain
surfaces is more difficult to achieve (e.g., curved lung lobes)
may result in inconsistent drug delivery. Additionally, the
possibility of even higher systemic drug absorption and
secondary toxicity with the application of HYALCIS to the
lung remains unknown.

Expansile Nanoparticles
An alternative strategy to locoregional drug delivery can be
achieved with novel synthetic polymer nanoparticle carriers
(100 nm diameter) which swell upon exposure to acidic pH and
subsequently release their therapeutic cargo within 24 hours
(i.e., expansile nanoparticles, eNP) (37). A study using murine
MPM orthotopic xenograft models demonstrated that
macroscopic complete resection of tumor vis-à-vis
pneumonectomy followed by intrapleural multidose (3x)
treatment with paclitaxel-loaded eNP more than doubled
median OS (55 vs. 22 days) as compared to controls (38).
Ultraviolet light showed that intrapleural injection of
fluorescent-labeled paclitaxel-loaded eNP co-localized to
unresected tumor deposits (4 days post-treatment) and
immunohistology showed that the nanoparticle construct
further found its way into cancer cells. Thus, locoregional
nanoparticle drug delivery was feasible post-resection and
represents another potential strategy in multimodality
MPM treatment.

This study did not explain, however, why the paclitaxel-
loaded eNP remained intact once inside cancer cells in the co-
localization studies (both in vitro and in vivo). There were no
direct data to indicate the drug was properly unloaded
intracellularly, nor were there supporting results measuring
tissue levels of drug after injection of eNP. It will be interesting
to see this technology mature with the flexibility to load other
drugs that are known to have better intrinsic efficacy against
MPM. More research is needed to elucidate the mechanism of
eNP drug binding and the mechanism/kinetics of drug release as
it remains unknown at this time. Future studies will need to
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distinguish the cytotoxic effect of eNPs from the effects of
physical cell swelling, in addition to how eNPs preferentially
target cancer cells in vivo. Furthermore, the fate of how eNPs are
metabolized in vivo will have to be traced to assess for any off-
target systemic toxic side-effects.

Surface-Fill Hydrogel Nanocomposite
Recently, a new materials platform harnessing the compelling
therapeutic traits of microRNA (39) (miRNA or miR) that can
resolve some of the limitations of MPM intracavitary therapies
has been described. A novel biodegradable thin-film depot and
delivery material consisting of nanoparticles, prepared by
complexing amphiphilic cationic peptides (first polymer) with
negatively charged miRNA, which are then embedded into a
shear-thinning, self-assembling peptide (second polymer)
hydrogel, exerted preferential anti-cancer effects in several
murine MPM xenografts (40). This peptide-based surface-fill
hydrogel (SFH) nanocomposite can be applied directly to a body
cavity via percutaneous or surgical access by syringe injection or
sprayed to coat anatomic surfaces. After application, positively
charged peptide-miRNA spherical nanoparticles (~150 nm
diameter) are released over time from the net-positive charged
hydrogel matrix to adjacent tissues and taken up more selectively
by cancer cells [net-negative surface charge (41)]. The particle
surface charge state, its size, miRNA encapsulation efficiency,
and the peptide’s conformation are important for clathrin-
mediated cell entry and endosomal trafficking. Once
internalized, miRNA is released from the peptide nanoparticle
and capable of affecting cellular function.

Biodistribution analysis of different anatomic sites after
intrapleural treatment with miRNA-loaded SFH revealed that
the miRNA preferentially reached MPM cells without observable
delivery to other vital organs. The ability of SFH to deliver its
payload locally was further confirmed by the lack of detectable
miRNA in circulating plasma over a series of timed experiments.
A systematic histopathologic and biochemical analysis in the
murine models revealed no significant toxicities. Furthermore,
the efficacy of SFH with encapsulated miR-215 (42) or miR-206
(43) nanoparticles in a single administration were evaluated in
pre-clinical models of MPM. Tumor resection sites receiving
adjuvant SFH miR-215 or miR-206 therapy showed minimal
tumor recurrence compared to resection controls without
miRNA treatment (40).

Unlike the other modalities, this SFH delivery depot has a
precisely described mechanism for selective cancer cell killing
which is dependent on the local delivery route, biophysical
properties of the hydrogel, the deranged miRNA profile of the
tumor, and relative resilience of normal tissues to miRNA
perturbation (42). As this technology continues to mature, it will
be interesting to see if efficacy and/or durability can be improved
with augmentation such as using a cocktail of anti-MPMmiRNA or
novel drug and miRNA combinations. Potential drawbacks could
be the relative high cost of such biomaterials or the lack of pre-
existing infrastructure for large-scale manufacturing. Nevertheless,
novel biomaterials with cancer-selective effects represent a
promising MPM treatment strategy.
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DRUG-DEVICE COMBINATION

In contrast to single modality approaches, drug-device
combinations are inherently more complex owing to
requirements of drug/agent design in tandem with technology
and manufacturing innovations of the accompanying
device hardware.

Photodynamic Therapy
Photodynamic therapy (PDT) is a unique approach to treat
MPM that relies on wavelength-specific visible light generated
by a laser device focused on target tissues which have
accumulated light-absorbing photosensitizing agent (i.e., drug)
in the presence of oxygen. The localized interaction of these three
components induces a tumoricidal photochemical reaction to
produce reactive singlet oxygen leading to damage of the tumor
cell wall and neovasculature (44). After MPM resection, light
detectors are placed intracavitary to monitor light dose, light is
delivered by a hand-held laser fiber device that illuminates
surfaces where it is pointed towards while the chest cavity is
filled with light-dispersing intralipid solution (45). Multiple
factors can be adjusted to produce a desired cell killing effect
customizable to the clinical situation and anatomy of specific
patients including photosensitizer agent and dose, target tissue
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geometry, mode of light application, light source, irradiation
parameters (e.g., wavelength), interval between drug and light
illumination, etc. PDT can be administered repeatedly without
cumulative toxicity and does not hinder other therapies or could
be synergistic with certain specialized modalities. Depth of
penetration is limited by wavelength and typically 5 to 10 mm
of therapeutic effect can be achieved in clinical scenarios (46).

Since 1991, there have been 11 feasibility and safety trials,
three retrospective survival studies and two prospective trials
totaling 337 MPM patients who received intrapleural PDT
during multimodality therapy of MPM including macroscopic
complete resection (47). Since the trials were so heterogeneous
any firm conclusions about PDT and its specific effect on OS are
unrealistic. The lone phase III trial assessing PDT in MPM
patients with maximal debulking surgery found no difference
in median OS in PDT (14.4 months, n = 25 patients) versus no-
PDT (14.1 months, n = 23 patients), nor in disease-free survival
(8.5 months versus 7.7 months, respectively) (48). In contrast, a
non-randomized prospective study comparing 14 PD plus PDT
with hyperbaric oxygen patients versus 11 PD no-PDT patients,
demonstrated significantly improved median OS (15 versus 10
months, respectively) and recurrence incidence of 4/14 versus 8/
11, respectively (49). Neither study included enough patients to
reach statistical power. Use of a hyperbaric oxygenation chamber
TABLE 2 | Diverse mesothelioma treatment studies with a component of Intrapleural therapy.

Author Cohort
Size (N)

Study
Design

Surgery Epithelioid His-
tology

Neoadjuvant
Drug

Therapy

Pleural Therapy Timing Adjuvant
Therapy

DIRECT
THERAPEUTIC
Rusch et al. (7) 27 Phase II PD 70% (19/27) None Cisplatin + mitomycin Intraoperative Cisplatin +

mitomycin
Ratto et al. (8) 10 Phase I PD (6/10)

EPP (4/10)
Not specified None PD

- Cisplatin (3/10)
- Heated
cisplatin (3/10)

EPP
- Heated
cisplatin (4/10)

Intraoperative Radiotherapy

Burt et al. (10) 104 Phase I PD (41/104)
EPP (59/104)
Debulk (4/104)

PD: 71% (29/41)
EPP: 53% (31/59)
Debulk: 50% (2/4)

None Heated cisplatin + gemcitabine Intraoperative Discretionary
chemotherapy
radiotherapy

Klotz et al. (11) 71 Retrospective
cohort

Extended PD 77% (55/71) Cisplatin +
navelbine

or pemetrexed

Heated cisplatin + doxorubicin Intraoperative None

Lang-Lazdunski
et al. (17)

102 Phase I/II PD 72% (73/102) Cisplatin +
pemetrexed

Heated Povidone Iodine Intraoperative Radiotherapy
Cisplatin ±
pemetrexed

Lucchi et al. (22) 49 Phase II PD 80% (39/49) Intrapleural
Interleukin-2

Epidoxorubicin +
Interleukin-2

Postoperative †Cisplatin +
gemcitabine
+ Interleukin-2

DELIVERY
VEHICLE
Opitz et al. (30) 12 Phase I Extended PD 67% (8/12) Cisplatin +

pemetrexed
Cisplatin-fibrin gel Intraoperative None

DRUG-DEVICE
Pass et al. (47) 48 Phase III PD (23/48)

EPP (25/48)
69% (33/48) None Photodynamic therapy Intraoperative Cisplatin +

interferon-a 2b +
tamoxifen

Matzi et al. (48) 34 Phase II PD 62% (21/34) None Photodynamic therapy
Hyperbaric oxygen

Intraoperative None
May 2
022 | Volume 1
PD, Pleurectomy-decortication; EPP, extra-pleural pneumonectomy, †Postoperative radiation was administered prior to adjuvant chemo-immunotherapy.
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is logistically self-limiting and unlikely to be widely adopted in
hospitals. There is, nevertheless, good demonstration of PDT
safety and feasibility by different institutions as well as
tolerability with overall low toxicity in modern regimens. More
clinical insight on the role for PDT is awaited as there is an
ongoing randomized phase II trial of radical PD with or without
intraoperative PDT (NCT02153229).

