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Abstract

Malignant pleural mesothelioma (MPM) is characterised by late-stage diagnosis and poor prognosis.
Currently, no screening tool is advocated and diagnosis is based on invasive techniques, which are not
well tolerated. Non-invasive diagnostic biomarkers have shown potential and could have a huge clinical
benefit. However, despite extensive research, there is no consensus yet on their clinical use, with many
articles reporting contradicting results, limiting their clinical implementation. The aim of this systematic
review is therefore to explore the different semi- and non-invasive diagnostic markers in several human
matrices and identify those that might clinically be relevant. A total of 100 articles were selected through
Web of Science and PubMed, with 56 articles included in the quantitative analysis. Although many studies
have reported on the diagnostic accuracy of MPM biomarkers such as serum mesothelin and high-mobility
group box protein 1 and plasma fibulin-3, none have resulted in a validated test for early detection. Future
research should focus on external validation, combinations into biomarker panels, the inclusion of early
stage MPM patients and a combination of different biomarker matrices, as well as new markers.

Introduction

Malignant pleural mesothelioma (MPM) is a cancer caused by historical exposure to asbestos fibres [1].
MPM has a poor prognosis, with a median survival of 9-12 months after diagnosis and <5% 5-year
survival rate [2]. There are three histological subtypes of MPM, which are prognostic of patient outcome:
epithelioid (best outcome), sarcomatoid (worst outcome) and biphasic. MPM carcinogenesis is a multistep
process caused by the deep penetration of asbestos fibres into the lung epithelium and the pleural space
where they cause mutations by a repeated cycle of pleural irritation, damage and repair, leading to
frustrated phagocytosis and the release of pro-oncogenic proteins and growth factors [3, 4]. This multistep
process takes time, which is reflected by a long latency period of 30 to 50 years between first asbestos
exposure and MPM diagnosis [5]. The clinical symptoms of MPM are usually insidious and nonspecific,
and enclose dyspnoea, cough and/or chest pain [1, 3]. Hence, a late diagnosis is characteristic for MPM,
leading to a dismal prognosis. The gold standard for diagnosing MPM remains histological assessment of
thoracoscopically obtained biopsies [1]. However, due to its invasiveness, it is not suitable for each and
every patient. Furthermore, treatment of MPM is mostly palliative and consists of a backbone of
chemotherapy, with recent promising advancement in immunotherapy (nivolumab and ipilimumab) [1, 3, 6].
Hence, research into less invasive biomarkers that could play a role in earlier diagnosis are thriving.

Liquid biomarkers have sparked a lot of interest due to their advantages over a single tissue biopsy. Liquid
biomarkers are found in different body fluids, such as serum, plasma, pleural effusions (PEs), exhaled
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breath condensate, saliva and urine and contain a lot of information about the tumour, also at distinct
metastatic sites, are less invasive and are easy to obtain [7, 8]. Especially when tissue sampling is
hampered by the location of the tumour, liquid biomarkers can be beneficial. Furthermore, they hold the
promise of diagnosing diseases at an early stage, even before detection by clinical imaging techniques [7].
The aim of this systematic review is to review the state of the art regarding diagnostic biomarkers for the
detection of MPM in different body matrices.

Methods

Search strategy

This systematic review was conducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines [9]. Both PubMed and Web of Science were used as online
databases. All articles published before 31 December 2019 were up for review. Keywords were determined
based upon the population, exposure, comparison, outcome strategy (supplementary table S1), and their
combination was used to detect relevant literature in the aforementioned databases (supplementary table S2).

Only articles published in English assessing the diagnostic accuracy of a biomarker in a human liquid
matrix for the diagnosis of MPM were included. Editorial material, letters, reviews, case reports and
meta-analyses were excluded. No limitation on the year of publication was imposed and all duplicates were
removed. Firstly, the article titles and abstracts were screened by two independent reviewers, after which
the full text of the remaining articles was evaluated. Study details (title, author, date), research question,
matrix, method, patient population and control group, biomarker, potential confounders, reference test,
patient selection, cut-off value, sensitivity, specificity and area under the receiver operating characteristics
curve (AUCgroc) were collected. The data was grouped according to the matrix and type of biomarker.

Study quality scoring

The quality of the articles was assessed using the Quality Assessment of Diagnostic Accuracy Studies 2
scoring system based on the scoring of four key domains: patient selection, index test, reference standard
and flow and timing [10]. The risk of bias was determined based on all four domains, while for the risk of
applicability only the first three were taken into account. For each domain, predefined questions were
answered by yes or no, with “yes’ indicating a low risk and “no” a high risk. Questions could also be
answered with unclear, when the article did not include the applicable information.

Meta-analysis

All markers studied by at least two research groups were included in the meta-analysis. Studies dividing
the population into subpopulations and not reporting the AUCroc or its (correct) confidence interval, were
excluded. When one study reported the diagnostic accuracy of MPM compared to different control groups,
the comparison per control group was included. Forest plots were created using the metafor package in R [11].

Results

A total of 2385 articles matched our search terms in Web of Science and PubMed (Supplementary figure S1).
After duplicate removal, 2141 articles remained, which was further reduced to 469 after selection on title
and abstract. 100 articles were included in the qualitative analysis after full-text assessment and their
characteristics are summarised in supplementary table S3. The majority of the articles reported on serum
biomarkers and only mesothelin was studied in all matrices (Supplementary figure S2). 56 studies were
included in the quantitative analysis. Interesting markers for which a meta-analysis was not possible are
described in the online data supplement.

