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Simple Summary: Pleural effusions are common clinical manifestations of pleural mesothelioma (PM) and 
often constitute the only available biological material for diagnosis. However, the cytological diagnosis of PM 
can be challenging. Over the years ancillary tests, mainly based on the analysis of single biomarkers, have been 
developed to differentiate malignant from benign effusions, but their sensitivity is limited. In this study we 
validated, on a consecutive series, a previously defined 117-gene expression panel as a diagnostic tool for the 
cytological diagnosis of PM. This gene panel proved to be useful not only in the differential diagnosis of PM 
and mesothelial hyperplasia but also in the discrimination of the two most common PM subtypes (epithelioid 
and biphasic) on cytology. Once assessed the malignancy, the PM subtype definition strongly impacts on 
therapy and prognosis. In this context, the 117-gene panel could be a powerful diagnostic tool to improve the 
clinical management of PM patients. 

Abstract: Cytological diagnosis of pleural mesothelioma (PM) is controversial even using ancillary markers 
(BAP1, MTAP and CDKN2A). Here, we aimed to prospectively validate a previously developed 117-gene 
expression panel for the differential cytological diagnosis of epithelioid, biphasic PM and mesothelial 
hyperplasia. Seventy-seven pleural effusions were classified using the 117-gene expression levels (NanoString 
system). Sixty-eight cases were also screened for ancillary markers. The performance of both gene panel and 
ancillary markers was evaluated using ROC metrics. A score using the top consistently deregulated genes 
between epithelioid and biphasic PM was built to subtype malignant effusions. The panel alone reached a 
diagnostic accuracy (0.89) comparable to the best marker combination (BAP1 plus MTAP: 0.88). Ancillary tests 
missed 8 PMs, seven of which were correctly classified by the panel. The score built by averaging the expression 
levels of MSLN, CLDN15 and CFB showed an accuracy of 0.80 in subtyping epithelioid and biphasic effusions. 
The 117-gene panel is effective for PM cytological diagnosis of epithelioid and biphasic PM. This tool can be 
complementary to ancillary markers, reducing invasive procedures and allowing an earlier diagnosis. Finally, 
the possibility to subtype PM on effusions strengthens the panel role in PM diagnosis and management. 

Keywords: pleural mesothelioma; mesothelial hyperplasia; pleural effusions; subtyping; gene 
expression 

 

1. Introduction 

Pleural mesothelioma (PM) is a rare and severe tumor affecting the pleura, strictly correlated 
with asbestos exposure [1]. PM usually has a lag time equal to 30-40 years between asbestos exposure 
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and the first clinical manifestations, with limited therapeutic options and an overall survival (OS) 
ranging from 4 to 14 months [2,3]. There are three main PM histotypes: epithelioid (70-80% of cases), 
biphasic (10-20%), and sarcomatoid (10%) [4–6], with different therapeutic and prognostic 
implications. In fact, epithelioid PM patients are potentially eligible for surgery and for a 
multimodality approach, and have a better OS compared to other histotypes [2,7,8].   

The diagnosis of PM can be extremely challenging both for small tissue biopsies, if tissue 
invasion is not clearly assessable, and for pleural effusions [9,10]. In particular, the morphologic 
differentiation of PM from reactive mesothelial hyperplasia (MH) is not always possible for effusions 
so that a tissue sample can be required first to confirm malignancy and then to subtype PM [5,11]. 
According to the International Mesothelioma Interest Group (IMIG) recommendations, a cytological 
diagnosis of PM is possible by coupling morphological examination with ancillary tests [12,13]. 
BRCA1-associated protein 1 (BAP1) and cyclin-dependent kinase inhibitor 2A (CDKN2A, better 
known as p16) are the most valuable markers for the differential diagnosis of malignant and benign 
pleural lesions [14]. Loss of the expression of BAP1, evaluated by immunohistochemistry (IHC), and 
the presence of p16 homozygous deletion evaluated by Fluorescent In Situ Hybridization (FISH), are 
highly specific markers for PM, since these alterations have never been described in benign lesions 
[14–18]. Furthermore, methylthioadenosine phosphorylase (MTAP) has been recently suggested as a 
valuable surrogate marker for p16, more easily evaluable by IHC rather than by FISH. Indeed, MTAP 
and CDKN2A genes map closely on the same chromosome (9p21) and if a deletion is present both 
genes are usually involved. A high concordance has been reported between MTAP loss of expression 
and p16 deletion [19]. Taken separately, BAP1, p16 and MTAP, have a low diagnostic sensitivity (40-
60%) for PM, which can be greatly improved by their combination (70-90%) [2,5,13,18]. However, the 
absence of BAP1, p16 or MTAP alterations does not rule out a possibility of PM [2,5,14]. In addition, 
the cytological diagnosis of biphasic PM is even more challenging than that of epithelioid PM, 
considering that cells from the sarcomatoid component do not shed into the effusions [14] and the 
efficacy of available markers has not been completely investigated for this subtype [4,9,20]. 