With apparent lack of superior efficacy over other local
ablation strategies, more basic investigations are necessary to
improve upon inherent shortcomings of this technology in the
context of cancer surgery. The chest cavity geometry is a very
challenging location to ensure even and consistent irradiation of
light, especially when the intralipid solution cannot entirely fill
up the chest during surgical procedures. More innovation is
needed in devices to deliver PDT. Anticancer effects are
dependent on oxygen levels in close proximity to tumor tissue,
but the MPM microenvironment is characteristically hypoxic
(50). Even more challenging is how to ensure co-localization of
the photosensitizer agent along with molecular oxygen in critical
subcellular organelles (e.g., mitochondria) to take full advantage
of the cytotoxic effects of singlet oxygen. Most importantly, there
is need for preferential cancer cell-specific targeting of
systemically administered photosensitizer. The photosensitizers
currently in use assume there is an enhanced permeability and
retention effect that occurs in tumors, but this phenomenon has
been called into question (51).
CONCLUSIONS

MPM remains a fatal disease in need of highly effective therapeutic
agents and strategies. Macroscopic complete resection as part of
multimodality care certainly can contribute to positive outcomes.
However, verifying a direct effect and quantifying the relative
merit of surgical resection when used in a multimodality treatment
scheme has been elusive. The lack of good clinical outcomes in
MPM therapy is impacted by numerous heterogeneous factors
including, for example: extent of surgical resection (EPP vs. PD),
tumor histology (e.g., epithelioid vs. sarcomatoid), systemic
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therapy (neoadjuvant vs. adjuvant, etc.), and how the
interventions are employed in a sequence. Such clinical
parameters add complexity to the process of study designs best
equipped to demonstrate direct benefits of pleural-directed
adjuncts in MPM therapy (Table 2). Yet, an emerging trend is
that pleural-directed adjuncts for control of microscopic residual
disease (R1 margin) are a promising group of approaches that
merit further investigation and development. Despite direct
instillation of chemotherapy drugs being the most widely used,
data from large, randomized trials are not available to guide
clinical practices according to any standardized technique. It is
likely that other novel drug-device combinations may be described
in the near future that can address some of the major limitations of
PDT, which has been largely underutilized. The most promising
class of adjuncts dependent on a vehicle carrier to deliver local
therapeutics is likely to receive more attention as biomedical
technologies improve.
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Introduction: Malignant pleural mesothelioma (MPM) is a lethal cancer for which early-
stage diagnosis remains a major challenge. Volatile organic compounds (VOCs) in breath
proved to be potential biomarkers for MPM diagnosis, but translational studies are needed
to elucidate which VOCs originate from the tumor itself and thus are specifically related to
MPM cell metabolism.

Methods: An in vitromodel was set-up to characterize the headspace VOC profiles of six
MPM and two lung cancer cell lines using thermal desorption-gas chromatography-mass
spectrometry. A comparative analysis was carried out to identify VOCs that could
discriminate between MPM and lung cancer, as well as between the histological
subtypes within MPM (epithelioid, sarcomatoid and biphasic).

Results: VOC profiles were identified capable of distinguishing MPM (subtypes) and lung
cancer cells with high accuracy. Alkanes, aldehydes, ketones and alcohols represented
many of the discriminating VOCs. Discrepancies with clinical findings were observed,
supporting the need for studies examining breath and tumor cells of the same patients
and studying metabolization and kinetics of in vitro discovered VOCs in a clinical setting.

Conclusion: While the relationship between in vitro and in vivo VOCs is yet to be
established, both could complement each other in generating a clinically useful breath
model for MPM.
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1 INTRODUCTION

Malignant pleural mesothelioma (MPM) is a rare and lethal
thoracic cancer, arising from the mesothelial cells lining the
lungs and chest wall. A clear causal relationship has been
established between asbestos exposure and MPM development
(1). Although the use of asbestos was banned in most Western
countries many years ago, the incidence of MPM is expected to
increase during the next years in numerous countries due to the
long latency period (of up to 50 years) between first exposure and
the onset of symptoms (1, 2). Moreover, people who have been
exposed to asbestos are also at higher risk of developing lung
cancer, which even increases synergistically when combined with
tobacco smoke exposure (3).

With a five-year survival rate of less than 5%, prognosis for
MPM remains very poor (4). MPM is classified into three major
histological subtypes (epithelioid, sarcomatoid and biphasic)
with a non-epithelioid histology being an unfavorable
prognostic factor (5). One of the major challenges concerning
this type of cancer is its early-stage diagnosis. The delayed onset
of (non-specific) symptoms causes MPM to be mainly diagnosed
in an advanced stage, which limits curative treatment options.
The diagnostic process can be complex, as radiological findings
represent a wide range of manifestations and may mimic lung
cancer, for example, requiring histopathological confirmation to
reach a definite diagnosis (5, 6). With standard-of-care
combination chemotherapy, median survival in selected
patients is around 13 months, which can be modestly
improved up to 18 months with either the addition of the anti-
angiogenic agent bevacizumab or dual immunotherapy with
ipilimumab and nivolumab (7). Diagnosing MPM in an earlier
stage is hypothesized to improve patient survival (8). It is
therefore important to develop reliable early diagnostic tools,
which are currently lacking, that would allow screening and
surveillance of individuals who have been exposed to asbestos
(9). Although much effort has been put into finding suitable
blood biomarkers such as mesothelin, high-mobility group box
protein 1 and fibulin-3, this has not yet led to a clinically useful
one (10).

The analysis of exhaled breath on the other hand, is an
emerging research field in this quest for reliable, early-stage
biomarkers. Several clinical studies have proven that volatile
organic compounds (VOCs), present in breath, could adequately
distinguish MPM patients from asbestos-exposed control
groups, which was also demonstrated in our previous work
(11–15). However, the clinical implementation of these VOC-
based diagnostic models is hampered due to the lack of
validation and biological translation studies. To gain
knowledge about the biochemical origin and metabolization of
these VOC biomarkers, it is crucial to investigate VOC
production at the cellular level (16). By studying pure
populations of tumor cells, the contribution of tumor-
associated stromal cells (e.g. immune infiltrates, fibroblasts) or
the microbiome (bacterial, fungal or others) to VOC profiles can
be eliminated, making it easier to identify which VOCs are truly
tumor cell-derived. Additionally, in vitro VOC research allows
investigation of potential biomarkers while bypassing
Frontiers in Oncology | www.frontiersin.org 2101
confounding factors that could influence (breath) VOC profiles
in clinical settings (age, diet, medication use, smoking status etc.)
(16). Hence, an in vitro approach makes it possible to pinpoint
specific tumor cell-derived VOCs, which can improve the
current discriminative models. Presently there are many of this
type of in vitro studies for lung cancer (17), but for MPM these
are sparse as only two studies reported data on in vitro headspace
analysis of MPM cells (18, 19).

To learn more about the cellular origin of breath VOCs, the
goal of this study was to analyze and characterize the VOC
profiles in the headspace of six different MPM cell lines,
representing the three major histological subtypes of MPM
(epithelioid, sarcomatoid and biphasic), and two lung cancer
cell lines, using thermal desorption-gas chromatography-mass
spectrometry (TD-GC-MS). A comparative analysis was carried
out to identify VOCs that could discriminate between MPM and
lung cancer, as well as between the histological subtypes within
MPM. This approach could discover compounds that arise from
MPM cells and have the potential to be diagnostic or, in
extension, even prognostic MPM biomarkers.
2 MATERIALS AND METHODS

2.1 Cell Culture
Six different human MPM cell lines were used, representing the
major histological subtypes of MPM: two sarcomatoid (NCI-
H2731 and H-MESO-1), two epithelioid (NCI-H2795 and NCI-
H2818) and two biphasic (NKI04 and MSTO-211H)
(Supplementary Figure S1A). To assess the specificity of the
VOCs, two non-small cell lung cancer (NSCLC) cell lines (NCI-
H2228 and NCI-H1975), representing the most common type of
lung cancer, were also included. The NCI-H2731, NCI-H2795,
NCI-H2818 and NKI04 cell lines were kindly provided by Prof.
Dr. Paul Baas from the Netherlands Cancer Institute (NKI,
Amsterdam, The Netherlands). The MSTO-211H, NCI-H2228
and NCI-H1975 cell lines were purchased from ATCC
(Manassas, Virginia, USA). The H-MESO-1 cell line was
purchased from CLS Cell Lines Service GmbH (Eppelheim,
Germany). All cell lines tested negative for mycoplasma
contamination through routine testing.