Quality assessment

Supplementary figure S3 shows the quality of the 100 included articles. Overall, there are few concerns
regarding applicability. All studies included MPM patients; however, there is a high variability in the type
of control subjects, ranging from healthy controls with (AE) and without (HC) proven asbestos exposure or
those with asbestos-related benign diseases to patients with non-asbestos-related malignancies and benign
diseases. Furthermore, some studies only included epithelioid-type MPM patients, which can lead to bias
as they tend to lead to a better outcome [12-17]. The most commonly used reference standard was
histological or cytological assessment of pleural biopsies, often confirmed by experienced pathologists.
However, some articles failed to mention exactly how MPM was diagnosed. The risk of bias does call for
some concern. Firstly, some studies excluded patients based on suspicion of infection [18-23], previous
therapy for other malignancies [24], other benign or malignant diseases [12, 13, 16, 25-33], mixed and
sarcomatoid mesothelioma [13], or unclear diagnosis [34-37], which can lead to a more positive
evaluation of the diagnostic capacities of the biomarker. Most studies only included untreated patients.
However, this was not seen as an inappropriate exclusion and did not lead to the selection of solely early
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stage MPM. All studies used a cross-sectional, case—control design. Secondly, the cut-off value was often
calculated and not pre-specified, introducing a potential bias through the index test. Furthermore, only a
few studies mentioned the blinding of the reference test results, while interpreting the index test. Thirdly,
some studies failed to mention the used reference standard or reported a combination of different methods,
introducing a potential bias. Lastly, as almost all studies only included treatment-naive patients, there was
minimal concern for long intervals between the reference and index test.

Serum biomarkers
65% of all studies report on biomarkers in serum, making it the most investigated matrix.

Proteins

Mesothelin is a 40 kDA cell surface glycoprotein with low expression in normal mesothelial cells [31].
Together with megakaryocyte potentiating factor (MPF), mesothelin is derived from a 70 kDa precursor
[38]. Although mesothelin is normally cell bound, different isoforms can be released into the bloodstream
as a result of abnormal splicing or enzymatic cleavage. In the literature, both (soluble) mesothelin and
soluble mesothelin-related peptides are often used interchangeably. Enzyme-linked immunosorbent assay
(ELISA) was the preferred analytical method, with most studies having used the MesoMark assay. 27
studies were included in the meta-analysis of serum mesothelin (figure 1a) [13, 20, 21, 29, 35, 39-61]. All
studies reported an overexpression in MPM patients compared to different control groups, with cut-off
values ranging between 0.55nM and 2.4 nM. When looking at the different AUCgoc values, it is
important to not lose track of the control group that was used. The highest AUCgroc was obtained when
comparing to a limited and less representative control population consisting of only benign PEs
(AUCRrpc=0.93; AUCRroc=0.94) [35, 57]. When only stage I MPM patients were compared to AE
controls, an AUCgpc of 0.74 was reported, indicating a potential for early diagnosis [47]. However, it was
significantly lower than the AUCgoc when all stages of MPM were included (AUCgroc=0.81), in line with
the intuitive idea that early stage diagnosis is more challenging. The specificity of serum mesothelin is
questionable as a lower AUC was obtained when compared to other cancer types and metastases. A higher
serum mesothelin concentration in the epithelioid subtype compared to other subtypes was explicitly
described by most studies [20, 39-41, 47, 59]. The articles that could not find a significant difference
between the two subtypes, did find a trend towards higher levels in the epithelioid subtype with the lack of
significance most likely due to the limited amount of included sarcomatoid patients [42, 47, 61].

Only four studies investigated MPF, which all reported an elevation in MPM patients [34, 50, 56, 59]. In a
large population (85 MPM patients and 275 controls), a high correlation between MPF and mesothelin was
reported [59]. However, due to a lack in sensitivity (67.4% when compared to benign pleural disease) and
specificity (60.8% when compared to metastases), in general, mesothelin seems to be more performant
than MPF in serum (AUCroc=0.81 and 0.78, respectively) (figure 1b) [34, 50, 56, 59]. A significant link
between higher MPF levels and the epithelioid subtype as well as the association with advanced stage was
found [34, 59].

Osteopontin (OPN) is an integrin-binding protein involved in cell-matrix interactions [38]. The reported
cut-off values vary tremendously, ranging from 16.06 ng'mL ™" to 139.1 ng-mL™". Studies focussing on
differential diagnosis with benign PEs performed very poorly, with AUCRroc values no better than random
(figure 1c) [34, 49]. Studies including AE and HC individuals as controls performed remarkably better
(AUCgroc=0.89 and 0.86, respectively) [31, 62]. All studies reported a higher level of OPN in MPM
patients compared to controls. However, two studies reported no difference in OPN levels when compared
to other diseases [34, 50]. These results stress that serum OPN is not optimal for differential diagnosis as it
lacks specificity.

Integrin-linked kinase (ILK) is an intracellular kinase linking B-integrins to the cytoskeleton. It plays a role
in chronic inflammatory processes and its overexpression can induce an epithelial-mesenchymal transition
and thus a tumorigenic phenotype in epithelial cells [63]. Two different diagnostic outcomes were
reported, with a AUCgoc values of 0.69 and 0.89 (figure 1d) [63, 64]. The lower diagnostic accuracy was
obtained when comparing to AE controls, while a better outcome was reported with malignant and benign
chest diseases. Whether this difference can be explained by the use of different methods (western blot or
ELISA) or a lower performance against asbestos exposure/related diseases is currently unclear. However,
both studies were conducted by the same research group without explicitly describing their reference test,
urging further research.

