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Abstract: 

Malignant pleural mesothelioma (MPM) is a rare but deadly malignancy. Despite predictions, 

worldwide incidences have not significantly diminished and available therapeutic modalities have 

failed to improve outcomes. There are some indications that immune based therapies and targeted 

therapies may hold promise but suitable phenotypes have been hard to identify. This thesis 

describes investigations we conducted into the tumour immune microenvironment, the copy 

number aberrations (CNAs) and the interaction between the two in MPM. 

The findings presented in this thesis elucidate the complexity of the tumour immune 

microenvironment in MPM. We establish MPM to be immunogenic but also demonstrate that the 

immune characteristics vary amongst tumours mostly with tumour histological subtype. We reveal 

sarcomatoid MPMs to be associated with high lymphocytic infiltration but also greater expression of 

immune checkpoint receptors and their ligands. In addition, we also exhibit the prognostic 

implications associated with some of these markers. 

The genome wide copy number analyses described in this thesis disclose that although copy 

number aberrations are the commoner of genomic alterations in MPM, their extent and pattern vary 

amongst tumours. We describe their clinical and pathological associations. We confirm most 

previously described prominent CNAs but more importantly uncover new ones which may be 

important in MPM prognostication and therapeutics. We find that greater degree of genomic 

instability confers a worse prognosis in MPM independent of histology but neither degree of 

genomic instability nor any specific CNA correlates with the immunological milieu. 

Our findings contribute towards the understanding and development of potential prognostic and 

predictive markers for immunotherapy in MPM. Further, they also reveal potential targets for 

development of targeted therapies in this disease where none was thought feasible. 
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Chapter 1: Introduction  

Mesothelioma is a malignant neoplasm that develops from cells of the mesothelium. The 

mesothelium consists of a single layer of avascular flat nucleated cells that lines serosal cavities (e.g. 

abdominal and chest cavities) and the majority of internal organs, playing important roles in 

maintaining normal serosal integrity and function. The most common anatomical site for 

mesothelioma is the pleura (around 70%). However, it can also arise in the peritoneum (15-20%) the 

pericardium (1%) or the tunica vaginalis (very rare). The focus of this thesis is on malignant pleural 

mesothelioma (MPM). Mesothelioma is most commonly caused by exposure to asbestos1 but nearly 

20% of patients report no known exposure and this number may be as high as 60% in female 

patients.2 Mesothelioma has also been associated with irradiation,3 intrapleural thorium dioxide and 

inhalation of other fibrous silicates, such as erionite.4,5 Some studies suggest that simian virus 40 

(SV40) may act as a co-carcinogen in the development of mesothelioma,6 but recent epidemiological 

studies have been inconclusive.7,8 A long latency, insidious growth, delayed diagnosis often at 

advanced stage and refractoriness to even aggressive surgical and multimodal treatment has led to 

the probability of cure remaining elusive.9  

1.1 History of asbestos use and discovery of asbestos related health 

problems 

Asbestos use was popularised mainly because of its ability to be woven and its fire resistant 

properties. Its use in pottery in Finland dates back to 4500 years ago, in Norway to the 4th and 5th 

centuries AD. Marco Polo (1254-1354 AD) has described its mining and use in China.10 Applicability of 

asbestos as an insulating agent lead to industrial scale mining and use for insulation of water and 

combustion pipes, materials for house construction and ship building, car brakes, toys, jewellery 

etc.10  
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Health related problems in people working with asbestos were first noticed as early as 1st 

century AD. However, it was only in the early 1900s that researchers began to notice a large number 

of early deaths and lung problems in asbestos-mining towns. The first such study was conducted by 

Dr. H. Montague Murray at the Charring Cross Hospital in 1900. In a post-mortem investigation of a 

young man who had died from pulmonary fibrosis after having worked for 14 years in an asbestos 

textile factory, he discovered asbestos traces in the victim's lungs.11 The first diagnosis of asbestosis 

was made in the UK in 1924 by a Dr. Cooke.11 Joseph Lieutand had described the pleural tumour in 

1797 and Klemperer and Rabin first characterised it in 1931.12 The study that first linked asbestos to 

mesothelioma came from South Africa nearly 30 years after its characterisation.13 Studies from 

Europe, USA, Australia and Japan followed suit to conclusively establish the causal relationship.   

Despite undeniable evidence of the causal relationship of asbestos with a number of pulmonary 

conditions including mesothelioma, the use of asbestos continued well into the 21st century and 

continues to be mined in large quantities in countries like Russia, China Brazil and Canada.14 Use of 

asbestos products has also continued in many developing and some developed countries like the US. 

A particularly disturbing fact is that developed and wealthy countries like Canada continued to mine 

and export white asbestos (chrysotile) to less wealthy developing nations like India. Canada was a 

proponent of the controlled use of white asbestos till 2013 at which time it was finally banned. The 

argument was that chrysotile is different than the amphibole type in being less crumbly and used for 

things like cement, a solid that is less likely to release the deadly fibres into the atmosphere. 

In Australia, asbestos was widely used in construction and other industries between 1946 and 

1980. From the 1970s there was increasing concern about the dangers of asbestos, and its use was 

phased out. The use of crocidolite (blue) asbestos was banned in 1967, while the use of amosite 

(brown) asbestos continued in the construction industry until the mid-1980s. It was finally banned 

from building products in 1989, although it remained in gaskets, and was banned entirely in 

December 2003. Use of white asbestos was also banned in 2003. 
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1.2 Mesothelioma epidemiology 

Despite asbestos use now being banned in 60 countries, there is no indication of a slowing of the 

world wide mesothelioma epidemic. The highest rates of mesothelioma are reported from Europe, 

mainly the UK. In the UK, the annual number of deaths from mesothelioma progressively increased, 

being 153 in 1968 and 2,535 in 2012.15 Australia ranks second only after the UK. Other countries with 

high incidence are the Netherlands, New Zealand, Belgium and Republic of Malta (Figure 1.1).  