All cell lines were cultivated under standard conditions at 37°C
and 5% CO2. NCI-H2818, NCI-H2795, NCI-H2731 and NKI04
cells were grown in DMEM/F-12 Glutamax™ supplemented with
10% fetal bovine serum (FBS), penicillin (100 000 units/L) and
streptomycin (100 mg/L). H-MESO-1, MSTO-211H, NCI-H2228
and NCI-H1975 cells were grown in RPMI 1640 supplemented with
10% FBS, penicillin (100 000 units/L), streptomycin (100 mg/L) and
L-glutamine (2 mM). Upon reaching 70-90% confluence, the cells
were harvested with 0,05% trypsin and seeded in new culture flasks
to increase the number of cells.

Before sampling, the cells were seeded in 175 cm2 culture
flasks and incubated for exactly 48 hours. The seeding ratio was
determined from the growth rate of the different cell lines, so
confluence would be reached after the 48-hour incubation
period. Culture flasks with blank medium (complete DMEM/
May 2022 | Volume 12 | Article 851785
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F-12 Glutamax™ or RPMI 1640), incubated under the same
experimental conditions, were used as controls. At least five
replicates of each histological subtype and control type
were used.

2.2 Headspace Sampling
Sampling was performed in a laminar flow cabinet to minimize
environmental contamination. Headspace VOCs were collected
on Tenax®GR sorbent tubes (Markes, Llantrisant, UK), after the
48-hour incubation period, by drawing the headspace air
through the sorbent tube at a flow rate of 100 ml/min for 16
min (Supplementary Figure S1B). After sampling, the tubes
were immediately sealed with brass storage caps fitted with PTFE
ferrules and stored in a glass container, protected from air and
light. Prior to sampling, these sorbent tubes were conditioned for
one hour at 300°C while being flushed with helium (50 ml/min)
and loaded with 10.8 ng toluene-d8 as internal standard (20).
Immediately after sampling, both cell number and viability in
each culture flask were assessed using the trypan blue exclusion
method (TC20™ automated cell counter, Bio-Rad).

2.3 VOC Analysis by TD-GC-MS
After sampling, headspace VOCs were desorbed from the
Tenax®GR sorbent tubes using a Unity series 2 Thermal
Desorption system (Markes, Llantrisant, UK). First, the sorbent
tubes were dry purged for 4 min at 20 ml/min to remove any
water and pre-purged with helium for 2 min at 20 ml/min to
remove any air which could cause oxidation. Next, the VOCs
were desorbed from the tubes by heating them to 260°C for 10
min under a helium flow of 20 ml/min. The analytes were then
refocused on a cooled microtrap (-10°C) filled with 29 mg
Tenax®TA 35/60 and 28.3 mg Carbograph 1TD 40/60 sorbent.
The microtrap was desorbed by flash-heating at 280°C for 3 min.
The analytes were then carried to the capillary GC column by a
helium-flow, after spl i t t ing the flow at 10 ml/min
(Supplementary Figure S1C). The flow path was heated to
130°C. The GC (Focus GC, Thermo Scientific, Milan, Italy)
contains a 30 m FactorFour VF-1ms low bleed bounded phase
capillary GC column (Varian, Sint-Katelijne-Waver, Belgium;
100% polydimethylsiloxane, internal diameter 0.25 mm, film
thickness 1 µm). The temperature of this column was adjusted in
four steps: initially, the temperature was set at 35°C during the
first 10 min after injection. Next, the temperature started to
increase with 2°C/min until a temperature of 60°C was reached.
Subsequently, the temperature was increased to 170°C at
8°C/min and finally to 240°C at 15°C/min which was maintained
for 10 min. The transfer line to the mass spectrometer was heated
to 240°C. The DSQII Single Quadrupole mass spectrometer
(Thermo Scientific, Austin, TX, USA) uses electron ionization
(70 eV). Ions with a mass-to-charge (m/z) ratio from 29 to 300
were recorded in full scan mode (200 ms/scan).

2.4 Data Processing and
Statistical Analysis
Chromatograms and mass spectra were processed using Thermo
XCalibur 2.2 software. Compounds were tentatively identified
based on their retention time, fragmentation patterns and
Frontiers in Oncology | www.frontiersin.org 3102
spectral match with the National Institute of Standards and
Technology (NIST) Mass Spectral (MS) search V2.0 database.
The internal standard toluene-d8 was used to correct for
variability in TD-GC-MS performance. Hence, the peak area
relative to the internal standard (RPA) was determined for every
compound and used for further processing. The quality of the
dataset was examined by checking the reproducibility of the
replicates. Compounds with a relative standard deviation
exceeding 30% in ≥60% of the sample types were discarded
(21). Internal standard-based normalization and scaling to unit
variance were applied to the data prior to statistical analysis.

Statistical analysis was performed using R software with the R
Studio interface. Before comparing the VOC profiles of the
different cell lines, a background correction was applied to
correct for the background signals originating from the two
cell culture media (full DMEM/F-12 Glutamax™ and RPMI
1640 medium) and cell culture flasks used (22). This was done by
subtracting the average RPA of each VOC of the corresponding
media samples (control samples) from the RPA of each cell
culture sample. Next, unsupervised methods were applied
including principal component analysis (PCA) and hierarchical
clustering analysis (HCA) to explore the data. Differences in
VOC profiles between sample types were investigated using the
supervised method least absolute shrinkage and selection
operator (lasso) regression. Different lasso classification models
were created: (1) MPM versus lung cancer (one model), (2)
MPM histological subtypes versus lung cancer (three models)
and (3) MPM histological subtype versus MPM histological
subtype (three models). The glmnet R-package (v2.0-2) was
used for fitting binominal lasso logistic models. The
constructed discrimination models were validated by leave-
one-out cross-validation. For visualization, receiver operating
characteristic (ROC) curves were created followed by estimation
of the model characteristics [sensitivity, specificity, accuracy and
area under the curve (AUCROC)] with their 95% confidence
intervals. Furthermore, the number of times (folds) a VOC was
selected by the lasso regressions was also determined. Variables
were considered as important in the discrimination when
selected in a large proportion of folds (>80%).
3 RESULTS

3.1 Cell Viability
The average viability (%) and number of viable cells (± standard
deviation) of the six MPM and two NSCLC cell lines are shown
in Table 1. The average cell viability ranged from 87.2 ± 13.3% to
100 ± 0.0%, showing that cell culture conditions did not
substantially affect the viability of the cells. The released VOCs
thus mainly come from living cells, reflecting the normal
metabolism of the analyzed cell lines.

3.2 Headspace VOC Profiling
3.2.1 Data Exploration: PCA and HCA
In total, 277 VOC peaks were selected in the obtained
chromatograms of which 77 could be identified. These 77
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identified compounds could be assigned to eleven different
chemical classes: alcohols, aldehydes, aliphatic hydrocarbons,
aromatic hydrocarbons, esters, halogenated compounds,
ketones, nitrogen compounds, siloxanes, sulphides and
terpenes (Supplementary Table S1). The unidentified
compounds were named according to their retention time (e.g.
RT_17.65). For thirteen of the 277 VOCs, the relative standard
deviation of their RPA exceeded 30% in ≥60% of the sample
types, indicating low stability over the replicates. Therefore, they
were disregarded in further analysis.

After pre-processing and background correction,
unsupervised data exploration was performed by PCA and
HCA to visualize the differences between the VOCs present in
the headspace of the various cell lines. The largest variation in the
samples is explained by PC1 (44.8%), with PC2 and PC3
explaining an additional 12.9% and 9.8% of the total variation
in the data respectively (Figure 1). Although some overlap is
seen between a few individual cell lines, indicating partial
similarity between the VOC profiles, some separation could
still be observed, meaning there are also differences in VOCs
(Figure 1A). When the cell lines of the same histology are
pooled, the groups are closer together and more overlap can be
observed, but the separation is still noticeable (Figure 1B).

In the hierarchically clustered heatmap, the VOC profiles
tend to naturally cluster together per cell line, demonstrating that
each cell line generated a distinct VOC profile (Figure 2). Only
the cell lines NCI-H2818 and MSTO-211H are more dispersed
and show a larger spread around their centroid in the PCA plot,
which indicates more variation between the replicates.
Remarkably, no clustering could be observed between the two
cell lines of the same histological subtype of MPM or lung cancer.

3.2.2 Classification Modeling: Lasso Regression
To identify differentially profiled VOCs between the different cell
types, supervised statistical methods can be applied. We used
lasso regression to create seven different classification models.
The characteristics of the models as well as the selected
discriminating VOCs are listed in Table 2. The associated
ROC curves are shown in Figure 3.

MPM and lung cancer cells could be clearly differentiated,
resulting in 97.0% accuracy, 80.0% sensitivity and 100%
specificity. The area under the constructed ROC curve
(AUCROC) was 0.964. Twenty-four VOCs were found to be
Frontiers in Oncology | www.frontiersin.org 4103
important in this discrimination, of which propylbenzene and
trichloromethane could be identified.