In this context, our group has previously developed a 117-gene expression panel and a related 
classification model able to discriminate epithelioid PM from MH [21]. This panel has already been 
tested and successfully compared with BAP1 and p16 on two independent retrospective series: one 
including malignant (epithelioid PM) and benign pleural tissues, giving a sensitivity of 97% and a 
specificity of 100% [22], and the other including only pleural effusions (both cell-blocks and stained 
smears) with a sensitivity and specificity both equal to 100% [23]. We have already demonstrated that 
among the 117 genes included in the panel there are some histotype specific markers, whose 
expression can help discriminate between biphasic and epithelioid PM [24]. 

In this study we performed a prospective validation of the 117-gene expression panel as a 
diagnostic tool for PM cytological diagnosis and we compared its performance with that of BAP1, 
p16 and MTAP. Our purpose was to improve the diagnostic algorithm for the cytological differential 
diagnosis not only of epithelioid PM and MH, but also of biphasic PM. 

2. Materials and Methods 

2.1. Study population 

From 2019 to 2021, pleural effusions from patients consecutively diagnosed with epithelioid, 
biphasic PM and MH were collected and evaluated at our institution (Unit of Pathological Anatomy, 
University Hospital of Pisa). This study was conducted in accordance with the principles of the 1975 
Helsinki declaration and was approved by the local Ethics Committee. Molecular analyses required 
for this study did not interfere with routine clinical practice. Informed written consent for publication 
was not required because all cases were completely anonymous and no sensitive data able to identify 
patients were used. 

Both cell-blocks and Papanicolaou stained smears were collected for this study. For cell-blocks, 
hematoxylin- and eosin-stained sections were prepared for pathological diagnosis; whereas all 
cytologic smears were fixed in Cytofix (Kaltek s.r.l., Padua, Italy) and stained with Papanicolaou, 
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according to our standard laboratory protocol [23]. Histological confirmation of diagnosis was 
available for all PM cases, while sufficient follow-up clinical data were collected to exclude primitive 
or secondary malignancy (more than 20 months of follow-up) for MH cases.  

BAP1, p16, MTAP and gene expression tests were blindly performed. Cytological and 
histological diagnoses were independently reviewed by three expert pathologists (G.A., A.P. and 
G.F.) according to the 2021 World Health Organization criteria [4] and discordant cases were 
discussed until an agreement was reached. 

2.2. Gene expression analysis 

The custom gene expression panel included 117 target genes, specifically deregulated in PM, 
and 6 housekeeping genes [21]. The gene expression analysis was performed on mRNA from pleural 
effusions by using the nCounter NanoString system (NanoString Technologies, Seattle, Washington, 
USA), as previously described [21,23]. 

The percentage of atypical mesothelial cells was estimated for each case (10% was the lowest 
acceptable value), and a tissue enrichment was performed by manual macro-dissection before RNA 
purification. In detail, for cytologic smears, one stained slide was placed in xylene for 48 hours to 
remove the coverslip; then, the slide was rehydrated in a graded ethanol series (99%, 95%, 70%, and 
50%) for 10 minutes each [23]. Instead, two to three unstained sections (5 µm thick) underwent 
standard deparaffinization for each cell-block. RNA was purified using the Qiagen RNeasy FFPE kit 
(Qiagen, Hilden, Germany), according to the manufacturer’s instructions. A total of 150 ng of RNA, 
assessed by an Xpose spectrophotometer (Trinean, Gentbrugge, Belgium), was hybridized with 
capture and reporter probes in each reaction. Hybridization was performed for 18 hours at 65°C in a 
SensoQuest thermal cycler (SensoQuest, Gottingen, Germany). Cleanup of the samples and the 
counts of digital reports were performed as described by the manufacturer (NanoString 
Technologies). 