 

Figure 1.1: Age standardised incidence of mesothelioma in the world.  
Adapted from Bianchi et al. (Indian Journal of Occupational and Environmental  Medicine - 2014)16 
 

The annual number of mesothelioma cases in Australia has progressively increased from 156 in 

1982 to highest of 732 in 2014 (Figure 1.2). The age-standardised incidence rate of mesothelioma 

increased from 1.1 new cases per 100 000 population in 1983 to a peak of 3.2 in 2010.  The rate per 

100,000 persons in 2015 was 2.3.17 The rate for males (3.9/100,000) was higher than for females 

(1/100,000). The overall 2015 age-standardised mesothelioma incidence rate was slightly lower than 

those in previous years. The age-standardised mortality rate due to mesothelioma for 2015 was 2.2 

per 100,000. Where cause of death was known, mesothelioma was reported as the primary cause in 
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90.8% of cases. The age standardised mortality rate of mesothelioma in Australia has shown little 

change between 1997 and 2015 (Figure 1.3). 

Due to the prolonged history of active mining and use of asbestos and long latency of 

Mesothelioma, it was anticipated that Australia would reach the peak around 2015. However, there 

has been a shift in asbestos exposure from workers directly involved in the asbestos manufacturing 

industry, to renovators and bystanders inadvertently exposed by directly handling asbestos 

materials or indirectly being exposed to asbestos fibres.18 This would ensure that MPM will continue 

to be a significant problem in Australia for many years to come. 

 

Figure 1.2: Age standardised incidence rates of mesothelioma in Australia 1982-2015. 
Dotted lines indicate data that are expected to change by three or more percent as data are 
updated. Adapted from the 5th annual report of the Australian mesothelioma registry 
(Mesothelioma in Australia 2015) 
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Figure 1.3: Age standardised mortality rate of mesothelioma in Australia 1997-2015. 
Dotted lines indicate data that are expected to change by three or more percent as data are 
updated. Adapted from the 5th annual report of the Australian mesothelioma registry 
(Mesothelioma in Australia 2015) 
 

1.3 Pathogenesis of mesothelioma 

The understanding of the molecular pathogenesis of mesothelioma has lagged behind those of 

more common malignancies. However, recent development of global genetic and epigenetic analysis 

has served to reveal its fundamental molecular abnormalities.9 There are several possible 

mechanisms involved in how asbestos fibres cause mesothelioma (Figure 1.4). Four representative 

models by which asbestos fibres are thought to induce genetic/cellular damages of the cells and 

chronic inflammation, which is linked to carcinogenesis, are as follows.9  

(i) Reactive oxygen species generated by asbestos fibres with their exposed surface lead to 

DNA damage and strand breaks of the cells. Macrophage, which phagocytises asbestos 

fibres but is unable to digest them, also produces abundant reactive oxygen species.19  

(ii)  Asbestos fibres are also engulfed by mesothelial cells. Asbestos fibres taken up into the 

cells can physically interfere with the mitotic process of the cell cycle by disrupting 
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mitotic spindles. Tangling of asbestos fibres with chromosomes or mitotic spindles may 

result in chromosomal structural abnormalities and aneuploidy of mesothelial cells.20,21 

(iii)  Asbestos fibres absorb a variety of proteins and chemicals to the broad surface of 

asbestos, which may result in the accumulation of hazardous molecules including 

carcinogens. Asbestos fibres also bind important cellular proteins and the deficiency of 

such proteins may also be harmful for normal mesothelial cells.22 

(iv) Asbestos-exposed mesothelial cells and macrophages release a variety of cytokines and 

growth factors, which induce inflammation and tumour promotion. Those include 

tumour necrosis factor-α (TNF- α), interleukin-1β, transforming growth factor-β (TGF β) 

and platelet-derived growth factor. TNF- α has been shown to activate nuclear factor-κB, 

which leads to mesothelial cell survival and inhibits asbestos-induced cytotoxicity.23  

(v) Asbestos induces necrotic cell death of the mesothelial cells with resultant release of 

high mobility group box protein-1 (HMGB1) into extra-cellular space. HMGB1 is a 

prototypical damage-associated molecular pattern molecule (DAMP) that is normally 

present in the nucleus of the cells. HMGB1 is passively released by necrotic cells or 

actively secreted by immune and cancer cells, and is responsible for the initiation and 

perpetuation of the inflammatory response. This, together with the prolonged bio-

persistence of asbestos fibres, initiates a vicious cycle of chronic cell death and 

inflammation that over a period of many years can lead to mesothelioma.24 Thus, 

HMGB1 functions as a ‘master switch’ by which the chronic inflammation that drives 

mesothelioma growth is initiated and maintained.  

 

Aberrantly activated signalling network among mesothelial cells, inflammatory cells, fibroblasts 

and other stromal cells may create a pool of mesothelial cells, which harbor aneuploidy and DNA 

damage, potentially developing into cancer cells and together forming a tumour microenvironment 

that supports and nourishes them.9 
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Figure 1.4: Possible mechanisms of asbestos-induced carcinogenesis.  
HMGB1, high-mobility group box 1 protein; ROS, reactive oxygen species; TGF-β, transforming 
growth factor-β; VEGF, vascular endothelial growth factor. Adapted from Sekido et al. – 
Carcinogenesis 20139 
 

1.4 Genetic abnormalities in mesothelioma  

Malignant mesothelioma is thought to result from the accumulation of a number of acquired 

genetic events. The complexity of the genetic changes involved in this malignancy was first 

demonstrated by use of karyotyping techniques using chromosomal banding.25   

1.4.1 Mutations in mesothelioma: 

Recurrent somatic mutations in a number of tumour suppressor genes namely cyclin-dependent 

kinase inhibitor 2A gene (CDKN2A), neurofibromatosis 2 (merlin) gene (NF2), and BRCA1 associated 

protein 1 gene (BAP1) were among the first genomic changes to be reported in MPM. However, 

more recent studies using newer technologies like next (or second) generation sequencing strategies 
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applied to whole genome sequencing, whole transcriptome sequencing, and targeted sequencing 

have been able to provide a more genome-wide view on the genetic landscape of MPM.26  

The most comprehensive genomic analysis in MPM was done by Bueno et al. in 2016 in 216 