New lasso models were constructed for the pairwise
comparisons between the three major histological subtypes of
MPM and lung cancer. Epithelioid and biphasic MPM cells could
be discriminated perfectly from the lung cancer cells with 100%
sensitivity, specificity, accuracy and an AUCROC of 1.000.
The sarcomatoid subtype of MPM was less distinguishable from
lung cancer, with 70.0% sensitivity, 60.0% specificity, 66.7%
accuracy and an AUCROC of 0.740. The identified VOCs,
selected as discriminatory in at least one of the three pairwise
comparisons, are; 1-propanol, 1,2,4-trimethylcyclopentane, 1,3-bis
(1,1-dimethylethyl)benzene, 2-butanol, 2-methylbutanal,
2-otanone, 3,3-dimethyl-2-butanone, 3-hexanone, 3-undecanone,
5-methyl-3-heptanone, benzaldehyde, cyclohexane, dichloromethane,
dodecane, ethylcyclohexane, methylcyclopentane, n-decane, nonanal,
n-undecane, pentanal and tetradecane.

To find out whether a differentiation between the different
histological subtypes of MPMwas also possible, the VOC profiles
of the three subtypes were compared to each other. All three
subtypes could be differentiated from each other with high
sensitivity, specificity and accuracy values (ranging from 90 to
100%) with epithelioid MPM being most distinguishable from
biphasic MPM. The identified VOCs that contributed most to at
least one of these differentiations are; 2,2,4,4-tetramethyloctane,
3-methylpentane, 2,3-dimethylpentane, 2-propanol, 5-methyl-3-
heptanone, benzene, butanal, dichloromethane, dodecane, ethyl
acetate, ethylcyclohexane, hexanal, n-decane, n-undecane,
pentanal, isopropyl nitrate, propylbenzene, propyl nitrate,
styrene and tetradecane.
4 DISCUSSION

Clinical studies focusing on VOC biomarkers for MPM have
demonstrated the great potential of VOC analysis as a non-
invasive, simple and easy-to-use diagnostic tool (11). However,
the pathophysiological mechanisms behind alterations in VOC
levels are still largely unknown, hampering implementation in
clinical practice. In this regard, analysis of MPM cell lines could
provide valuable insights into the origin of VOCs and their link
to the pathogenesis of MPM, filling in the gaps that still exist
today. To our knowledge, we present the first study to report in
TABLE 1 | Average cell viability (%) and number of viable cells (x106) of the replicates of the different cell lines after 48 hours of incubation [n=5, except for NKI04 (n=3),
NCI-H2228 (n=3) and NCI-H1975 (n=2)].

Cell line Cell type Average viability (%) Average number of viable cells (x106)

H-MESO-1 Sarcomatoid MPM 98.4 ± 0.5 21.3 ± 3.4
NCI-H2731 Sarcomatoid MPM 98.0 ± 2.9 6.8 ± 2.0
NCI-H2795 Epithelioid MPM 98.8 ± 0.8 6.1 ± 1.3
NCI-H2818 Epithelioid MPM 87.2 ± 13.3 7.6 ± 0.7
MSTO-211H Biphasic MPM 99.0 ± 1.0 5.8 ± 1.9
NKI04 Biphasic MPM 99.3 ± 1.2 3.0 ± 0.5
NCI-H2228 NSCLC 100 ± 0.0 9.8 ± 1.7
NCI-H1975 NSCLC 99.0 ± 0.0 6.0 ± 0.6
MPM, malignant pleural mesothelioma; NSCLC, non-small cell lung cancer.
Average values are presented with their standard deviation.
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vitro VOC analysis data of all three histological subtypes of
MPM. Moreover, this is the first study to identify differential
VOCs between MPM and lung cancer cells.

Unsupervised analysis of the TD-GC-MS data showed a clear
visual separation between the different cell lines, revealing
differences in the VOC profiles generated by the MPM and
lung cancer cells (Figure 1). Furthermore, the hierarchically
clustered heatmap did not show any cell culture media-based
clustering, indicating the effectiveness of the applied background
correction (Figure 2). Surprisingly, neither both cell lines of the
same histological subtype of MPM nor both lung cancer cell lines
did seem to cluster very closely together, implying that each
individual cell line generates a unique VOC profile. These
observations are in line with the findings of Peled et al. (23),
who observed differences in VOC profile between individual lung
cancer cell lines from the same histological subtype, but with
different genetic mutations, including both lung adenocarcinoma
cell lines used in our study. It is therefore possible that our
observed differences are also caused by genetic variation.

Many of the discriminative VOCs that are identified in
studies concerning a specific type of cancer are also described
in studies involving other cancer types (24–26). Therefore,
comparison between different types of cancer is of utmost
importance to pinpoint VOC profiles that are specific for the
tumor of interest and are not just related to cancer in general
(24). This was addressed in our study by discriminating MPM
and lung cancer cells with 97% accuracy (Table 2). Only
Gendron et al. (18) previously described the distinction
Frontiers in Oncology | www.frontiersin.org 5104
between an MPM cell line and lung cancer cell lines, using
eNose. However, no individual VOCs were identified and no
performance characteristics were reported in their study,
allowing no direct comparison. With 97% accuracy, our in
vitro model even outperformed the in vivo situation where
MPM patients could be discriminated from lung cancer
patients with only 72% accuracy (13). Such an accurate
distinction between two types of thoracic malignancies
emphasizes the difference in metabolic profile which is
important for the clinical utility of VOCs as biomarkers for
differential diagnosis. Twenty-four VOCs were found to be
important in this in vitro discrimination, of which only
propylbenzene and trichloromethane could be identified.
Propylbenzene has been previously described as a possible
biomarker for lung cancer both in vitro and in vivo (27, 28).
This is the first time a significant difference in propylbenzene
abundance between MPM and lung cancer cells is reported,
demonstrating the potential of this compound as discriminator.
The second compound, trichloromethane, has already been
identified as possible breath biomarker to discriminate MPM
patients from asbestos-exposed individuals in a clinical study
(14). This in vitro observation confirms a possible relationship
between this compound and MPM. However, since
trichloromethane could also be a solvent contamination, its
interpretation should be done carefully and requires
further investigation.

Regarding the subtypes of MPM, both epithelioid and
biphasic MPM cells could be discriminated from the lung
A B

FIGURE 1 | Outcome principal component analysis (PCA). (A) Three-dimensional PCA plot of all analyzed cell lines. Colors of the cell lines: light/dark green =
epithelioid MPM; red/brown = sarcomatoid MPM; yellow/orange = biphasic MPM; dark/light blue = lung cancer. (B) Three-dimensional PCA plot of the MPM
subhistologies and lung cancer. PCA reduces the large number of variables to a few principal components (PCs), which account for the most variation in the data.
As the first three PCs account for most of the variation, the three-dimensional PCA plot shows clusters of samples based on their similarity. Consequently, the more
distant the samples are, the more they differ (according to the variation explained by the axes). The symbols indicate the centroids of the sample replicates.
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cancer cells with 100% accuracy (Table 2). The distinction
between the sarcomatoid subtype and lung cancer appeared to
be less clear with an accuracy value of 66.7%, suggesting that
these cell types have a more similar volatile fingerprint which
may result from the activity of similar pathways. However, as the
epithelioid and biphasic subtype account for approximately 90%
of all MPM cases, a correct distinction between lung cancer and
the two most prevalent subtypes is a promising outcome (5).

Alkanes and aldehydes represent many of the discriminatory
VOCs when comparing MPM histological subtypes with lung
cancer. These compounds can result from cell membrane
phospholipid peroxidation, caused by the large amount of
radicals produced in the tumor cells (oxidative stress) (29). It
has been stated that the phospholipid composition of lung cancer
cells is different compared to non-malignant cells, implying that
lipid peroxidation may cause production of cancer-specific VOC
profiles (30). Some of the selected compounds like n-undecane,
pentanal, n-decane and methylcyclopentane have already been
identified in other studies as lung cancer biomarkers, confirming
their possible discriminatory properties (28, 31). In one of our
Frontiers in Oncology | www.frontiersin.org 6105
previous studies, methylcyclopentane was even selected as
potential biomarker for MPM when comparing exhaled breath
from patients with that of asbestos-exposed persons, suggesting
that the concentration of this compound might differentiate
between at-risk controls, MPM patients and lung cancer
patients (14). Additionally, different ketones are among the
selected discriminators, which is not unexpected as they are
known to be related to the increased oxidation rate of fatty acids
during carcinogenesis. Furthermore, in many cancer types a
significantly higher activity of alcohol dehydrogenase is
observed, which oxidizes alcohols to ketones (24).

Differentiation between the three MPM subtypes could also be
achieved with high accuracy (ranging from 90 to 100%), (Table 2).
Since the epithelioid and sarcomatoid subtype are associated with
the best and worst prognosis respectively, determining VOCs in
exhaled breath could potentially have a prognostic value (5). To
date, no clinical studies have been carried out comparing the breath
VOC profile of MPM patients with different histological subtypes,
since MPM is a rare disease and the epithelioid subtype is the most
prevalent. Little et al. (19) are the only other group, besides Gendron
FIGURE 2 | Hierarchically clustered heatmap showing the result of hierarchical clustering analysis (Manhattan distance, Ward’s linkage) for all cell culture samples.
VOC relative peak areas are shown in a color gradient, with blue colors indicating less produced VOCs (or more consumed VOCs in the case of negative
background-corrected values) compared to the average of all samples (i.e. columns), while red colors indicate the exact opposite. Colors of the cell lines: light/dark
green = epithelioid MPM; red/brown = sarcomatoid MPM; yellow/orange = biphasic MPM; dark/light blue = lung cancer.
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TABLE 2 | Characteristics of the discrimination models created with least absolute shrinkage and selection operator (lasso) regression and their 95% confidence interval.