2.3. BAP1, MTAP, p16 tests 

BAP1 and MTAP IHC were conducted on cell blocks by using a mouse monoclonal anti-BAP1 
antibody (C-4; Santa Cruz Biotechnology,Inc., Dallas, Texas, USA) at 1:100 dilution and rabbit 
monoclonal anti-MTAP antibody (EPR6893; Abcam, Cambridge, United Kingdom) at 1:500 dilution, 
with the OptiView DAB IHC Detection Kit and OptiView Amplification Kit (Ventana Medical 
Systems, Tucson, Arizona, USA), according to the manufacturer’s protocol. Immunostaining was 
executed on a BenchMark XT automated slide stainer (Ventana Medical Systems).  

The absence of BAP1 nuclear staining in all the atypical mesothelial cells in the presence of a 
positive internal control defined a case as positive for BAP1 loss (Figure 1A, 1D).  
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Figure 1. Ancillary tests for mesothelioma differential diagnosis.(A) Epithelioid pleural mesothelioma 
retaining BAP1 expression; (B) Epithelioid pleural mesothelioma retaining MTAP expression; (C) 
Epithelioid pleural mesothelioma without p16 deletion; (D) Epithelioid pleural mesothelioma with 
BAP1 loss of expression; (E) Epithelioid pleural mesothelioma with MTAP loss of expression, (F) 
Epithelioid pleural mesothelioma with  p16 deletion. 

The absence of MTAP cytoplasmatic staining in all the atypical mesothelial cells in the presence 
of a positive internal control defined a case as positive for MTAP loss (Figure 1B, 1E). 

To evaluate p16 homozygous deletion, FISH was used with the commercially available probe 
Vysis LSI CDKN2A (p16) spectrum orange/CEP 9 spectrum green kit (Abbott Laboratories, Des 
Plaines, Illinois, USA), following the manufacturer’s instructions. A minimum of 60 cells were 
analyzed in each case. A p16 homozygous deletion pattern observed in more than 11% of atypical 
mesothelial cells defined a case as positive for this alteration (Figure 1C, 1F). 

Only cell-blocks underwent BAP1, p16 and MTAP tests. BAP1 and MTAP IHC assays are 
optimized for formalin-fixed, paraffin-embedded (FFPE) slides; p16 FISH was not executed for 
stained smears, because only two smears were available for each case: one had to be preserved for 
legal purposes, the other was used for gene expression testing. 

2.4. Data Analysis 

Gene expression counts were normalized as previously reported by using the nSolver software 
(NanoString Technologies) [23]. Normalized counts were log2-transformed for downstream 
analyses. Principal component analysis (PCA) was performed following the procedures of PCA tools 
v.10.0 package and using the entire set of genes to highlight gross patterns of expression. Samples 
were then grouped by unsupervised clustering based on Euclidean distance and using the Ward 
method implemented in the heatmap3 v.1.1.9 package. Gene expression levels of pleural tissues from 
our previous study [21] were employed as training set. In detail, a random forest algorithm with 
logistic regression as node model was used following the procedures of the caret v.6.0-94 package. 
The normalized counts produced in this study were used as test set, and the model performance was 
assessed using receiver operating characteristics (ROC) metrics. Performance of the BAP1, p16, MTAP 
tests and of the gene panel in cases with complete analyses (n=65) were evaluated by ROC metrics 
using the pROC v.1.18.0 package; for the gene panel, class predictions were used in the analysis. 
Confidence intervals (CI) were estimated by 2000 bootstrap resampling. Differential expression 
analysis was conducted by a moderated t-statistics, following the procedures of the limma v.3.54.2 
package. The score to distinguish epithelial from biphasic PM was built by averaging the expression 
levels of the top 3 consistently deregulated genes in tissues and effusions. All analyses and plots were 
generated in R environment (v.4.2.2, https://www.r-project.org/ , last accessed February 13, 2023). 