MPM tumours.  To define the mutational landscape, they conducted whole exome analysis in 99 

paired MPM samples in addition to 103 paired MPMs for mutations in 460 genes by targeted 

capture using single primer enrichment technology (SPET) and sequencing. They confirmed that 

none of the samples carried germ line variants in known cancer-associated genes. A total of 2,529 

protein-altering somatic mutations were identified, including 2,069 missense, 190 nonsense, 3 stop-

loss, 63 essential splice site and 204 frame shift mutations a vast majority of which (85%; 

2,144/2,529) were novel, as they were not reported in COSMIC29 or OncoMD. At an average of 24 ± 

11 (mean ± s.d.) protein-coding alterations per sample, MPMs showed a low protein-altering 

mutation rate compared to other cancers; higher than only thyroid carcinoma and acute myeloid 

leukemia. Interestingly, they did not observe significant differences in mutation rate between 

histological subtypes (P = 0.8). Also, they did not observe a significant difference in the mutational 

signature in samples with or without known asbestos exposure. Clustering cancers by mutational 

signatures showed that the mutational processes in MPMs were closer to those observed in ovarian 

cancers. The protein-altering somatic variants identified in 2,028 genes were found in multiple gene 

families. These included recurrent mutations in 21 protein kinase–encoding genes, including TTN, 

LATS2 and ULK2; 18 chromatin-modifying genes, including SETD2, SETDB1, SETD5, ASH1L, CREBBP, 

PRDM2, KDM2B and KMT2D; and GRM3, GPR149 and GPR98, encoding G protein–coupled 

receptors. Fifty-two percent of non-synonymous mutations were predicted to have a functional 

impact. Ten significantly mutated MPM-associated genes (q-score ≥ 0.8; false discovery rate (FDR) ≤ 

16%) included BAP1, NF2, TP53, SETD2, DDX3X, ULK2, RYR2, CFAP45, SETDB1 and DDX51. Among the 

significantly mutated genes, only BAP1, NF2 and TP53 have been reported in MPM. BAP1 and NF2 

were found to be mutated in 23% (46/202) and 19% (38/202) of the samples. Tumour suppressor 

TP53 was mutated in 8% (17/202) of MPMs. Bueno et al. also conducted an expression analysis on 
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211 samples. To define molecular subgroups of MPMs, they performed unsupervised consensus 

clustering of RNA-seq–derived expression data and identified four major clusters: sarcomatoid, 

epithelioid, biphasic- epithelioid (biphasic-E) and biphasic-sarcomatoid (biphasic-S) with significant 

differences in survival and histotype. Forty-three gene fusions were identified in 22 samples; 13 

fusions in NF2, 7 in BAP1, 8 in SETD2, 7 in PBRM1, 2 in PTEN and 6 in other genes. In 2010, Bueno et 

al27also reported on the only whole genome sequencing of a primary MPM along with matched 

normal lung sample. Using a combination of Illumina sequencing by synthesis and Roche/454 

pyrosequencing, they identified homozygous mutations in NK6 homeobox 2 gene (NKX6-2), cadherin 

8 gene (CDH8), and nuclear factor related to kappa B binding protein gene (NFRKB). 

In 2015, Guo et al. were the first to sequence the exomes of 22 MPMs and paired blood samples 

using the Illumina HiSeq platform.28  They reported 517 somatic mutations in 490 genes. However, 

only 13 were recurrent (in two or more samples) and three (BAP1, NF2 and CUL1) were significantly 

more mutated than the background mutation rate. The highest prevalence was noted in BAP1, the 

second most frequently mutated gene was NF2. Somatic mutations in tumour protein p53 gene 

(TP53), cullin 1 gene (CUL1), phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 beta 

gene (PIK3C2B), TAO kinase1 gene (TAOK1), and radixin gene (RDX) were each found in two patients 

with MPM. 

Mäki-Nevala et al. also used the Illumina HiSeq platform to sequence the exomes of 21 formalin-

fixed, paraffin-embedded malignant mesothelioma samples.29Overall, the somatic status of three of 

the detected mutations could be confirmed. They found mutations in BAP1, mitochondrial ribosomal 

protein L1 gene (MRPL1), tubulin tyrosine ligase like 6 gene (TTLL6), inositol polyphosphat-4-

phosphatase type I A gene (INPP4A), semaphorin 5B gene (SEMA5B), serine/threonine kinase 11 

gene (STK11), EGFR, NF2, coatomer protein complex subunit gamma 1 gene (COPG1), EPH receptor 

B1 gene (EPHB1), and EPH receptor B2 gene(EPHB2). Investigating the exome of a single MPM and 

matched normal pleura sample using SOLid 5500 technology (Applied Biosystems, Foster City, CA 
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Kang et al. found 11 non-synonymous variants and were able to further validate those in six namely 

SET domain bifurcated 1 gene (SETDB1), Rap guanine nucleotide exchange factor 6 gene (RAPGEF6), 

actin, beta gene (ACTB), glutamic-oxaloacetic transaminase 1 gene (GOT1), nucleotide-binding 

oligomerization domain containing 2 gene (NOD2), and tumour protein 53 (TP53). They further 

evaluated the entire coding region of SETDB1 (identified as a potential oncogene in lung cancer30 

and a frameshift mutation in SETDB1 previously described in a mesothelioma cell line), in tissue 

samples from 68 additional patients. Four point mutations and three deletions in SETDB1 were 

detected in those samples whereas there were no SETDB1 in 10 matched normal pleura samples.31 

Sugarbaker et al. reported in 2008 on the results of transcriptome shotgun 454 pyrosequencing 

on frozen samples of four MPMs, one pulmonary adenocarcinoma, and one normal lung sample.32 

They detected 619 previously unknown single-nucleotide variants (SNVs). Of these, the frequency of 

seven tumour-specific SNVs that were nonsynonymous and not present in dbSNP (i.e., a database 

for SNVs) was further examined in 49 MPMs. These SNVs occurred in genes x-ray repair 

complementing defective repair in Chinese gene (XRCC6), ARP1 actin-related protein 1 homolog A, 

centractin alpha gene (ACTR1A), ubiquinol-cytochrome c reductase core protein 1 gene (UQCRC1), 

proteasome 26S subunit, non-ATPase 13 gene (PSMD13), PDZK1 interaction protein 1 gene 

(PDZK1IP1), collagen, type V alpha 2 gene (COL5A2), and matrix remodelling associated 5 gene 

(MXRA5). In total, three of these SNVs (in COL5A2, UQCRC1, and MXRA5) were observed in at least 

one additional tumour.  