NSCLC MPM histological subtype versus subtype

Biphasic MPM
versus NSCLC

Epithelioid versus
sarcomatoid MPM

Sarcomatoid versus
biphasic MPM

Biphasic versus
epithelioid MPM

8 versus 5 10 versus 10 10 versus 8 8 versus 10

100 (68.8-100) 90.0 (59.7-99.5) 100 (68.8-100) 100 (68.8-100)
100 (54.9-100) 90.0 (59.7-99.5) 90.0(59.7-99.5) 100 (74.1-100)
100 (79.4-100) 90.0 (70.8-98.3) 94.4 (75.6-99.7) 100 (84.7-100)

1.000 (1.000-1.000) 0.940 (0.820-1.000) 0.962 (0.850-1.000) 1.000 (1.000-1.000)
1-propanol, 1,2,4-

ethylcyclopentane, 1,3-bis
-dimethylethyl)benzene, 2-
tanol, 2-methylbutanal, 2-
otanone, 3,3-dimethyl-2-
utanone, 3-hexanone, 3-
ndecanone, 5-methyl-3-
eptanone, benzaldehyde,
lohexane, dichloromethane,
decane, ethylcyclohexane,
nanal, RT_7.73, RT_13.51,
_17.82, RT_22.30_CH16,
RT_23.43, RT_24.13,
RT_26.88, RT_28.30,
RT_29.15, RT_31.79,
RT_33.04, RT_33.35,
RT_33.99, RT_34.29,
RT_35.57, RT_36.39,
RT_36.70, RT_37.76,
RT_39.65, RT_39.91,
RT_40.77, RT_41.03,
RT_42.00, RT_42.49

3-methylpentane,
ethylcyclohexane,

hexanal, n-undecane,
isopropyl nitrate,

tetradecane, RT_17.65,
RT_29.63, RT_31.84,
RT_33.59, RT_37.09,
RT_38.71, RT_42.49

2,2,4,4-tetramethyloctane,
5-methyl-3-heptanone,

benzene, butanal,
dichloromethane, n-

undecane, pentanal, propyl
nitrate, RT_7.94, RT_18.03,

RT_20.70, RT_22.91,
RT_24.01, RT_26.28,
RT_27.61, RT_29.15,
RT_31.45, RT_32.00,
RT_33.16, RT_34.36,
RT_36.24, RT_36.93,
RT_37.66, RT_38.47,
RT_39.21, RT_39.91,
RT_40.77, RT_41.48,

RT_42.53

2,2,4,4-tetramethyloctane,
2,3-dimethylpentane, 2-
propanol, 5-methyl-3-
heptanone, benzene,

butanal, dichloromethane,
dodecane, ethyl acetate, n-

decane, n-undecane,
pentanal, propylbenzene,
propyl nitrate, styrene,
tetradecane, RT_7.94,
RT_17.65, RT_18.03,

RT_20.70,
RT_22.30_C8H16,

RT_22.91, RT_24.01,
RT_25.66, RT_26.28,
RT_27.61, RT_29.15,
RT_31.45, RT_32.00,
RT_33.16, RT_34.23,
RT_34.36, RT_36.09,
RT_36.24, RT_36.93,
RT_37.66, RT_38.47,
RT_38.93, RT_39.21,
RT_39.91, RT_40.77,
RT_41.48, RT_42.30,

RT_42.53

C, non-small cell lung cancer; RT, retention time; VOC, volatile organic compound.
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MPM versus NSCLC MPM histological subtype versus

Epithelioid MPM
versus NSCLC

Sarcomatoid MPM
versus NSCLC

N 28 versus 5 10 versus 5 10 versus 5

Sensitivity % 80.0 (33.5-99.0) 100 (74.1-100) 70.0 (38.0-91.7)
Specificity % 100 (89.9-100) 100 (54.9-100) 60.0 (18.3-92.6)
Accuracy % 97.0 (86.0-99.9) 100 (81.9-100) 66.7 (40.1-86.6)
AUCROC 0.964 (0.871-1.000) 1.000 (1.000-1.000) 0.740 (0.460-0.960)
VOCs propylbenzene,
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RT_13.77,
RT_17.14_C6H12O6,
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et al., that analyzed the headspace of MPM cells. They compared
one biphasic MPM (MSTO-211H), one epithelioid MPM (NCI-
H28) and one non-malignant mesothelial (MET-5A) cell line using
solid-phase microextraction GC-MS (19). They identified 2-ethyl-1-
hexanol to be significantly increased in both MPM cell lines
compared to the non-malignant cell line. In addition, ethyl
propionate and cyclohexanol were seen to be specifically
increased in the biphasic MPM cell line, while dodecane was only
increased in the epithelioid MPM cell line. In line with these
findings, dodecane was also selected in our study as an important
discriminator between biphasic and epithelioid MPM, suggesting a
potential role as subtype-specific marker. However, dodecane was
also found to be related to lung cancer and breast cancer in other
studies, implying it could also be a more general cancer marker (27).

Our study has several strengths compared to the previous studies
analyzing the headspace of MPM cells. Firstly, to cover the natural
heterogeneity of the disease, we included six different MPM cell
lines of different histological subtypes, rather than replicates of only
one or two cell lines. Differences in number of cells were to be
expected due to differences in cell size and growth rate, which is why
we opted for obtaining equal metabolic surface areas after the
incubation period, rather than an equal number of cells. Secondly,
unlike many other VOC studies, we have chosen not to rule out
unidentified compounds since these could also be important
discriminators. This is demonstrated by the considerable number
of unidentified VOCs selected by the regression models. This
number indicates that there is still room for improvement of
analytical techniques to achieve maximum VOC identification,
which should certainly be addressed in future research. Lastly,
given the high number of VOCs that are present in human
matrices and the fact that numerous VOCs seem to be of
importance in different diseases, a VOC panel rather than a single
biomarker should be used for MPM diagnosis (11). By performing
multivariate statistics, the optimal combination of VOCs (VOC
Frontiers in Oncology | www.frontiersin.org 8107
patterns) is selected to distinguish the indicated groups. This is a
more suitable approach than applying univariate statistics, as
applied by the group of Little (19), which focusses on individual
VOCs that may lack specificity when it comes to other diseases (32).
It is important to further validate these identified VOC profiles by
involving a wider range of diseases.

Several clinical studies proposed different VOCs as breath
biomarkers for MPM, however, only limited overlap is seen with
our in vitro results (13–15, 33, 34). These discrepancies between
in vitro and in vivo findings can be the result of changes in cell
metabolism due to differences in oxygen levels or standard 2D
culturing conditions (35, 36). Furthermore, the transmission of
VOCs from cells to breath is poorly understood, involving
possible conversion of compounds by the liver or kidney
metabolism (36, 37). These factors make in vitro and in vivo
results difficult to compare, stressing the need for studies
investigating simultaneously breath and tumor cells of the
same patients and investigating metabolization and kinetics of
in vitro discovered VOCs in the in vivo setting.

Despite the added value of our study, these discrepancies lead us
to some study limitations that should be recognized. The
experiments were performed under standard 2D culturing
conditions, disregarding the 3D structure and oxygen deficient
tumor microenvironment in vivo. More advanced, specialized set-
ups, better mimicking in vivo conditions, should be used in further
studies when available. Secondly, we have chosen not to make a
comparison between malignant and non-malignant mesothelial
cells, since our focus was on the specificity of the VOC
biomarkers. Therefore, we used lung cancer cells as control group.
Little et al. (19) alternatively used normal mesothelial cells in their
experimental set-up. However, the sparsely commercially available
normal mesothelial cell lines are not considered well representative
of in vivo mesothelial cells (38). Hence, such cells might not be an
accurate normal cell control for MPM. As an alternative, primary
A B

FIGURE 3 | Receiver operating characteristic (ROC) curves of the created lasso models. (A) ROC curves of the lasso models for the discrimination between the cell
lines of (the histological subtypes of) malignant pleural mesothelioma (MPM) and lung cancer (LC). (B) ROC curves of the lasso models for the discrimination between
the cell lines of the histological subtypes of MPM.
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mesothelial cells could be isolated from human pleura, but they have
the disadvantage of being difficult to cultivate in vitro, limiting their
use for in vitro headspace analysis. A final potential limitation
relates to the possible exogenous origin of VOCs. Although a
background correction was made to correct for exogenous VOCs
originating from the used culture media, materials and sampling
environment, this does not guarantee that all measured VOCs are of
endogenous origin. This should always be kept in mind when
interpreting the results. However, despite these possible limitations,
the presented study shows new and valuable results as one of the
first studies to investigate VOC production at the cellular level
for MPM.
5 CONCLUSIONS

Breath analysis has proven to be a promising tool for the non-
invasive diagnosis of MPM. To gain insight into the biological
processes underlying VOC production, in vitro VOC analysis
can provide valuable additional information. This study
identified MPM-specific VOC profiles capable of differentiating
MPM subtypes and lung cancer cells with high accuracy.
However, discrepancies between these identified in vitro VOC
profiles and clinically reported breath profiles were observed,
which could be explained by differences in oxygen levels, 3D
structure, metabolization, etc. This supports the need for further
investigation of these in vitro discovered VOCs and their
metabolic pathways as well as their kinetics in vivo. While the
relationship between in vitro and in vivo VOCs is still largely
unknown, both could complement each other in generating a
clinically useful breath model for MPM.
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Background: Pleural mesothelioma (MPM) is an aggressive malignancy with an average
patient survival of only 10 months. Interestingly, about 5%–10% of the patients survive
remarkably longer. Prior studies have suggested that the tumor immune
microenvironment (TIME) has potential prognostic value in MPM. We hypothesized that
high-resolution single-cell spatial profiling of the TIME would make it possible to identify
subpopulations of patients with long survival and identify immunophenotypes for the
development of novel treatment strategies.