Thioredoxin-1 (TRX) is a protein with antioxidant properties as it can mobilise the antioxidant defence
mechanism decreasing reactive oxygen species [29]. In MPM patients, TRX levels are increased due to the
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FIGURE 1 Forest plot for the area under the curve (AUC) of serum markers in distinguishing malignant pleural mesothelioma (MPM) from different
controls. AE: asbestos exposed; ARD: asbestos-related disease; BAP: benign asbestos pleurisy, BARD: benign asbestos-related disease; BPD: benign
pleural disease; BPE: benign pleural effusion; BRD: benign respiratory disease; HC: healthy control; HMGB1: high mobility group box protein 1; ILK:
integrin-linked protein kinase; LC: lung cancer; Met: metastasis; miR: microRNA; MPF: megakaryocyte potentiating factor; MPD: malignant pleural
disease; MPE: malignant pleural effusion; NSCLC: non-small cell lung cancer; OPN: osteopontin; TRX: thioredoxin-1. References in panel a): Ak et al.
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heightened antioxidant capacity (figure 1e) [29, 65]. The median TRX concentrations varied, with the higher
concentrations linked to early stage MPM patients (stage I and II). Nevertheless, this did not result in an
overall higher discriminatory capacity. At a cut-off of 156.67 ng'mL ™", a sensitivity of 92.9% (at 77.6%
specificity) was obtained, which might render it interesting for screening purposes. As no comparisons were
made with other cancer types, TRX’s capacities as a discriminatory marker remain unknown.

High-mobility group box protein 1 (HMGB1) is a damage-associated molecular pattern protein that is
released in the extracellular space during necrosis [49]. When HMGBI resides in the nucleus, it is mainly
non-acetylated, while the cytoplasmic hyperacetylated HMGB1 is secreted into the extracellular space
where it attracts macrophages leading to a chronic inflammatory state. Therefore, it is hypothesised that the
non-hyperacetylated form is present is AE individuals, while the hyperacetylated form is actively released
during carcinogenesis. Overall, HMGB1 is a very promising biomarker, with the hyperacetylated form
performing slightly better (figure 1f) [49]. However, the superiority of hyperacetylated HMGB1 should be
further investigated. When MPM patients were compared to asbestosis patients, no differences were found.
Furthermore, HMGB1 was reported to be an excellent marker for distinguishing asbestosis patients from
HC and AE [66]. Unfortunately, as no comparisons with other malignancies are available yet, the inability
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to discriminate between MPM and asbestosis might indicate a lack in overall specificity. These results
should be interpreted with caution, as only two studies with limited sample sizes were included in the
meta-analysis, urging the need for future validation.

miRNA

MicroRNA (miRNA, miR) stands for non-coding RNA that has an important role in regulating gene
expression. Studies focussing on miRNA all reported an increased expression of miR-197-3p, miR-1281,
miR548-3p, miR-20a, miR-625-3p, has-1,3 miR-2053 and miR-34b/c. Only miR-126 was downregulated,
which might be explained by its potential tumour suppressor function [18, 19]. With a combined AUCgoc
of 0.80, miR-126 is one of the best performing serum markers (figure 1g). However, the best result stems
from the comparison with solely HC, possibly resulting in an overoptimistic summary AUCgoc.
Furthermore, the lack in specificity (54%) when compared to HC and AE reveals a suboptimal
discriminatory capacity when asbestos exposure is included in the control group.

Biomarker panels

When serum OPN and mesothelin were measured in the same individual, a positive correlation with
disease outcome was found comparing MPM patients to patients with pleural plaques, AE or HC [21, 31].
However, this was contradicted when combining both markers did not lead to an improvement in
diagnostic accuracy [21, 46]. Furthermore, neither the addition of OPN nor of MPF had any added value
over mesothelin on its own [50, 59]. As mesothelin and MPF both stem from the same precursor, it is not
surprising that no significant difference in diagnostic accuracy between the two was found. Lastly, CA125
is a transmembrane mucin and known tumour marker [61]. In over 50% of cases, CA125 and mesothelin
levels were not linked, which might lead to an additive effect when combined in a panel. Unfortunately,
CA125 did not improve the sensitivity of mesothelin in detecting MPM. In contrast, carcinoembryonic
antigen (CEA), chitinase-like protein (YKL-40) and cytokeratin 19 fragment (CYFRA-21) did improve the
diagnostic performance of mesothelin [25, 30, 58].

Plasma biomarkers

Of the 19 studies looking into plasma biomarkers, 11 investigated mesothelin, two calretinin, one
thrombomodulin, six OPN, three fibulin-3, five miRNA and one other (8-hydroxy-2’-deoxyguanosine,
platelet-derived growth factor-h, hepatocyte growth factor, basic fibroblast growth factor and vascular
endothelial growth factor-h, matrix metalloproteinase (MMP) 2, MMP9, tissue inhibitor of
metalloproteinase (TIMP) 1 and TIMP2). ELISA was the preferred analytical method for plasma proteins.

Proteins

OPN is the most investigated plasma protein, with five studies included in the meta-analysis (figure 2a)
[13, 21, 22, 46, 55]. However, with AUCroc values ranging from 0.568 to 0.795 and a summary AUCgroc
of 0.69, it seems to be outperformed by other plasma biomarkers independent of the control group.

Fibulin-3 is a secreted glycoprotein which has shown to promote tumour growth and invasion via
phosphorylation of the epidermal growth factor receptor and downstream activation of the AKT (protein
kinase B) signalling pathway [67]. The Pass and Jiang groups both reported a high diagnostic potential
with AUCRroc values ranging from 0.81 when compared to asbestosis patients to 0.92 when compared to
HC [16, 68]. However, a lower accuracy was achieved when discriminating MPM from a control group
including patients with benign asbestos-related disease, malignant and non-malignant effusions
(AUC=0.671) [67]. The Pass’s group also performed a validation analysis for the comparison with AE,
where a very low sensitivity of 33% (AUCgroc=0.87) was obtained. This is significantly different from the
reported sensitivity of 71.32% during the discovery phase, further emphasizing the importance of
biomarker validation. Overall, the three studies resulted in a summary AUCgoc of 0.91, which is the
highest for plasma (figure 2b).