Lo Iacono et al. used next generation sequencing on a large MPM sample cohort (123 formalin-

fixed, paraffin-embedded MPM samples).33 They sequenced amplicons of 52 genes on Ion Torrent 

Personal Genome Machine. They used a commercial library kit designed to amplify amplicons 

covering mutations from 50 cancer-associated and because this panel did not include BAP1 and NF2, 

a library was designed to cover all exons of these two genes. Several genetic variations were 

detected in BAP1 and NF2. In BAP1, these variations were mainly clustered in exons 13 and 17, 
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whereas those in NF2 were more randomly distributed. In total, 20 of the other investigated genes 

showed variations in at least 20% of the patients. Considering only those variations that were 

previously correlated with cancer or affected protein stability for further evaluation, four of these 

variations (in TP53, PIK3CA, v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog gene 

[KIT], and kinase insert domain receptor gene [KDR]) were non-synonymous. They were able to 

identify a higher number of genetic variations in the p53/DNA repair and the receptor tyrosine 

kinase–phosphatidylinositol 3-kinase (PI3K)–AKT pathways. A Harvey rat sarcoma viral oncogene 

homolog (HRAS) silent genetic variation previously reported in bladder cancer was identified in 72 of 

123 (58.5%) patients. More relevantly, a mutation in the catalytic subunit of Phosphatidylinositol-

4,5-bisphosphate 3-kinase (PI3K) was detected and associated to disease progression.33  

Melaiu et al. reviewed papers which studied the mesothelioma transcriptome and found 931 

genes which were found to be deregulated in at least one study but only 119 that were found in two 

or more papers. They investigated these genes by reverse transcriptase - polymerised chain reaction 

(rt-PCR) and found 59 of them were significantly deregulated in their set of 15 patient samples when 

compared to 20 normal pleura and only 9 of them were further found to be deregulated in two 

mesothelioma cell lines they tested. They suggested roles for a number of possible candidate genes 

mainly ACSL1, CCNO, CFB, PDGFRB, SULF1, THBS2, TIMP3, XPOT, TACC1 but concluded that 

mesothelioma is just too heterogeneous a disease.34 

1.4.2 Structural variations in MPM genome 

Comparisons of human genomes show that more base pairs are altered as a result of structural 

variation including copy number variation (CNV) than as a result of point mutations.35 However, the 

degree to which these genomic structural abnormalities correlate with disease phenotype is still 

being explored.36 Starting from early studies using chromosomal banding technologies, studies have 

consistently shown multiple clonal chromosomal abnormalities in MPM. All chromosomes have been 

seen to contribute to numerical changes, with losses being more common than gains.25 Deletions in 
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1p21-22, 3p21, 4, 6q14-25, 9p21, 13q, 14q, 15q15, 17p13, and 22 3 have been the most frequents 

events observed in mesothelioma and monosomy 22 the most frequent numerical change.37 The 

preponderance of losses suggested a greater role for tumour suppressor genes (TSGs).   

Many studies utilizing G-banding, conventional comparative genomic hybridization (cCGH), and 

array comparative genomic hybridization (aCGH) have suggested that areas in 9p21.3, 22q12.2, and 

13q12.11, which contain the CDKN2A/p16INK4A, CDKN2A/p14ARF, CDKN2B/p15, NF2, and LATS2 

TSGs and possibly the MTAP gene, were deleted and perhaps causally involved in mesothelioma 

tumorigenesis. In A FISH based analysis, Takeda et al. found genomic losses and gains found to be 

commoner in non–epitheloid versus epitheloid mesothelioma.38 The CDKN2A/CDKN2B genes 

(9p21.3) were found to be homozygously deleted in a high percentage of mesothelioma cell lines 

and tumours.  Diagnostic value of 9p21.3 with detection of homozygous deletion being used to 

differentiate mesothelioma from reactive mesothelial proliferation has also been suggested.38 The 

NF2 gene (22q12.2) has been found to undergo frequent biallelic inactivation by homozygous 

deletions in tumours and cell lines.39,40 Homozygous and heterozygous deletions of 3p21.1 which 

includes the tumour suppressor gene BAP1 has also been exhibited.41 Frequent mutation of BAP1 

has also been reported in patients with metastasizing uveal melanoma and other malignancies.42  

Klorin et al. using aCGH and spectral karyotyping (SKY) recently identified a total of 88 

homozygous deletions in their set of 17 mesothelioma cell lines. These deletions ranged from one to 

nine per cell line. There were 52 recurrent homozygous deletions spanning 10 genomic regions i.e. 

9p21.3, 9p21.2, 16p13.3, 22q11.23, 22q12.2, 3q26, 8p11.22, 3p21.2, 4q22.1, and 13q12.11.25 In their 

copy number analysis they found several regions of gains covering 150 genes and losses covering 

127 genes. From their whole exome sequencing of 22 MPM samples and matched blood, Guo et al. 

observed some CNVs. The most striking alteration noticed was a loss of 22p and 22q. Moreover, 

focal deletion of a region at 9p21 was noted in 10 of the MPMs, and microRNA31 gene (MIR31) in 

eight. 
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As a part of their genomic analysis of MPM, Bueno et al. assessed 95 MPMs for copy number 

alterations using 2.5M Illumina SNP array and/or whole-genome data. They found regions of 

recurrent copy loss that include genes such as BAP1, NF2, CDKN2B, LATS2, LATS1 and TP53. Copy 

number loss correlated with loss of expression in these genes. Recurrent gains in genes such as 

RPTOR and BRD4 were also observed and they showed elevated expression. Widespread loss of 

heterozygosity (LOH) was also seen in a few samples. Further, some of these samples showed copy-

neutral LOH and heterozygous NF2 mutations. Whole-genome sequencing uncovered additional 

structural variations that did not result in gene fusions but were associated with loss of function or 

copy number loss. Importantly, chromosomal rearrangements within BAP1, NF2 or CDKN2A were 

discovered in 9 (45%) of the 20 samples with whole-genome sequencing data. 