Methods: We used multiplexed fluorescence immunohistochemistry (mfIHC) and cell-
based image analysis to define spatial TIME immunophenotypes in 69 patients with
epithelioid MPM (20 patients surviving ≥ 36 months). Five mfIHC panels (altogether 21
antibodies) were used to classify tumor-associated stromal cells and different immune cell
populations. Prognostic associations were evaluated using univariate and multivariable
Cox regression, as well as combination risk models with area under receiver operating
characteristic curve (AUROC) analyses.

Results: We observed that type M2 pro-tumorigenic macrophages (CD163+pSTAT1−

HLA-DRA1−) were independently associated with shorter survival, whereas granzyme B+

cells and CD11c+ cells were independently associated with longer survival. CD11c+ cells
were the only immunophenotype increasing the AUROC (from 0.67 to 0.84) when added
to clinical factors (age, gender, clinical stage, and grade).

Conclusion: High-resolution, deep profiling of TIME in MPM defined subgroups
associated with both poor (M2 macrophages) and favorable (granzyme B/CD11c
positivity) patient survival. CD11c positivity stood out as the most potential prognostic
cell subtype adding prediction power to the clinical factors. These findings help to
understand the critical determinants of TIME for risk and therapeutic stratification
purposes in MPM.

Keywords: pleural mesothelioma, tumor immune microenvironment, multiplexed fluorescence
immunohistochemistry, prognosis, dendritic cells
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1 INTRODUCTION

Pleural mesothelioma (MPM) is an aggressive malignancy
arising from mesothelial cells lining the chest cavity and lungs.
MPM prognosis is poor with a median survival of 10 months (1).
Despite the dismal general prognosis, a small portion of patients
with MPM (5%–10%) survive remarkably longer following
diagnosis (2, 3). The underlying biology explaining the
differential patient survival is yet to be explored. Prior studies
have highlighted the potential prognostic role of the tumor
immune microenvironment (TIME) in MPM (4, 5). Although
immunotherapies have shown beneficial outcomes in MPM in
clinical trials (6, 7), biomarkers are needed to guide patient
selection for conventional chemotherapy versus novel
immunotherapies (8).

The TIME of MPM consists of several immune cell
populations including subtypes of macrophages, T and B
lymphocytes, natural killer (NK) cells, myeloid-derived
suppressor cells (MDSCs), and dendritic cells (DCs). Several of
these immune cell populations present in MPM tumor tissue
have been shown to associate with overall survival. For example,
higher numbers of CD20+ B lymphocytes and CD4+ or CD8+ T
lymphocytes have been associated with improved prognosis (9–
15), although the data regarding CD8 association with survival
are controversial (12, 16). Higher numbers of intratumoral
regulatory T lymphocytes and programmed cell death protein
1 (PD-1–), lymphocyte-activation gene 3 (LAG3–), and T cell
immunoglobulin and mucin domain-containing protein 3
(TIM3)–expressing tumor-infiltrating (CD4+) T lymphocytes
have been associated with poor prognosis (17), although TIM3
expression alone has been reported to be an independent
prognostic factor for longer survival (11). In macrophages,
higher expression of CD163 (M2-like) has been identified to
associate with shorter survival, especially in relation to CD68
macrophage marker (M1-like) or in relation to either CD8 or
CD20 (9, 18). Further, higher densities of tumor infiltrating
CD68+ macrophages have been identified to associate with poor
prognosis in patients with MPM with non-epithelioid histology
(19). Finally, it has been shown that intratumor-infiltrating
MDSCs are associated with poorer progression-free survival
and overall survival (17).

Given the many controversial findings regarding
immunophenotypes and survival in MPM, we aimed to
systematically profile and classify immune cell populations in
MPM TIME with 21 immune cell–specific antibodies using
formalin-fixed paraffin-embedded tissue microarrays including
samples from 69 patients with epithelioid MPM. We utilized
multiplexed fluorescence immunohistochemistry (mfIHC) and
digital cell–based image analysis for analyzing the immune cell
Abbreviations: MPM, pleural mesothelioma; TIME, tumor immune
microenvironment; NK, natural killer; MDSCs, myeloid-derived suppressor
c e l l s ; DCs , d endr i t i c c e l l s ; m f IHC , mul t i p l e x ed fluor e s c ence
immunohistochemistry; CK5, cytokeratin 5; CK5/6, cytokeratin 5/6; c-MAF,
transcription factor of musculoaponeurotic fibrosarcoma gene; pSTAT1,
phospho-STAT1; TNM, tumor, nodes, metastases; TAM, tumor-associated
macrophage; IO, immuno-oncological; AUROC, area under receiver operating
characteristic curve.
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populations present in tumor-associated stroma and correlated the
expressions with patient survival.
2 MATERIALS AND METHODS

2.1 Patients, Clinical Data, and Tissue
Microarrays
The clinical characteristics of the study population and specific
details regarding the tissue microarrays have been described (20).
We excluded patients with biphasic histology (n = 5). The study
population consisted of 69 Finnish patients with epithelioid
MPM diagnosed between 2000 and 2012. The median survival
of the patients was 19 months, and the median age at the time of
diagnosis was 66 years. Overall survival of 20 patients (29%) was
longer than 36 months, and 57 (83%) of the patients were male.
The tissue samples were taken at the time of diagnosis, so the
patients had not received any treatment by then. The ethics
committee of Helsinki University Hospital approved the study
(HUS/1057/2019).

2.2 Multiplexed Fluorescence
Immunohistochemistry and Digital
Cell–Based Image Analysis
The mfIHC staining, scanning, and digital cell–based image
analysis methods have been previously described (20, 21) and
were utilized in the current study as described previously. Briefly,
we designed and optimized five mfIHC panels (shown in
Supplementary Table S1) including 21 antibodies targeting
immune cell–specific antigens and analyzed the immune cell
populations of interest (Table 1) from the multichannel images
using cell-based image analysis method. We detected all cells in
tissue samples using nuclei 4´,6-diamidino-2-phenylindole
(DAPI) staining and classified them either as tumoral or
stromal cells based on mesothelial staining [cytokeratin 5
(CK5) or a combination of CK5, cytokeratin 5/6 (CK5/6), and
calretinin) so that the cells positive for mesothelial markers were
defined as tumor cells and remaining cells as stromal cells.
Further, we classified the cells either as positive or negative for
each specific immune cell marker and marker combinations by
using a cutoff for each channel individually based on mean
intensity and standard deviation. Finally, we measured the
number of immune cells in tumor-associated stroma and
calculated the relative amount (%) of cells in the stroma by
dividing the number of cells with the total number of
stromal cells.

2.3 Immune Cell Populations
We investigated the following immune cell populations in MPM
tumor tissue: T lymphocytes (including subpopulations
expressing checkpoint and exhaustion molecules), B
lymphocytes, NK cells, macrophages (including type M1 and
type M2 macrophages), DCs, and MDSCs. We identified T
lymphocytes using CD3 and CD8 antibodies and detected
exhausted T lymphocytes using indoleamine 2,3-dioxygenase
(IDO), LAG3, and TIM3 antibodies. For detecting T
June 2022 | Volume 12 | Article 870352
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lymphocytes expressing checkpoint molecules, we used PD-1
and PD-L1 antibodies, respectively. Proliferating T lymphocytes
(and other stromal cells and mesothelial tumor cells) were
detected using Ki67 antibody. However, because of the high
number of Ki67+ cells present in many tumor samples, it was
difficult to accurately classify as being positive in tumor cells or
immune cells. For this reason, we did not include the Ki67
antibody in the analyses. Tumor mitotic count was defined as
number of mitoses per 10 high-power field (HPF), and it was
calculated using whole tissue sections before constructing the
tissue microarrays. CD20 was used for detecting B lymphocytes.

Macrophages and their subpopulations (pro-tumorigenic M2
macrophages and anti-tumorigenic M1 macrophages) were
ident ified using CD68, the transcr ipt ion factor of
musculoaponeurotic fibrosarcoma gene (c-MAF), phosphorylated
signal transducer and activator of transcription 1 (pSTAT1), human
leukocyte antigen DR alpha 1 (HLA-DRA1) and CD163 antibodies,
andNKcells usingCD11b, granzymeB,CD56, andCD16antibodies.
In addition, CD11c and CD33 antibodies were utilized for detecting
myeloidDCs and cleaved caspase 3 for identifying cleaved caspase 3+

tumor cells. The main characterized immune cell populations using
specific markers andmarker combinations are presented inTable 1,
and detailed information regarding used antibodies is presented in
SupplementaryTable S2.All characterized immune cell populations
are presented in Supplementary Table S3. Regarding macrophage
Frontiers in Oncology | www.frontiersin.org 3112
markers, it is important to note that CD68 staining was significantly
weaker than CD163 staining, and therefore, they were not used
in combination.