All studies confirmed a higher value of plasma mesothelin in MPM compared to controls [23, 46, 55, 67, 69].
The reported cut-off values ranged from 1.963 nM to 2.5 nM. When plasma mesothelin levels of MPM
patients were compared to those of patients with benign respiratory diseases, malignant and non-malignant
effusions, an AUCRroc of 0.816 was obtained, with 56% sensitivity and 96% specificity [67]. When AE
was used as a control group, contradictory results were found, with an AUCgoc values of 0.66 and 0.93,
respectively [23, 69]. The quantitative analysis resulted in an overall AUCgqc of 0.86 (figure 2c).

Biomarker panels
As there is limited effect of the matrix on mesothelin measurements, plasma is preferred over serum for
biomarker discovery due to its better stability. When mesothelin, calretinin and MPF were combined into a
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a) OPN
Study MPM/controls (n)  Population AUC (95% Cl)
PALEARI et al. 2009 24/37 MPM versus HC H—— 0.60 (0.48-0.73)
CRISTAUDO et al. 2011  31/141 MPM versus AE and BRD i 0.80 (0.75-0.84)
GRIGORIU et al. 2007  96/33 MPM versus BARD I —— 0.68 (0.56-0.79)
CREANEY et al. 2011 66/148 MPM versus benign - 0.76 (0.68-0.84)
PALEARI et al. 2009 24/31 MPM versus chronic inflammatory disease ~ +——=—— 0.57 (0.45-0.69)
GRIGORIU et al. 2007  96/43 MPM versus Met —— 0.69 (0.58-0.80)
RAletal. 2010 205/30 MPM versus all other —-— 0.68 (0.62-0.74)
Summary (random effects) — 0.69 (0.63-0.75)
f T T 1
0 0.25 0.5 0.75 1
AUC
b) Fibulin-3
Study MPM/controls (n)  Population AUC (95% Cl)
JIANG et al. 2017 15/94 MPM versus HC —m—=  0.92(0.83-1.00)
JIANG et al. 2017 15/21 MPM versus AE ——=—=  (.88(0.76-1.00)
Pass etal. 2012 92/136 MPM versus AE W 0.99(0.98-1.00)
JIANG et al. 2017 15/74 MPM versus PP ——=—s  0.90(0.79-1.00)
JIANG et al. 2017 15/29 MPM versus asbestosis —_—y 0.81(0.67-0.95)
Passetal. 2012 92/259 MPM versus no PE B 0.99(0.98-1.00)
Passetal. 2012 92/8 MPM versus benign PE - 0.95(0.90-1.00)
Pass etal. 2012 92/22 MPM versus malignant PE = = 0.94 (0.89-0.99)
Pass etal. 2012 92/30 MPM versus PE other cause il 0.94 (0.89-0.99)
CREANEY et al. 2014 82/120 MPM versus all other ol 0.67(0.61-0.73)
Pass etal. 2012 92/290 MPM versus all other W 0.99(0.98-1.00)
Summary (random effects) — 0.91 (0.86-0.97)
f T T 1
0 0.25 0.5 0.75 1
AUC
c) Mesothelin
Study MPM/controls (n) Population AUC (95% Cl)
AMATI et al. 2008 22/54 MPM versus HC 0.92 (0.89-0.95)
JOHNEN et al. 2018 24/136 MPM versus AE - 0.66 (0.55-0.77)
AMATI et al. 2018 22/94 MPM versus AE - 0.93(0.91-0.95)
CREANEY et al. 2011 66/148 MPM versus benign - 0.86 (0.80-0.93)
CREANEY et al. 2014 82/120 MPM versus non MPM = 0.82(0.77-0.86)
RAl et al. 2010 139/81 MPM versus all other ’-.:._. 0.89 (0.85-0.93)
Total (random effects) —— 0.86 (0.79-0.92)
f T T 1
0 0.25 0.5 0.75 1
AUC

FIGURE 2 Forest plot for the area under the curve (AUC) of plasma markers in distinguishing malignant pleural
mesothelioma (MPM) from different controls. AE: asbestos exposed; BARD: benign asbestos related disease;
BRD: benign respiratory disease; HC: healthy control; Met: metastasis; PE: pleural effusion; PP: pleural plaques;
OPN: osteopontin. References in panel a): Pateari et al. 2009 [22]; Cristaupo et al. 2011 [13]; Gricoriu et al. 2007
[21]; Creaney et al. 2011 [55]; Rai et al. 2010 [46]. Panel b): Jianc et al. 2017 [16]; Pass et al. 2012 [68]; CRreANeY
et al. 2014 [67]. Panel c): Amatiet al. 2008 [23]; Jonnen et al. 2018 [69]; Creaney et al. 2011 [55]; Creaney et al. 2014
[67]; Rai et al. 2010 [46].

diagnostic biomarker panel, an increase of the AUC to 0.944 was obtained in a male population and 0.937
in a female population. The corresponding sensitivities are 82% and 87% at a pre-set specificity of 95%
[70]. The added value of combining mesothelin and calretinin was further confirmed by Jonnen et al. [69].
Combining mesothelin and miR-103a-3p resulted in higher sensitivity (86%) and specificity (85%) [71].
Lastly, although miR132-3p (AUCgroc=0.76) seems less effective in diagnosing MPM compared to
mesothelin (AUCroc=0.81), the combination of both is superior to their individual diagnostic capacities,
resulting in an AUCroc of 0.90 [71, 72]. A similar positive effect was seen for the combination of
miR-132-3p and miR-126 [72].

PE biomarkers
In total, 36% of the included studies investigated biomarkers in PEs (Supplementary table S3). Proteins are
the most investigated biomarkers (89%) followed by DNA (5.5%) and miRNA (5.5%).