In 2014, de Assis et al. reviewed the available literature on the key genes and pathways studied 

in relation to mesothelioma pathogenesis. They have emphasized on the relative absence of 

mutations/alterations of important tumour suppressor genes like TP53 and Rb which are found to be 

common in other malignancies. Loss of PTEN function, deletions and mutations in LATS2 (a TSG), 

over expression of the receptor tyrosine kinase EGFR, alteration in methylation patterns of genes, 

reduced expression of miR-31 and miR-15/16, alterations in BCL2 family of genes homozygous 

deletions in SAV (component of hippo cascade) and CTNNB1 (positive growth stimulating factor in 

many cancers) amongst others have been presented as being important in mesothelioma 

pathogenesis.43 Several molecular pathways like cell cycle regulation, apoptosis, growth factor 

pathways, and angiogenesis have been found to be involved.43,44 

1.4.3 Pathways affected by genomic change in MPM 

The mutations and other genomic changes observed in MPM appear to cluster in four main 

pathways: the tumour protein p53 (TP53)/DNA-repair pathway, the cell cycle pathway, the mitogen-

activated protein kinase (MAPK) pathway, and the phophatidylinositol-3 kinase (PI3K)-AKT 

pathway.26 The TP53/DNA repair pathway is the first affected pathway due to mutations and 
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deletions reported in TP53, CDKN2A, and BAP1. TP53 is a gene that encodes the p53 transcription 

factor involved in the response of cells to different types of stress, including DNA damage and is well 

known to be mutated in several cancer types. Activated p53 can induce cell cycle arrest (through 

stimulation of p21) and apoptosis.45 CDKN2A encodes p14ARF, a protein that interacts with a 

negative regulator of p53, MDM2. As a result, p53 stays active.46 BAP1 is a nuclear ubiquitin 

carboxyterminal hydrolase involved in repairing double-strand DNA breaks.47 Because of its crucial 

role in cell survival and DNA repair, the TP53/DNA repair pathway is often inactivated in cancer 

processes. The Cell Cycle Pathway is the second pathway that seems to be altered in MPM. 

Mutations in CDKN2A and CUL1 affect this pathway as CDKN2A also encodes p16ink4a, which is a 

cyclin-dependent kinase inhibitor negatively influencing cyclin-dependent kinase 4 (CDK4) and 

cyclin-dependent kinase 6 (CDK6). As a result, it blocks the phosphorylation of the retinoblastoma 

protein. Non-phosphorylated retinoblastoma protein (Rb) forms a complex with the E2F 

transcription factor, inhibiting it to activate its target genes involved in cell cycle progression.48 CUL1 

encodes an essential component of the skp cullin F-box E3 ubiquitin ligase complex, mediating the 

ubiquitination of proteins involved in cell cycle progression.49 The third affected pathway is the 

MAPK pathway. This pathway is activated in response to extracellular stimuli such as growth factors 

(MAPK/ERK pathway) and stress (p38/MAPK14 stress-activated MAPK cascade). Activation of this 

pathway results in activation of transcription factors, influencing cell proliferation and cell cycle 

progression.50 Alterations in the cell surface receptors KIT and KDR, alterations in TAOK1 and 

MAP2K6 reported in MPM cause alteration of this pathway. The PI3K/AKT pathway is the last 

involved pathway. Activation of PI3K results in phosphorylation and activation of AKT, a protein 

kinase involved in several cellular processes. Among other things, AKT inhibits a conformational 

change in the pro-apoptotic Bax protein and its translocation to mitochondria, hence preventing the 

disruption of the mitochondrial membrane and promoting cell survival.51 Moreover, it also activates 

mechanistic target of Rapamycin (mTOR), a serine/threonine protein kinase regulating cell 

proliferation, cell motility, and cell survival. In MPM, mutations in phosphatidylinositol-4,5-
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bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA) and phosphatidylinositol-4-phosphate 3-

kinase C2 domain-containing beta polypeptide (PIK3C2B) were noted. These paralogs both encode 

the catalytic subunit of PI3K and hence are crucial for its function. NF2 encoding merlin, is involved 

in contact-dependent inhibition of cell proliferation, mainly by inhibiting mTOR signaling.52 

The understanding of MPM pathogenesis, the genetic alterations predisposing to its development 

and involved in its progression has come a long way since asbestos exposure was implicated more 

than 65 years ago but still lags behind that of other cancers. The fact that MPM is relatively rare, 

does not seem to have a well-defined premalignant stage and that most patients present in late 

stages has meant that discovery and widespread use of prognostic and predictive factors has been 

elusive.53 Recently published work from Chernova et al may have shed some light into the the early 

molecular changes that possibly drive carcinogenesis during the long latency period of 

mesothelioma. They demonstrated that instillation of either long carbon nano tubules (CNTs) or long 

asbestos fibres into the pleural cavity of mice induces mesothelioma that exhibits common key pro-

oncogenic molecular events throughout the latency period of disease progression. They were able to 

show that sustained activation of pro-oncogenic signalling pathways, increased proliferation, and 

oxidative DNA damage form a common molecular signature of long- CNT- and long-asbestos-fiber-

induced pathology. Hypermethylation of p16/Ink4a and p19/Arf in the CNT- and asbestos-induced 

inflammatory lesions were shown to precede mesothelioma resulting in silencing of Cdkn2a 

(Ink4a/Arf) and loss of p16 and p19 protein. In end-stage mesothelioma, silencing of p16/Ink4a was 

sustained and deletion of p19/Arf was detected.54 

Available literature discussed in brief above do suggest the roles of multiple genes in the 

pathogenesis and progression of MPM and also identify some that might be important for 

prognostication and potential development of therapeutic strategies. However, consensus view 

seems to be that MPM is a disease with relatively few somatic mutations compared to other solid 

tumours.43,55,56 In a recent review M Carbone et al. said “Despite a large body of research, driver 
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mutations in mesothelioma have not been evident and that every tumour seems to have a separate 

set of genetic alterations making the development of targeted therapy elusive”.56 