2.4 Statistical Analyses
Statistical analyses were performed using R [R Core Team
(2017); R: A language and environment for statistical
computing; R Foundation for Statistical Computing, Vienna,
Austria] and SPSS (version 25.0, IBM, Armonk, NY, USA). All-
cause mortality was used as an outcome measurement. We used
univariate Cox regression analysis and continuous values for
studying the immune cell populations associated with patient
survival. The relative number of specific immune cell types was
compared between long- and average-term survivors (cutoff, 36
months) using Mann–Whitney U-test.

Multivariable Cox regression analysis was adjusted for
variables associated with survival (p-value of <0.05) in
univariate Cox regression and previously known prognostic
clinical factors: age, gender, grade, and stage of the disease
[defined on the basis of the eight edition of the TNM and
further dichotomized into low (IA, IB, and II) and high (IIIA,
IIIB, and IV) groups] (3). Nuclear grading (low- and high-grade
groups), were defined on the basis of the 2021 WHO
classification of epithelioid mesothelioma by two expert
pathologist (MIM and HW) (22–24). The proportional hazards
TABLE 1 | Immune cell markers and the main marker combinations analyzed in this study.

Main cell population Marker/marker combination Specific subpopulation

T lymphocytes CD3+ T lymphocytes
CD3+PD-1+ PD-1 expressing T lymphocytes
CD3+PD-L1+ PD-L1 expressing T lymphocytes
CD3+PD-1+PD-L1+ PD-1 and PD-L1 expressing T lymphocytes
CD3+CD8+ Cytotoxic T lymphocytes
CD3+CD8+PD-L1+ PD-L1 expressing cytotoxic T lymphocytes
CD3+CD8+PD-1+ PD-1 expressing cytotoxic T lymphocytes
CD8+CD11b+ CD11b-positive cytotoxic T lymphocytes
CD8+granzyme B+ Granzyme B–positive cytotoxic T lymphocytes
CD8+CD11b+granzyme B+ CD11b and granzyme B–positive cytotoxic T lymphocytes
CD3+IDO+ IDO expressing T lymphocytes
CD3+LAG3+ LAG3 expressing T lymphocytes
CD3+TIM3+ TIM3 expressing T lymphocytes

B lymphocytes CD20+ B lymphocytes
Macrophages CD11c+CD16+

CD68+ M1 macrophages
CD68+pSTAT1+

CD68+HLA-DRA1+

CD68+pSTAT1+HLA-DRA1+

CD163+pSTAT1-HLA-DRA1− M2 macrophages
CD163+IDO+ Exhausted M2 macrophages
CD163+LAG3+

CD163+TIM3+

NK cells granzyme B+ NK cells or cytotoxic T lymphocytes
granzyme B+CD11b− CD11b-negative NK cells or cytotoxic T lymphocytes
granzyme B+CD11b+ Granzyme B–positive NK cells
CD8+CD3−

PD-1+CD3−

PD-1+CD3−CD8−

DCs CD11c+ Dendritic cells
CD11c+CD16−

Tumor cells CleavedCaspase3+Meso+ Cleaved caspase 3–positive tumor cells
NK, natural killer; DCs, dendritic cells; MDSCs, myeloid-derived suppressor cells.
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assumption was tested by assessing the relationship between
Schoenfeld residuals and time. Continuous data were evaluated
for skewness by using histograms. The Spearman’s rank
correlation coefficient was used to assess correlation between
continuous nonparametric variables.

AUROC [area under receiver operating characteristic (ROC)
curve comparison using the DeLong’s test for two correlated
ROC curves] analysis was used for studying whether the
prognostic immune cell subtypes as single variables may add
prognostic value to the clinical variables and further increase
confidence in a prediction model. For AUROC analyses, all
continuous variables (including immune cell variables and age)
were dichotomized using median cutoffs, and the follow-up time
was cut to 3 years, as longer time did not increase the confidence
when significant (not shown). Novel combination risk scores
were also transformed to Kaplan–Meier log rank statistics with
full follow-up time.

Survival time was calculated as the time from pathological
diagnosis (the date the diagnostic tissue sample was taken) to
date of death. Three patients were still alive at the end of follow-
up (July 2, 2019).
3 RESULTS

3.1 Univariate Cox Regression Analysis of
Immune Cell Populations
The prognostic role of each measured immune cell type (n = 179)
present in tumor-associated stroma was studied using univariate
Cox regression and continuous values (Supplementary Table
S3). We found that type M2 macrophages, classified as
CD163+pSTAT1−HLA-DRA1− cells, were associated with
shorter survival [hazard ratio (HR) = 1.07; p = 0.002], whereas
type M1 macrophages, classified as CD68+pSTAT1+HLA-
DRA1+ cells, were associated with longer survival (HR= 0.95;
p = 0.033). Granzyme B+ cells and CD11c+ cells were associated
with longer survival (HR = 0.32; p = 0.005, and HR = 0.94; p <
0.001) (Table 2). As CD11c is expressed both by DCs and
monocytes (25), we analyzed the number of CD11c+ cells
Frontiers in Oncology | www.frontiersin.org 4113
either positive or negative for a monocyte marker, CD16. In
addition, 97.1% of CD11c+ cells were negative for CD16
(CD11c+CD16−), and, respectively, 2.9% of CD11c+ cells were
positive for CD16 (CD11c+CD16+), suggesting that the CD11c-
associated prognostic effect is largely contributed by DCs.
Indeed, CD11c+CD16− cells were associated with favorable
prognosis, whereas CD11c+CD16+ did not (Table 2). Example
images of immune cell phenotypes associated with survival are
presented in Figure 1. Regarding checkpoint inhibitors (PD-1
and PD-L1) and exhaustion markers (TIM3, LAG3, and IDO),
which are targets of immunotherapies and thus are also currently
of great interest also in mesothelioma research (26), we did not
observe any associations with patient survival (Supplementary
Table S4) (6, 7).

3.2 The Relative Numbers of Prognostic
Immune Cell Types Between Average-
Term and Long-Term Survivors
The relative number (percentage of all stromal cells) of each
immune cell type was measured, and their distributions in long-
and average-term survivors (cutoff, 36 months) were compared.
The immune cell phenotypes associating with survival in
univariate Cox regression (from Table 2) are presented in
Figure 2. Granzyme B+ cells and CD11c+ cells were more
abundant in long-term survivors, whereas M2-like macrophages
were less frequent in long-term survivors (Figure 2).

3.3 Multivariable Cox Regression and
Combination Risk Models
In multivariable Cox regression adjusting for age, gender, grade,
clinical stage, and each prognostic immune cell type separately,
type M2 macrophages, granzyme B+ cells, and CD11c+ cells
remained associated with survival. When combining clinical
factors and prognostic immune cell types (type M2
macrophages, granzyme B, and CD11c) in one model, all three
immune cell populations remained independently associated
with survival. All multivariable Cox regression results are
presented in Table 3. To assess whether type M2 macrophages,
granzyme B, or CD11c as single variables would add power in a
TABLE 2 | Selected immune cell classes and their survival effects (continuous cell classes).

Marker/marker combination HR p-value Prognosis

Granzyme B+ 0.32 <0.01 Favorable
Granzyme B+CD8+ 1.76 0.55
Granzyme B+CD11b+ 0.08 0.31
Granzyme B+CD11b− 0.32 <0.01
CD11c+ 0.94 <0.01
CD11c+CD16- 0.93 <0.01
CD11c+CD16+ 0.88 0.47
CD68+ 0.99 0.12
CD68+pSTAT1+HLA-DRA1+ 0.95 0.03
CD163+ 1.00 0.97 Unfavorable
CD163+pSTAT1−HLA-DRA1− 1.07 <0.01
June 2022 | Volume 12 | Ar
A HR of >1 indicates an increased risk of death, and HR of <1 indicates a decreased risk of death. The relative number of each immune cell type was measured in tumor-associated stroma.
All univariate Cox regression results are presented in Supplementary Table S3.
HR, hazard ratio.
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prediction model together in combination with the following
clinical variables: age, gender, clinical stage, and grade, we
performed AUROC comparisons between the models. CD11c
was the only immune cell subtype increasing confidence in a
prediction model, and therefore, CD11c stood out as the most
significant prognostic factor of the immune cell subtypes
studied (Figure 3).