Proteins
The diagnostic effectiveness of PE mesothelin is shown in figure 3a [20, 21, 35, 43, 44, 47, 56, 57, 67,
73-82]. All 19 studies reported relatively similar AUCRroc values ranging from 0.70 to 0.93, leading to a
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Study

SRiRAM et al. 2012
CaNEssAet al. 2013
FERRO et al. 2013

Pass et al. 2008
BATTOLLA et al. 2017
OTosHI et al. 2017
BLANQUART et al. 2012
GRIGORIU et al. 2007
SCHERPEREEL et al. 2006
FuJiMoTO et al. 2010
HEGMANS et al. 2009
BATTOLLA et al. 2017
BLANQUART et al. 2012
SCHERPEREEL et al. 2006
GRIGORIU et al. 2007
FILIBERTI et al. 2013
BATTOLLA et al. 2017
BLANQUART et al. 2012
FILIBERTI et al, 2013
FuJimorTo et al. 2010
CANEssA et al. 2013
OTosHi et al. 2017
DAVIES et al. 2009
CREANEY et al. 2014
Hooper et al. 2013
CREANEY et al. 2014
CREANEY et al. 2013
CANEssA et al. 2013
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ALEMAN et al. 2009

Pass et al. 2008
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FuJIMOTO et al. 2010
FILIBERTI et al. 2013
FRANCESCHINI et al. 2014

Summary (random effects)

b) Fibulin-3

Study

BatToLLA et al. 2017
Passetal. 2012
Pass et al. 2012
Pass et al. 2012
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summary total of 0.83. The largest study included 128 MPM patients and 1147 controls and obtained a
sensitivity and specificity of 67% and 95% at a cut-off of 20 nM [74]. The AUCgoc reported in this study
is comparable to the overall calculated AUCgpc, which might be caused by the higher weight due to its
small confidence interval. Similar to the other matrices, all studies reported an elevated level of mesothelin
in MPM patients compared to controls. A large heterogeneity was found in reported cut-off values, ranging
from 6 nM to 50 nM. Both the highest and lowest cut-off values were reported by ALemaN et al. [76], who
compared a group of 18 MPM patients to 51 controls (including lung cancer patients, patients with other
cancers, patients with pneumonia, TB and idiopathic pulmonary disease). Sensitivity and specificity of
72% and 46% and 44% and 100% were obtained for the lowest and highest cut-off value, respectively.
The most commonly used cut-off value in PE lies around 20nM, with sensitivities and specificities ranging
from 44% to 100% and 46% to 100%.

Contradictory results were found for fibulin-3. Pass et al. [68] reported higher fibulin-3 concentrations in
PE of MPM patients compared to patients with PE (both benign and malignant, related to AE or not), with
AUCRgqc values of 0.91 and 0.95 in two independent cohorts. However, this could not be reproduced, with
other AUCRroc values ranging from 0.42 to 0.59 [67, 78]. With a summary AUCgqc of 0.68, PE fibulin-3
is not a good standalone diagnostic biomarker (figure 3b). Further research is advised due to the
heterogenous results, the limited number of studies and the lack of asbestos-related control groups.

A very promising but less investigated marker for MPM, is CYFRA-21-1, which is the soluble fragment of
cytokeratin 19. In malignant tissues, CYFRA-21-1 is released into circulation after apoptosis or caspase-3
cleavage. As carcinogenesis can cause apoptosis, it is not surprising that all studies reported an elevated
level of CYFRA-21-1 in MPM patients compared to controls [80, 82, 83]. The diagnostic accuracy is not
outstanding, with AUCgoc values ranging from 0.65 to 0.76 and an overall AUCgoc of 0.73 (figure 3c).
No major differences in accuracy between the different control groups could be detected; however, no
benign or asbestos-related conditions were included.

) CYFRA21-1
AUC (95% CI) Study MPM/controls (n)  Population AUC (95% CI)
+——=— 0.88(0.77-1.00; HEGMANS et al. 2009 41/48 MPM versus PE other cause 0.74(0.63-0.84)
— 0.84 (0.76-0.92, FILIBERTI et al. 2013 57/64 MPM versus Mets 0.76 (0.69-0.83)
—_— 0.81(0.71-0.92 FUHRMAN et al. 2000 41/44 MPM versus other cancer 0.65 (0.58-0.73)
—_— 0.78(0.68-0.88)  WaNG etal. 2014 57/120 MPM versus all other 0.76 (0.69-0.83)
—_— 0.82 (0.72-0.92
080 (066-0.97)  Summary (random effects) 0.73(0.67-0.78)
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—— 0.83 (0.74-0.92, o 025 1
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———  0.86(0.78-094)
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—_— 0.82 (0.71-0.92 FUHRMAN et al. 2000 41/24 MPM versus other cancer W, 094(0.91-0.97)
069 (0.55-0.83 WANG et al. 2014 18/233 MPM versus all other —_— 0.73 (0.59-0.86)
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—_— 0.80 (0.72-0.88) | S S S —
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0.75(0.62-0.88 0.78(0.73-0.82)
—_— 0.84(0.77-0.91)  Summary (random effects)
—_— 0.84(0.75-0.93)
0 025 1
- 0.83 (0.81-0.85)
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FIGURE 3 Forest plot for the area under the curve (AUC) of pleural effusion markers in distinguishing malignant pleural mesothelioma (MPM) from
different controls. BARD: benign asbestos related disease; BAP: benign asbestos pleurisy; BPE: benign pleural effusion; CEA: carcinoembryonic
antigen; LC: lung cancer; Mets: metastasis; MPE: malignant pleural effusion; PE: pleural effusion. References in panel a): Sriram et al. 2012 [57];
Canessa et al. 2013 [75]; Ferro et al. 2013 [44]; Pass et al. 2008 [47]; BartoLLa et al. 2017 [78]; OtosHi et al. 2017 [81]; BranquarT et al. 2012 [79]; GriGorIU
et al. 2007 [21]; ScHerpereeL et al. 2006 [20]; Fusmoto et al. 2010 [77]; Heemans et al. 2009 [82]; Fiusert et al. 2013 [80]; Davies et al. 2009 [73]; CREANEY
et al. 2014 [67]; Hoorer et al. 2013 [35]; ALeman et al. 2009 [76]; FrancescHint et al. 2014 [43]. Panel b): BartoLia et al. 2017 [78]; Pass et al. 2012 [68];
CRreaney et al. 2014. Panel c): Heemans et al. 2009 [82]; Fiusert et al. 2013 [80]; FunrmaN et al. 2000 [83]; Wane et al. 2014 [36]. Panel d): Fiusert et al.
2013 [80]; FuHrMaN et al. 2000 [83]; Wane et al. 2014 [36]. Panel e): Munot et al. 2014 [33]; Furrman et al. 2000 [83]; Munor et al. 2013 [37].
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CEA is a glycoprotein involved in cell adhesion. In healthy individuals, very low levels of CEA are
detectable in the bloodstream. An increase in several cancer types and non-cancerous conditions has been
reported. Hence, MPM patients are also expected to have an elevated CEA level. Although two studies
indicated this expected increase, one study reported a decrease when compared to other types of cancer
[36, 80, 83]. This indicates that CEA is elevated in different cancer types and therefore not specific for
MPM. Due to these inconclusive results and an overall AUCroc of 0.55, no conclusion can be drawn
regarding the diagnostic accuracy of PE CEA (figure 3d). Due to its lack of specificity, the use of CEA as
a differential diagnostic marker is not advised. Further research including asbestos-exposed individuals
should clarify whether CEA might be interesting as a screening marker.