Also, although the above described genes are now known to have prominent roles in the 

pathogenesis, what role if any they play in determining prognosis is still a matter of study. A 

relatively small scale study using Representative Oligonucleotide Microarray Analysis (ROMA) on 

DNA isolated from tumours of 22 patients who recurred at variable interval with the disease after 

surgery found CDKN2A / CDKN2B loss to be specific for the early recurrence group.37 In a mouse 

model, Altomare et al. demonstrated that NF2 loss lead to markedly hastened mesothelioma 

development.57 The evidence about the prognostic implication of BAP1 loss/inactivation is 

inconclusive at best with an IHC based study showing worse survival for higher expressing (Wild type 

BAP1) patients.58Large scale studies using patient samples which look into the genomic alterations in 

MPM and their clinical and prognostic implications have been sparse. This short review of available 

literature suggests a greater role of structural aberrations (deletions, gains etc.) than point 

mutations in MPM. It appears deletions of chromosomal regions harbouring important TSG and high 

gains in regions with known oncogenes are by far the commoner and more important genetic 

alterations seen in this incredibly complex disease.43 Mesothelioma is driven by the copy number 

aberrations and chromothripsis and widespread chromosomal instability perfectly fits within a 

model of MPM pathogenesis, caused by the concurrent activities of asbestos-induced DNA damage, 

and inflammation, acting in concert with genetic susceptibility and instability and possibly other 

cofactors.59 
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1.5 Clinico-pathological features of MPM 

1.5.1 Clinical features and presentation of MPM 

Patients with MPM more often than not present late in the course of the disease. The early signs 

and symptoms of the disease can be subtle and are often misinterpreted delaying diagnosis of MPM 

frequently by months. Patients frequently experience lower back pain or side chest pain. In addition, 

shortness of breath is frequently the presenting symptom if pleural fluid is present. A small number 

of patients may experience difficulty swallowing, persistent cough, fever, weight loss, or fatigue. 

1.5.2 Diagnosis of MPM 

Diagnosis of MPM can be suggested by the radiological findings of pleural effusion on chest X-

rays and pleural effusion ± pleural thickening on CT scan in patients who have history of 

occupational or environmental exposure to asbestos. However, the presence of multiple other 

malignant (secondary tumours of the pleura) and non-malignant (chronic pleuritis, empyema) 

pleural afflictions which can present with similar clinical and radiological features often make 

diagnosis of MPM difficult.   

Although histology is the mainstay of diagnosis in MPM, pleural fluid cytology can give an initial 

indication. While absence of malignant cells on cytology does not completely exclude MPM, it makes 

it much more unlikely, especially if an alternative diagnosis can be made (e.g. tuberculosis, heart 

failure). Pleural biopsies can be obtained via radiological guided tru-cut biopsy or surgical biopsies 

via thoracoscopy or thoracotomy. The accurate diagnosis of MPM depends on the presence of 

appropriate tumour morphology with concordant immunohistochemistry in patients with 

appropriate clinical, radiological and surgical findings.60 Current recommendations are that in 

patients with concordant clinical and morphological features, at least two mesothelial IHC markers 

and two epithelial markers with either sensitivity or specificity greater than 80% should be used.61 As 

to which antibodies are used in any particular case depends on the histological pattern of MPM, the 

likely differential diagnosis being considered and also on the experience of the concerned 
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laboratory. Calretinin, Wilms tumour -1 (WT-1), cytokeratin 5/6 (CK5/6) and podoplanin (D2-40) are 

considered the most useful mesothelial markers.61 However, sarcomatoid MPMs and sarcomatoid 

components of biphasic MPMs may lose immunoreactivity for most markers. A brief overview of the 

different markers used for MPM diagnosis is presented in Table 1.1.62 
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Table 1.1: Immunohistochemistry based markers useful in diagnosis of MPM 

Marker Uses in MPM diagnosis Limitations 

Mesothelial markers 

Calretinin  In differentiating MPM (nearly all epithelioid MPM are positive) 
from lung adenocarcinoma (LUAD) (5-10%), Renal cell carcinoma 
(RCC) (~10%), non-gynaecological adenocarcinomas in the 
peritoneum. 

 Expression often lost sarcomatoid tumours 
or sarcomatoid components of biphasic 
tumours 

 In differentiation of pleural MPM from 
squamous cell cancers (SQCC) (~40%) and 
peritoneal MPM (85-100%) from primary 
serous carcinomas (PSC) (up to 38%) 

Cytokeratin 5/6  Differentiating MPM (75-100%) from LUAD (2-20%), RCC (negative)  To differentiate from SQCC (almost all 
positive), PSC (22-35%) and pancreatic 
adenocarcinomas (38%) 

WT-1  Differentiating MPM (75-95%) from LUAD (negative), SQCC 
(negative), RCC (2%), gastric adenocarcinomas (3%) and pancreatic 
adenocarcinomas 

 To differentiate from PSC (up to 83% ) 

D2-40 (podoplanin)  Differentiating MPM (90-100%)  from LUAD (15%), RCC (negative)  To differentiate MPM from SQCC (50% ) 

Mesothelin  Differentiating MPM (100%) from RCC (negative)  

 

Epithelial markers 

MOC-31  Differentiating MPM (2-10%) from LUAD (nearly 100%), lung SQCC 
(100%), PSC (98%) and non-gynaecological abdominal carcinomas 
(87%) 

 To differentiate MPM from RCC (50%) 

CEA  Differentiating MPM (<5%) from LUAD (80-100%), and non-
gynaecological abdominal carcinomas (81%) 

 To differentiate from SQCC, RCC, PSC 
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Ber-EP4  Differentiating MPM (up to 20%) from LUAD (95-100%), SQCC (85-
100%), PSC (83-100%), gastric and pancreatic carcinomas (>98%) 

 Not useful in RCC (40%) 

TTF-1  Differentiating MPM (negative) from LUAD (75-85% )  

Napsin A  Differentiating MPM (negative) from LUAD (80-90% )  

BG8 (LewisY)  Differentiating MPM 93-75 positive) from LUAD (90%), SQCC 
(80%), PSC (73%) and non-gynaecological abdominal carcinomas 
(89%) 

 In differentiating from RCC (4%) 

B72.3  Differentiating MPM (very low positivity) from LUAD (75-85%),  In differentiating from PSC (63%) 

p63 or p40  Differentiating MPM (up to 7%) from SQCC (nearly 100%)  

PAX8 or PAX2  Differentiating MPM (negative) from RCC (80-100%) and tumours 
of Müllerian origin 

 

ER/PR  When positive very useful in differentiating MPM (negative) from 
breast carcinoma and PSC 

 

CDX2  Useful in differentiation of MPM (negative) from colon (100%), 
intestinal (80%) and gastric cancers (70%) 

 

Adapted from John T et al. – Journal of Thoracic Oncology62.  