3. Results 

3.1. Study population 

In this study, a total of 85 patients with PM or MH were consecutively enrolled. In detail, the 
epithelioid PM cases were 36 (27 cell-blocks and 9 Papanicolaou stained smears; 10 females and 26 
males, with a median age of 71 years); biphasic PM were 15 (12 cell-blocks and 3 Papanicolaou stained 
smears; 2 females and 13 males, with a median age of 71 years); MH were 34 (33 cell-blocks and 1 
Papanicolaou stained smear; 17 females and 17 males, with a median age of 70 years). Eight samples 
(3 Papanicolaou stained smears, including 1 MH and 2 epithelioid PMs, and 5 cell-blocks, including 
1 MH and 4 epithelioid PM cases) were not adequate (less than 10% of atypical cells, poor quantity 
and quality RNA or consumed cell-blocks) neither for IHC, FISH, nor for gene expression analyses.  

Finally, 77 cases successfully underwent gene expression analysis, 68 were cell-blocks and were 
also screened for BAP1, MTAP and p16. 

3.2. Gene expression analysis 
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All the 77 samples passed the quality checks and were considered adequate for statistical and 
bioinformatics analysis. 

After PCA, the first two principal components (PC) accounted for more than 50% of variability 
and were used for plotting. MH and PM were separated on PC1 with some overlapping (Figure 2A). 
Unsupervised clustering revealed different gene expression profiles for malignant and benign cases; 
in particular, it is possible to identify two main clusters, one including only malignant and the one 
including mainly benign cases (Figure 2B).  

 
Figure 2. principal component analysis and unsupervised clustering. (A) Principal component 
analysis was performed on normalized log2 counts. A degree of separation between MH and PM can 
be observed on principal component 1. (B) Unsupervised clustering of samples using scaled and 
centered counts was performed based on Euclidean distance and using Ward’s method. Two main 
clusters were produced: one specific for malignant cases and the other enriched with benign pleural 
effusions. Red and blue indicate a high and low gene expression level, respectively. Each column 
represents a single sample, and each row represents a single gene. MH, reactive mesothelial 
hyperplasia; PM, pleural mesothelioma, ePM, epithelioid pleural mesothelioma; bPM, biphasic 
pleural mesothelioma. 

Considering all the 77 samples (both cell-blocks and stained smears), the classification model 
had an area under the curve (AUC) equal to 0.90 (95% CI 0.81-0.97), a sensitivity of 0.84 (95% CI 0.71-
0.93), a specificity of 1 (95% CI 0.94-1), an accuracy of 0.91 (95% CI 0.83-0.96), a positive predictive 
value (PPV) of 1 (95% CI 0.95-1), and a negative predictive value (NPV) of 0.82 (95% CI 0.71-0.91). 
Moreover, it showed a similar performance in the differential diagnosis of both epithelioid (27 out of 
30 cases correctly classified as malignant) and biphasic PM (13 out of 15 cases correctly classified) 
from benign effusions.  

Deregulated genes between epithelioid and biphasic PM effusions were determined and 
compared with the already reported deregulated genes between epithelioid and biphasic PM pleural 
tissues [24]. The top consistently deregulated genes between epithelioid and biphasic PM cases – both 
on pleural tissues and effusions – were MSLN, CLDN15 and CFB (Supplementary Table 1). The score 
built by averaging the expression levels of these genes showed an accuracy of 0.80 (95% CI 0.63-0.90) 
in discriminating epithelioid and biphasic PM directly on pleural effusions. 

3.3. BAP1, MTAP, p16 tests 

BAP1 IHC was successfully executed on all 68 cell-blocks; MTAP IHC provided assessable 
results in 66 out of 68 cases, while p16 FISH in 65 out of 68 cases. In detail, two cases (both MHs) were 
indeterminate for MTAP because of inadequate staining in internal control positive cells and/or 
heterogeneous staining in mesothelial cells. Three cases (1 epithelioid PM and 2 biphasic PMs) were 
not evaluable for p16, probably due to their suboptimal pre-analytical conditions (i.e., fixation time, 
storage).  
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Overall, sixty-five cases provided clear results for BAP1, MTAP, p16 and for the 117-gene 
expression panel. These cases were used to compare the performance of single biomarkers and their 
combinations, as reported in Table 1 and in Figure 3.  Interestingly, 8 PM cases showed neither BAP1 
nor MTAP/p16 alterations. Seven out of 8 misdiagnosed PM cases were correctly classified as 
malignant using the 117-gene expression panel. 