Hyaluronan (HA) or hyaluronic acid is a major compound of the extracellular matrix, regulating cell
adhesion and motility, as well as mediating cell proliferation and differentiation [84]. Three studies
investigated PE HA, but only two validated their findings in an independent cohort [33, 37]. Only patients
with other cancers, benign diseases and metastases were included as controls, so no conclusion can be
drawn about HA as an MPM screening biomarker. In PE, HA on its own does not have the best diagnostic
accuracy, with an AUCggc of 0.78 (figure 3e).

Biomarker panels

A similar diagnostic accuracy of PE HA and MPF was found [37]. Their combination resulted in a slightly
better AUCgoc (0.81 versus 0.83). A protein biomarker panel that does exceed its individual performance,
consists of C-C motif chemokine ligand 2, galectine-3, mesothelin, and secretory leukocyte protease
inhibitor [79]. With a sensitivity and specificity of 93.8% and 64.9%, respectively, the combination of
mesothelin and the CYFRA-21-1/CEA ratio is also a strong contender as an MPM biomarker panel [81].
As this combination helped to rule out MPM among the high-risk population, it is a valuable option for
screening purposes. The combination of CYFRA-21-1 and CA-15-3 resulted in an elevated sensitivity
(100%) and specificity (83%) [27]. Furthermore, a combination of CA-15-3, CYFRA-21-1 and CA19-9
resulted in a higher sensitivity, but decreased the specificity [27]. Lastly, the panel of three miRNAs
(miR-200c, miR-210 and miR-143) resulted in a summary AUCgroc of 0.92 when comparing MPM
patients to both patients with benign diseases and patients with adenocarcinoma [85].

Urine biomarkers

Proteins

As urine volume and renal function have effects on protein concentration, urinary mesothelin
concentrations were standardised against urinary creatinine concentrations [52]. Again, the level of
mesothelin was found to be significantly higher in MPM patients compared to controls. When
discriminating MPM patients from those with benign disease, an AUCgroc of 0.87 was obtained. A
correlation was found with serum mesothelin, but only in the MPM group.

Reported confounding factors

When looking at diagnostic tests, the risk of confounding factors should always be considered. The main
confounding factor seemed to be the histological subtype, with epithelioid tumours being associated with
higher diagnostic accuracy of the biomarkers assessed. However, this was contradicted by several studies
for serum mesothelin, miRNA, a protein panel, midkine, ILK and the DNA integrity index [28, 41, 47, 51,
57, 64, 86]. Weber’s group also did not find a difference between different subtypes studying miR-103 in
plasma [87]. Secondly, it is not surprising that for most biomarkers the most pronounced differences were
found when comparing controls to advanced stages of MPM. In contrast, the influence of body mass index
(BMI), smoking, gender and age seemed to have limited effect [16, 23, 29, 35, 63, 68]. However, both
Bavrawm et al. [31] and Pareart et al. [22] reported a significant influence of gender on the serum and
plasma OPN levels. Furthermore, a positive relationship was found between smoking status and serum
OPN levels [31]. HoLrevoET et al. [88] studied the effect of clinical covariates on the diagnostic accuracy
of both mesothelin and MPF in serum and reported an increase in accuracy when age decreased or the
glomerular filtration rate or BMI increased [88].