CEA, carcinoembryonic antigen; TTF-1, thyroid transcription factor 1; PAX8, paired box gene-8; PAX2, paired box gene 2;  ER, estrogen receptor; PR, 
progesterone receptor; CDX2, caudal type homebox 2
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1.5.2 Histological classification of MPM 

MPM is pathologically divided the following subtypes: 

1) Epithelioid mesothelioma accounts for approximately 70% of all diagnosed cases. These 

tumours contain polygonal, oval or cuboidal cells that often mimic reactive mesothelial cells 

that occur in response to various types of injury. 

2) Sarcomatoid mesothelioma is a less common subtype of MPM, accounting for approximately 

15% to 20% of mesothelioma. Under a microscope, sarcomatoid mesothelioma consists of 

spindle cells that may mimic malignant mesenchymal tumours such as malignant fibrous 

histiocytoma, leiomyosarcoma or synovial sarcoma. 

3) Biphasic mesotheliomas are a mix of epithelial and sarcomatoid cell types. To be classified as 

a biphasic tumour, it should contain at least 10% of epithelioid and sarcomatoid 

components. They account for the remaining percentage of mesothelioma cases. 

It is currently unclear whether the different histological subtypes of mesothelioma evolve from 

a common ancestor or through polyclonal development. It is now known that MPM, like some 

colonic and breast cancers are polyclonal in origin.63 This is probably to be expected given that 

many mesothelial cells are subjected to the asbestos fibres and also asbestos induced 

inflammation simultaneously. Mesothelial cells express characteristics of mesodermal, 

epithelial and mesenchymal phenotypes and have been proven to exhibit plasticity by 

transforming into different tissues under specific growth conditions therefore pointing towards 

origin from a progenitor cell population with multipotential differentiation.64 It is therefore 

possible the histological subtype of the individual MPM tumour is a function of the pluripotent 

mesothelial differentiation. Polyclonality in association with the multipotent differentiation 

may explain the origin of biphasic tumours. However, this remains an important unanswered 

question. 
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1.6 Staging of MPM 

A number of MPM staging systems have been developed and used, the most recent and widely 

used TNM system was proposed by the International Mesothelioma Interest Group (IMIG) in 1994.65 

This TNM classification is as detailed in the Table 1.2 below. 

Table 1.2: TNM staging of Mesothelioma. 

 

Primary tumour (T) 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

T1 
Tumour limited to the ipsilateral parietal pleura with or without mediastinal 
pleura and with or without diaphragmatic pleural involvement  

T1a No involvement of the visceral pleura 

T1b Tumour also involving the visceral pleura 

T2 

Tumour involving each of the ipsilateral pleural surfaces (parietal, mediastinal, 
diaphragmatic, and visceral pleura) with at least 1 of the following:  

 Involvement of the diaphragmatic muscle  
 Extension of tumour from the visceral pleura into the underlying 

pulmonary parenchyma  

T3 

Locally advanced but potentially resectable tumour; tumour involving all of 
the ipsilateral pleural surfaces (parietal, mediastinal, diaphragmatic, and 
visceral pleura) with at least 1 of the following:  

 Involvement of the endothoracic fascia  
 Extension into the mediastinal fat  
 Solitary, completely resectable focus of tumour extending into the 

soft tissue of the chest wall  
 Nontransmural involvement of the pericardium  

T4 

Locally advanced, technically unresectable tumour; tumour involving all of the 
ipsilateral pleural surfaces (parietal, mediastinal, diaphragmatic, and visceral 
pleura) with at least 1 of the following:  

 Diffuse extension or multifocal masses of tumour in the chest wall, 
with or without associated rib destruction  

 Direct diaphragmatic extension of the tumour to the peritoneum  
 Direct extension of the tumour to the contralateral pleura  
 Direct extension of the tumour to a mediastinal organ  
 Direct extension of the tumour into the spine  
 Tumour extending through to the internal surface of the pericardium 

with or without a pericardial effusion or tumour involving the 
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myocardium  

Regional lymph 
nodes (N)  

NX Regional lymph node(s) cannot be assessed 

N0 No regional lymph node metastases 

N1 Metastases in the ipsilateral bronchopulmonary or hilar lymph node 

N2 
Metastases in the subcarinal or in the ipsilateral mediastinal lymph node, 
including the ipsilateral internal mammary and peridiaphragmatic nodes  

N3 
Metastases in the contralateral mediastinal, contralateral internal mammary, 
ipsilateral or contralateral supraclavicular lymph nodes  

Distant metastases 
(M)  

M0 No distant metastasis 

M1 Distant metastasis 

 
Stage T N M 

I T1 N0 M0 

IA T1a N0 M0 

IB T1b N0 M0 

II T2 N0 M0 

III T1, T2 N1 M0 

T1, T2 N2 M0 
 

T3 N0-2 M0 
 

IV T4 Any N M0 

Any T N3 M0 
 

Any T Any N M1 
 

 
The International Association for the study of Lung Cancer (IASLC) and IMIG have developed an 

international database of MPM patients that was geographically representative and included 

patients with MPM irrespective of treatment, pathological subtype, and stage to develop a data 

driven revision of the current staging system for the eighth edition of the Union for International 

Cancer Control (UICC) and the American Joint Committee on Cancer (AJCC) manuals. It has therefore 

been recently proposed that the key elements of the T component remain unchanged except for 

collapsing the stages T1a and T1b into a single T1 because it was found that this distinction was not 

only difficult to make clinically but also prognostically insignificant.66 Also, it was found that the 

javascript:none();
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current system in ‘N’ staging in which ipsilateral intra-thoracic nodes based on the anatomy (hilar -

N1; mediastinal –N2) are not associated with different survivals. The survival was found to be 

influenced by the extent of nodal involvement rather than by the location of the involved node. 