Table 1. Performance of tested biomarkers calculated on 65 pleural effusions analyzed by all methods. 
CI, confidence interval; AUC, area under the curve; PPV, positive predictive value; NPV, negative 
predictive value. *computed on a two-step approach: first, BAP1 and MTAP; then, the result of the 
117-gene panel was considered on all cases that retained the BAP1 and MTAP expressions. 

 BAP1 p16 MTAP BAP1+MTAP117 gene panelBAP1+MTAP+117 gene panel* 

AUC (95%CI) 
0.81 

(0.73-0.89)
0.68 

(0.61-0.77) 
0.70 

(0.63-0.77) 
0.89 

(0.81-0.96) 
0.87 

(0.76-0.96) 
0.92 

(0.85-0.98) 

Sensitivity (95%CI) 0.63 
(0.46-0.77)

0.36 
(0.21-0.52) 

0.40 
(0.23-0.57) 

0.77 
(0.63-0.89) 

0.80 
(0.69-0.94) 

0.97 
(0.91-1) 

Specificity (95%CI) 
1 

(1-1) 
1 

(1-1) 
1 

(1-1) 
1 

(1-1) 
1 

(0.93-1) 
0.87 

(0.73-0.97) 
Accuracy 
(95%CI) 

0.80 
(0.71-0.88)

0.67 
(0.59-0.75) 

0.68 
(0.58-0.77) 

0.88 
(0.80-0.94) 

0.89 
(0.83-0.95) 

0.92 
(0.86-0.98) 

PPV 
(95%CI) 

1 
(1-1) 

1 
(1-1) 

1 
(1-1) 

1 
(1-1) 

1 
(0.94-1) 

0.90 
(0.81-0.97) 

NPV (95%CI) 0.70 
(0.61-0.79)

0.59 
(0.54-0.65) 

0.59 
(0.53-0.67) 

0.79 
(0.70-0.88) 

0.81 
(0.73-0.94) 

0.96 
(0.89-1) 

 
Figure 3. ROC curves. ROC curves of ancillary tests alone or in combination with the 117-gene panel. 
AUC, area under the curve. 

4. Discussion 

Pleural effusions are among the first clinical manifestations of PM and can provide important 
diagnostic information [4,11,13,14]. However, the diagnosis of PM on pleural effusions is still a 
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controversial issue and several factors must be taken into account: cytomorphologic features overlap 
between PM and MH cells and this fact, along with the lack of standardization [9] in the collection 
and preparation procedures, can result in variable interpretations across cytopathologists. The 
introduction of BAP1, MTAP and p16 tests has greatly improved the diagnostic accuracy of pleural 
effusions, but it is necessary to perform at least two of these tests (i.e. BAP1 and MTAP) to reach a 
good sensitivity [4,5,14,17,25,26]. Although theoretically evaluable both on cell-blocks and smears, 
IHC tests are standardized mainly on cell-blocks, and stained smears are not always sufficient to 
perform more than one molecular test. In addition, interpretation challenges are well-known (i.e. 
imperfect internal control staining, mix of nuclear and cytoplasmic staining), and heterogeneous 
staining is frequently observed in overlapping cells, typical of cytology samples [19]. BAP1 and 
MTAP IHC have been reported to provide ambiguous results in 5% of tissue samples, and this rate 
is equal to 10% for cell-blocks [5,19,27]. In these cases it is necessary to perform a biopsy, which delays 
the start of treatment. Moreover, not all patients tolerate invasive diagnostic procedures [9,10].  