Discussion

Liquid biomarkers can be found in different body fluids, such as serum, plasma, PEs, exhaled breath
condensate, saliva, sweat and urine. With their advantage of being minimally invasive, they have a huge
benefit over the current golden standard of biopsy-driven diagnosis. Furthermore, a large population of
asbestos-exposed individuals do not have access to a readily accessible screening device, which leads to a
psychological burden. Being able to relieve people from this stress will have a positive effect on their
overall well-being. A rapid and accurate early stage diagnosis can also have a positive effect on the dismal
prognosis of MPM, as a potential radical therapy can be initiated earlier. As research for newer and
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curative therapies is booming, diagnostic tools cannot stay behind. Unfortunately, there is still a lot of
variability in the reported outcomes of diagnostic biomarker studies. This can mainly be attributed to the
control groups included, ranging from only those patients with PEs to patients with benign or malignant
conditions and asbestos-related diseases. Due to this heterogeneity, it is difficult to directly compare the
results of different individual studies. However, this heterogeneity can be useful to assess the full
diagnostic capacity of a certain marker. The inclusion of HC and AE as controls is more representative for
a screening test, while different types of malignancy and benign asbestos-related diseases can verify
whether a differential diagnosis is possible. Furthermore, many studies show that epithelioid mesothelioma
is easier to differentiate from controls compared to other MPM histological subtypes. As a result, studies
only including the epithelioid subtype can have biased positive results. Both a representative cohort of
patients and controls are therefore crucial in future studies. Another point of concern is the cut-off value.
As the majority of studies do not have a predefined cut-off value, it leads to a variety of cut-off values,
each perfect for the specific cohort used in that study. Unfortunately, many studies disagree on the perfect
value, rendering it clinically useless. Therefore, studies including both a verification and a validation
cohort or follow-up studies, validating the results in an independent cohort, are necessary.

Many biomarkers have been studied in different matrices. For mesothelin, the highest diagnostic accuracy
was detected in plasma, closely followed by PE and serum (figures 2-4). Its levels in PE were
significantly higher compared to those in serum, which might be explained by the fact that mesothelin is
derived from a cell-bound protein produced locally and released directly into the pleural cavity [44].
Although this was confirmed by most studies, ScHErPEREEL et al. [20] found a significant correlation

EXHALED BREATH CONDENSATE-EXHALED BREATH AEROSOLS

| MATRIX TECHNIQUES BIOMARKERS PANELS
CA-15-3 CA-19-9
PROTEINS: automated HA i
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PLEURAL EFFUSION CLEIA, colorimetric resorsinol, . CEA )
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electrospray ionisation LC-MS, CYFRA21-1
ELISA, fluorimetric H
> mesothelin
OxyDNAassay kit,
immunoassay, MPF HMGB]‘ \
SERUM immunoradiometric assay, ILK TRX CEA HA
IRMA, LC-MS, luminex assay, .
MIA, PCR, phage display, PN e 196 Mesothelin
SELDI—TQF MS, SOMA scan CYFRA-21
proteomic assay, Western blot VKL-40
LIPIDS: LC-MS Mesothelin mesothelin
PLASMA . o
Fibulin-3
CELLS: Celltracks, OPN calretinin
Cellsearch miR 103a-3p
miR 132-3p
DNA: PCR miR26
Mesothelin \mesothelin
miRNA: PCR

FIGURE 4 Liquid biomarkers for the diagnosis of malignant pleural mesothelioma (MPM). The font size of the different biomarkers is directly
proportional to the area under the receiver operating characteristics curve (AUCgoc) obtained through the meta-analysis for that matrix. When
detected in multiple matrices, the biomarker in that matrix resulting in the highest AUCroc Was put in bold. A few interesting combinations of
biomarkers (biomarker panels), as discussed by articles included in this review, are shown in the figure under the column panel. Furthermore, this
panel represents the possibility of combining different markers and matrices as a focus for future research. CEA: carcinoembryonic antigen; CLEIA:
chemiluminescence immunoassay; CYFRA-21-1: cytokeratin 19 fragment; ECLEIA: electro-chemiluminescence immunoassay; ELISA: enzyme-linked
immunosorbent assay; HA: hyaluronan; HMGB1: high mobility group box protein 1; ILK: integrin-linked protein kinase; IRMA: immunoradiometric
assay; LC-MS: liquid chromatography-mass spectrometry; MIA: magnetic immunoassay; miR: microRNA; MPF: megakaryocyte potentiating factor;
OPN: osteopontin; PCR: polymerase chain reaction; SELDI-TOF MS: surface-enhanced laser desorption/ionisation time of flight mass spectrometry;
SLPI: secretory leukocyte protease inhibitor; TRX: thioredoxin; YKL: chitinase-like protein.
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between serum and PE mesothelin levels, with no significant favour. For OPN, the preferred matrix is
plasma, as measurements have proven to be more stable and reliable. However, OPN was neither in plasma
nor in serum the best-performing diagnostic marker [12]. This might be explained by its link to some other
malignant conditions, as well as to non-malignant diseases such as tuberculosis [12]. In contrast, fibulin-3
has a clear superior diagnostic accuracy in plasma compared to PE. However, as the results of the included
studies vary greatly, additional research is advised. Lastly, serum HA seems less than optimal due to the
fast clearance from systemic circulation by stabilin-2 [3]. In pleural fluid, HA is present in the form of a
large fibroblast-formed polysaccharide, making it more stable. Due to a lack in overlap between the
miRNAs studied in the different matrices, no comparison of their performance between the matrices was
possible. It is clear that it is impossible to just focus on one matrix, as different matrices are preferable for
different markers (table 1; figure 4).