3.4 Correlations Between Prognostic
Immune Cell Types
Both type M1 and type M2 macrophages correlated positively
with Ki67+-proliferating cells (Spearman’s rho 0.27, p = 0.03 and
0.34, p = 0.01, respectively), and CD11c+ cells correlated
Frontiers in Oncology | www.frontiersin.org 5114
negatively with type M2 macrophages (Spearman’s rho −0.32,
p = 0.01). Ki67+-proliferating cells correlated positively with
mitoses (Spearman’s rho 0.30, p = 0.02), whereas there was no
correlation between type M2 macrophages and mitoses
(Spearman’s rho 0.08, p = 0.54).
4 DISCUSSION

In this study, we investigated the prognostic immune cell
phenotypes present in tumor-associated stroma of epithelioid
mesothelioma. In univariate analysis, we found that type M2
macrophages were associated with shorter survival. Further, type
A B

DC

FIGURE 1 | Example images of immune cell phenotypes associated with survival in univariate Cox regression. (A) Type M1 macrophage marker combination with
circles indicating a specific marker combination. (B) Type M2 macrophage marker combination with circles indicating a specific marker combination. (C) Granzyme
B–positive cells. (D) CD11c-positive cells.
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M1macrophages and CD11c or granzyme B expressing cells were
associated with longer survival. When comparing the relative
numbers of these cell types between average and long-term
survivors (cutoff, 36 months), especially higher numbers of
CD11c expressing cells were associated with long-term survival.
In multivariable Cox regression adjusting separately for prognostic
immune cell phenotypes (from univariate analysis), age, gender,
grade, and stage of the disease, all phenotypes excluding type M1
macrophages remained independently associated with survival.
Frontiers in Oncology | www.frontiersin.org 6115
When taking into account all prognostic phenotypes, type M2
macrophages, granzyme B, and CD11c remained independently
associatedwith survival.Overall, themost importantfindingsof this
study were thatM2-likemacrophages are independently associated
with shorter survival, and granzyme B and CD11c with longer
survival inMPM. Finally, CD11cwas the only immune cell subtype
increasing confidence in a prediction model.

We observed that type M2 macrophages were associated
negatively with survival, also when it was adjusted for other
TABLE 3 | Multivariable Cox regression analysis.

Variable HR (95% CI) p-value

Individual markers (n = 66*)
CD68+pSTAT1+HLA-DRA1+ 0.94 (0.87–1.01) 0.11
CD163+pSTAT1−HLA-DRA1− 1.06 (1.02–1.10) <0.01
granzyme B+ 0.32 (0.12–0.87) 0.03
CD11c+ 0.93 (0.89–0.98) <0.01
All markers combined (n = 66*)
Age 1.00 (0.97–1.03) 0.88
Gender
Male 1.0
Female 0.96 (0.48–1.95) 0.92

Clinical stage
Low 1.0
High 1.77 (1.00–3.12) 0.05

Grade
Low 1.0
High 1.13 (0.50–2.55) 0.76

CD163+pSTAT1−HLA-DRA1− 1.05 (1.01–1.10) 0.02
granzyme B+ 0.29 (0.11–0.76) 0.01
CD11c+ 0.94 (0.90–0.99) 0.01
June 2022 | Volume 12 | Article
Multivariable Cox regression adjusted for age, gender, grade, and clinical stage. A HR of >1 indicates an increased risk of death, and a HR of <1 indicates a decreased risk of death.
*TNM staging missing for one patient, univariate Cox regression results missing for 2 patients.
All models fulfilled the proportional hazard assumption.
HR, hazard ratio; CI, confidence interval.
FIGURE 2 | The relative number (%) of each immune cell type of all stromal cells in long-term and average-term survivors (cutoff, 36 months). The cell classes that
are significantly associated with survival in univariate Cox regression are shown. Differences between groups were tested by using the Mann–Whitney U-test.
870352

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ollila et al. Tumor Immune Microenvironment in Mesothelioma
immunophenotypes together with clinical factors in a
multivariable model. Prior studies have shown that type M2
macrophages increase the proliferation of MPM cells and their
resistance to chemotherapy (27). We also observed a positive
correlation between type M2 macrophages and Ki67 but not
between type M2 macrophages and mitosis. Further, higher
CD163/CD8 and CD163/CD20 ratios have been shown to be
independent prognostic factors of shorter survival in MPM (9),
and patients with MPM with higher M2/total tumor-associated
macrophage (TAM) ratio have been shown to be more prone to
develop local tumor outgrowth compared with those with low
M2/TAM ratio (28). However, a previous study indicated no
prognostic value for M2 macrophages, possibly due to median-
based cutoff values for the percentage of macrophages, whereas
we assessed the survival effect by using continuous values (17).
Our findings also demonstrated that CD68+ M1 macrophages
associate with longer survival, although they were not
independent of other factors in a multivariable model. These
findings where M2 andM1 macrophages associate with poor and
favorable survival, respectively, are logical, as many studies in
other cancers, in addition to the aforementioned studies in MPM
(9, 27), indicate the same (29). We classified M2 macrophages as
CD163+pSTAT1−HLA-DRA1− cells and M1 macrophages as
CD68+pSTAT1+HLA-DRA1+ cells.

Our finding regarding type M2 macrophages supports the
previous observations that higher number of them in MPM
TIME predicts shorter survival in patients with MPM. Therefore,
the number of M2 macrophages in MPM TIME may be used as
prognostic tool when prognosticating the survival of patients with
MPM. Further, it is known that typeM2macrophages are typically
Frontiers in Oncology | www.frontiersin.org 7116
present in Th2-type processes (30, 31), and in tumor immunology,
this is usually considered immunologically cold. Such tumors
typically do not respond well to immuno-oncological (IO)
treatments (32). On the basis of our findings, immunologically
hot MPM tumors seem to have better prognosis even without
treatment, but they are also likely to respond better when treated.
This may be a potential future prospect when targeting IO
treatments to patients with MPM.

Granzyme B is known to be expressed by cytotoxic T cells,
NK cells, mast cells, plasma cells, and myeloid cells (33–35).
Marcq et al. investigated the prognostic value of granzyme B in
patients with pretreated and unpretreated MPM but reported no
association between granzyme B expression and patient survival
(11). Further, Mankor et al. reported that patients with MPM
who were responding to aPD-1/aCTLA-4 combination
treatment (nivolumab combined with ipilimumab) had a
higher amount of granzyme B expressing CD8+ cytotoxic T
cells (36). We investigated the prognostic value of granzyme B
alone as well as in combination with CD8 (marker for cytotoxic
T cells) or with CD11b (marker for myeloid cells). Marker
combinations were not of prognostic value, but we showed
that granzyme B alone is an independent positive prognostic
factor in MPM. Therefore, granzyme B could be used for
prognostication of survival, and it remains to be explored if it
could potentially also be a marker for targeting IO treatments (as
aPD-1/aCTLA-4 combination treatment) to a more specific
subgroup of patients.

CD11c is expressed by the cells ofmyeloid origin and is typically
used as amarker of differentiatedDCs butmay also be expressed by
CD16+ monocytes and macrophages. DCs are key antigen-
A B

D E

C

FIGURE 3 | Survival prediction power of combination models. (A) Area under the receiver operating characteristic curves (AUROC) for combined clinical factors
(age, gender, clinical stage, and grade) (Model2) and for clinical factors plus CD11c (median dichotomized) (Model1). (B, C) Same as in (A), but now granzyme B and
M2 macrophages in Models 3 and 4, respectively. The DeLong’s test for two correlated ROC curves. (D, E) Kaplan–Meier curves for low- and high-risk
dichotomized patient groups with and without CD11c in the model, respectively. Log rank test.
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presenting cells, important in mediating immune activation in the
tumor microenvironment of several types of malignancies (25).
Expression of DCs is also proposed to result in a loss of function of
CD4 and CD8 T cells (37). Here, we observed that higher numbers
of CD11c+ cells predicted longer survival, also when adjusting for
other prognostic factors including other immune cell types. We
postulate that the prognostic CD11c+ cells are DCs, as the double-
positive phenotype with themonocyte/macrophagemarker, CD16,
representedonlya small fractionofCD11c+ cells (2.9%)andwasnot
of prognostic value. CD11c+ DCs stood out as the most significant
prognostic immune cell subtype, as demonstrated by combination
survival prediction models using AUROC analyses. Therefore, we
suggest that CD11c alone or with clinical factors could be used as a
prognosticmarker forpredicting the survival ofpatientswithMPM.

4.1 Strengths and Limitations
Although the prognostic values of different immune cell markers in
MPMTIME have been investigated before, we utilizedmethodology
enabling deep simultaneous quantitative examination of many
immune cell types in a unique cohort of patients with MPM
including rare long-term survivors. This allowed us to characterize
the specific prognostic immune cell populations in a systematic
manner and compare the TIME landscape between average and
long-term survivors. Because MPM is a rare malignancy, it will be
necessary to confirm the data in larger independent cohorts of
patients. Our study population included only patients with MPM
with epithelioid histology, so the results may not apply to other
histological subtypes of MPM.

5 CONCLUSIONS

After univariate and multivariable analyses, we found that higher
number of M2 macrophages in MPM stroma is an independent
prognostic factor for shorter survival. In contrast, higher numbers of
CD11c+ stromal cells and granzyme B+ stromal cells in MPM are
independent prognostic factors for longer survival. These specific cell
types (especially CD11c expressing DCs) may potentially be used as
prognostic factors when estimating the risk of disease progression in
patients with MPM. Further, these findings warrant for further
studies to ask if they could be used to guide targeting of IO
treatments to specific subgroups of patients with MPM.
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