In this study, we validated the 117-gene panel as a diagnostic tool for the cytological diagnosis 
of PM: as a single test, this panel reached a sensitivity and a diagnostic accuracy comparable to those 
of combined BAP1 and MTAP evaluation. Data interpretation is more objective and the analysis can 
be executed directly on stained-smears, just after pathological evaluation, thus avoiding cell-block 
preparation and saving time. It has been reported that when cytological diagnosis is reliable and 
treatment can be immediately initiated median OS can be extended [5,28]. Moreover, the nCounter 
NanoString procedure is based on direct counting of the mRNA target molecules, with no 
amplification step [28,29], so that RNA quantity and quality, usually scarce from FFPE or stained 
smears, are not limiting factors and the failure rate is extremely low [30]. In our study none of the 
analyzed 77 cases failed the gene expression analysis. 

In this prospective cohort, we also confirmed the usefulness of BAP1 and MTAP IHC tests on 
pleural effusions, whose combination reached an excellent diagnostic accuracy. On the contrary, in 
our series the p16 FISH test did not improve diagnostic performance. However, 8 out of 35 PM cell-
blocks (22.8%) would not have been correctly diagnosed by ancillary tests. Seven out of eight were 
correctly classified as malignant by the NanoString panel, thus reducing the rate of false negative 
cases to 2.8% and increasing both diagnostic accuracy and sensitivity.  

A limit of this approach is that specificity may be slightly reduced, since the gene panel 
misclassified some MH samples. Consistently with our previous studies, we applied the same 
classification algorithm that uses all the 117 genes. There is still room for improvement both in terms 
of gene selection and testing of different algorithms. 

We are aware that not all routine laboratories are equipped with a NanoString system and IHC 
is a more affordable first-level test. However, gene expression analysis can be considered before 
planning a biopsy in non-decisive pleural fluids, possibly referring to specialized centers. 

Another advantage of the 117-gene panel is the possibility to evaluate more genes 
simultaneously and to obtain much more information alongside the differential diagnosis between 
malignant and benign pleural effusions. PM subtyping drives patients’ therapy and prognosis 
definition, but biphasic PM can be difficult to diagnose and to discriminate from other histotypes 
[31]. It is composed by both epithelioid and sarcomatoid morphology [4,9], and the higher is the 
proportion of sarcomatoid component the worse is the prognosis [31]. However, the identification of 
a spindle-cell component is not easy and a considerable interobserver variation in recognizing 
biphasic subtypes has been reported [31,32]. On pleural effusions it is impossible to morphologically 
discriminate between biphasic and epithelioid PMs, considering that sarcomatoid cells do not shed 
in the effusions [14]. It has already been demonstrated that gene expression profiles on tumor tissues 
can improve PM subtyping, particularly for biphasic PM [33,34]; however, to the best of our 
knowledge, no data are available concerning the role of gene expression profiles in PM subtyping on 
pleural effusions. In a previous study, performed on a retrospective series of pleural tissues from 
patients with epithelioid, biphasic and sarcomatoid PM, we found that our panel includes some genes 
expressed in a histotype specific manner [24]. In this work, we confirmed the deregulation of CFB, 
MSLN, and CLDN15 on pleural effusions from epithelioid and biphasic PM. The score built by 
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averaging the expression levels of these genes showed an accuracy of 0.80 in discriminating 
cytological specimens from the two most common histotypes. In this context, once malignancy has 
been assessed, the possibility of subtyping epithelioid and biphasic PM directly on pleural effusions 
can suggest another important clinical application of this gene expression panel.  

It has to be acknowledged that the malignant rate of our study is probably higher than most 
consecutive series. This can be due both to the lack of sufficient material from some benign effusions 
and to the elevated number of patients with suspicion of malignancy referring to our institution. 

Finally, pleural effusions are precious diagnostic material for mesothelioma and the 117-gene 
panel could improve the clinical management of PM patients both as a single test or in a stepwise 
diagnostic approach. 

5. Conclusions 

The implementation of cytological diagnosis of PM is warranted in order to provide patients 
with an earlier diagnosis reducing the number of invasive procedures. This study confirmed the 
effectiveness of the 117-gene panel for the cytological differential diagnosis of both epithelioid and 
biphasic PM from benign effusions. Furthermore, the use of gene expression profiles to subtype PM 
directly on pleural effusions strengthens its diagnostic role. 

Supplementary Materials: Table S1: gene expression comparison between pleural effusions from biphasic 
versus epithelioid mesothelioma. 
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