Mesothelin is by far the most investigated diagnostic biomarker for MPM. Despite repeated validation
studies, there is no consensus yet about its actual clinical utility. A meta-analysis combining the diagnostic
value of serum mesothelin in over 4000 patients resulted in 47% sensitivity at 95% specificity [1, 89]. In
this review, we obtained a summary AUCgoc of 0.81 for serum mesothelin when 27 studies were
combined. Although promising, mesothelin clearly lacks the sensitivity to be used as standalone diagnostic
marker. Therefore, focussing on a combination of different markers, either in one panel or using a decision
tree, seems to be the best way forward. The combination of mesothelin, TRX and fibulin-3 in serum
resulted in an optimised sensitivity and negative predictive value of 100% [29]. Although their specificities
were disappointing, this 100% negative predictive value is ideal for a screening test, as all patients would
be detected and referred for further (invasive) testing. The addition of biomarkers to the currently existing
diagnostic techniques should also be further investigated. Adding PE mesothelin to cytological assessment
reached a diagnostic sensitivity of 78.9%, which is higher than the sensitivities of either individually [43].
Furthermore, we should be clear about what to expect from a diagnostic biomarker for malignant
mesothelioma. Ideally, one strives for a perfect test, possessing a 100% sensitivity and 100% specificity. This
holy grail test would lead to a flawless detection of MPM where we can perfectly distinguish MPM from all
other diseases and no patients would be missed. However, a more realistic approach would be to either focus
on a differential diagnosis with a high specificity or to focus on developing a test with a high sensitivity and
negative predictive value, leading to a minimal of false negatives (supplementary figure S4). This test could
then be implemented as a pre-diagnostic step for the AE population in the diagnosis of MPM. Due to its
non-invasive nature, repeated testing is possible. Unfortunately, most current studies only included already
diagnosed patients, with mostly advanced disease, which lack true clinical utility for the early stage markers
and screening purposes. Future studies should therefore prospectively try and validate markers. This could
prove to be difficult as several studies have indicated disease stage as a confounding factor, with earlier
stages being more difficult to discriminate. Pass et al. [47] demonstrated this by separating stage I MPM
from more advanced stages of MPM when compared to AE as control group. With an AUCgqc of 0.74,
stage I MPM was more difficult to discriminate from AE compared to advanced MPM (AUCgo=0.81).

TABLE 1 An overview of the values of the area under the receiver operating characteristics curve (AUCgoc) per

matrix and marker as reported by the meta-analyses

Serum Plasma PE

Mesothelin 0.81 (0.79-0.83) 0.86 (0.79-0.92) 0.83 (0.81-0.85)
MPF 0.78 (0.73-0.83)

HMGB1 0.88 (0.80-0.96)

ILK 0.79 (0.59-0.99)

OPN 0.66 (0.56-0.75) 0.69 (0.63-0.75)

TRX 0.77 (0.68-0.87)

Fibulin3 0.91 (0.86-0.97) 0.68 (0.50-0.87)
CEA 0.55 (0.21-0.89)
CYFRA 21-1 0.73 (0.67-0.78)
HA 0.78 (0.73-0.82)
miR 126 0.80 (0.68-0.91)

MPF: megakaryocyte potentiating factor; HMGB1: high-mobility group box 1; ILK: integrin-linked kinase; OPN:
osteopontin; PE: pleural effusion; TRX: thioredoxin; CEA: carcinoembryonic antigen; CYFRA 21-1: cytokeratin 19
fragments; HA: hyaluronan; miR: microRNA. The highest AUCgroc per matrix are in bold, the highest AUCgoc
values per biomarker are underlined.
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Although no such studies were included in this review, a more recent and promising matrix is exhaled
breath, more specifically the liquid phase enclosing exhaled breath condensate and aerosols. Both can be
sampled using completely non-invasive techniques and contain a plethora of non-volatile or semi-volatile
compounds, including, ammonia, isoprostanes, hydrogen peroxide, chemokines, cytokines, nitrogen
oxides, peptides, DNA and RNA [90, 91]. By using a cooling device, exhaled breath is condensed into a
liquid during tidal breathing. A rise in oxidative stress biomarkers in exhaled breath condensate has already
been established in subjects with asbestosis compared to healthy controls [92]. Furthermore, promising
results have been described regarding chronic airway diseases, such as cystic fibrosis, asthma and chronic
obstructive pulmonary disease [93, 94]. Although the previously mentioned compounds are very diluted as
breath also contains a lot of water, the matrix will still be less complex compared to serum or plasma. A
more direct, but less explored approach is to entrap exhaled droplets, containing small non-volatile
molecules, directly by the use of a filter or facemask. The origin of these aerosols can be linked to both
the lower respiratory tract caused by surface film disruption and to the upper airways due to turbulence
[91, 93, 95]. They are released during exhalation and in larger amounts during coughing and sneezing.
However, caution is warranted not to mistake exogenous exposures for biomarker candidates. As every
matrix has its own strengths and weaknesses, introducing a panel of optimal biomarkers beyond the
borders of one matrix could have an added value.

Conclusions and future perspectives

We reviewed diagnostic liquid biomarkers for MPM. The majority focussed on identifying biomarkers in
limited discovery cohorts, while implementation in clinical practice calls for larger validation studies.
Furthermore, the heterogeneity of the used protocols and control groups was high, and efforts should
therefore be made regarding standardisation to optimise results while making them comparable and
reproducible. Focus should lie on the external validation of already discovered biomarkers, as well as
exploring new biomarkers and biomarker panels. The most popular MPM biomarker is mesothelin and
should be included in different panels, irrespective of matrix, as the combination with TRX and fibulin-3
has already shown promising results for screening purposes. Serum HMGBI1 is also a strong contender,
although further research is necessary to validate the positive results obtained by the two studies included
in this review. The inclusion of patients with asbestosis or malignant diseases is encouraged as currently
no difference in HMGB1 levels was found between asbestosis and MPM. Based on this review, plasma
fibulin-3 (AUCgroc=0.91) is the most promising single biomarker and should therefore be put in the
limelight when further research is concerned. Furthermore, the use of new and innovative technologies for
panel discovery should be encouraged. As MPM is mostly diagnosed at an advanced stage, the discovery
and validation of early stage biomarkers is lacking. The set-up of an overarching biobank of early stage
samples for scientific use could lead to a boost in this specific type of research. Furthermore, as different
liquid matrices provide matrix-specific biomarkers, the combination of biomarkers from different matrices
should be further investigated, as they each have their different strengths and downfalls. Lastly, recent
discoveries in exhaled breath condensate and aerosols should be explored.
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