Consequently, for the 8th edition of UICC and AJCC staging manual, it has been proposed to redefine 

N1 as any involved ipsilateral, intra-thoracic nodes and N2 as involved ipsilateral supraclavicular or 

contralateral nodes.67  

1.7 Prognosis of MPM 

The prognosis of MPM remains dismal with a median survival of 9-12 months after the first signs 

of illness.68 There is however, variability ranging from a few weeks to over 10 years. Prognostication 

is especially important in MPM as a means of selecting patients in whom the expected survival is 

long enough to justify potentially hazardous treatment modalities. Previous analyses of pooled 

clinical trial data, have demonstrated the prognostic impact of certain demographic variables (age 

and gender), clinical and pathological data (haemoglobin levels, leukocyte and platelet counts, and 

performance status), and tumour characteristics (histological subtype) leading to the development 

of two scoring systems, one developed by the European Organisation for Research and Treatment of 

Cancer (EORTC) and the other by the Cancer and Leukaemia Group B (CALGB).68 The EORTC 

prognostic model used poor performance status, high white blood cell (WBC) count, 

probable/possible histologic diagnosis of mesothelioma, male gender, and sarcomatoid histologic 

subtype to MPM patients into good prognosis (40% one year survival) and bad prognosis (12% one 

year).69 The CALGB index used regression trees to examine prognostic variables in 337 patients 

treated in seven phase II clinical trials. Six prognostic groups were identified based on age, 

performance status, haemoglobin (Hb) level, WCC and the presence or absence of chest pain and 

weight loss. Both these prognostic scoring systems have been validated in subsequent studies.70–

72However, these systems do not include more recently identified prognostic factors, such as clinical 

stage at diagnosis, hypo-albuminaemia73 and the neutrophil–lymphocyte ratio (NLR).74,75 NLR is a 
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marker of systemic inflammation. It has been proposed as a prognostic factor from an analysis of a 

group of 173 patients undergoing systemic therapy.75 A baseline NLR of <5 was an independent 

predictor of better survival. Although the prognostic value of NLR has been subsequently validated 

in independent studies,76–79 the cut-offs for NLR used has not been uniform in these studies. 

Furthermore, a retrospective study of 274 consecutive eligible, newly presenting patients from 

Western Australia failed to confirm the prognostic value of NLR.80 In a recent metanalysis (including 

11 studies with 1533 MPM patients), an elevated NLR was significantly associated with a poor OS 

(HR=1.48, 95%CI=1.16- 1.89, P=0.001). NLR was found to be associated with histology (odds ratio 

(OR)=0.59, 95%CI=0.40-0.86, P=0.005), (patients with non-epithelioid histological subtype are more 

likely in an elevated NLR) but no other clinical factors.81 

Other features like radiologic parameters at presentation as determined by scrutiny of 

computerized tomograms (CT) or positron emission tomography (PET), molecular and pathologic 

approaches, using state of the art platforms such as genomics, microRNA, epigenetics, or proteomics 

have been used in order to define single or combinations of candidate prognostic biomarkers from 

tissue or blood. However, many of these have remained un-validated in separate datasaets.82  

Validated gene sets for prognostication of MPM have been hard to develop despite there being 

a multitude of studies investigating single or multiple genes in tissue for predicting MPM survival. 

Gordon et al.83 first used the 12,000 U95 Affymetrix gene chip to develop a four-gene expression 

ratio test which was able to predict treatment-related patient outcome in mesothelioma, 

independent of the histologic subtype of the tumour. In a follow-up publication, these MPM 

prognostic genes and gene ratio-based prognostic tests were able to predict clinical outcome in a 

separate cohort of 39 independent MPM tumour specimens.84 Pass et al.85 also used the U133A 

microarray on 21 MPM samples to develop a 27-gene expression array for mesothelioma 

prognostication. There has, however, been variability in the gene sets and results of these prognostic 

tests when used in other MPM cohorts. Affymetrix U133A microarray analysis on 99 pleural 
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mesotheliomas from the Memorial Sloan-Kettering Cancer Centre revealed that advanced-stage, 

sarcomatoid histology and P16/CDKN2A homozygous deletion to be significant, independent, 

adverse prognostic factors.86 BAP1 and CDKN2A have been most extensively studied in relation to 

MPM prognostication. Loss of BAP1 expression has been associated with better overall survival 

(OS).87–89 However, the association of BAP1 with survival in MPM patients have not been consistent 

across studies. Zauderer et al.90 studying 121 cases found no difference in survival between MPM 

patients who did and did not harbour BAP1 mutations. Poor prognostic implications of both loss of 

p16 expression on IHC and loss of CDKN2A on FISH analysis have been reported.91,92  

1.8 Treatment of MPM 

The National Comprehensive Cancer Network (NCCN) guidelines recommend that all patients 

affected by MPM must be managed by a multidisciplinary team with experience in thoracic 

neoplasms. Surgery, radiotherapy, chemotherapy and more recently immunotherapy are all used in 

treatment of MPM patients depending on the disease stage, performance status, age, comorbidities, 

and histological subtype. Selected patients could be candidates for multimodality approach and may 

attain acceptable long-term survival rate and acceptable perioperative risks when treated in 

specialized centers.93 However, the proportion of such patients is very small given the delayed 

presentation of MPM.  

1.8.1. Surgery 

The role for surgery in management of MPM remains multifaceted ranging from diagnosis, 

radical treatment with curative intent to effective palliation.  The superiority of a large surgical 

biopsy as compared to tru-cut biopsy or aspiration cytology for accurate diagnosis is irrefutable. The 

need to perform a large panel of IHC studies to confirm diagnosis requires ample tissue. Palliation in 

the form of video-assisted thoracoscopic surgery (VATS) pleurodesis has an established role. In a 

recent trial, palliative VATS partial pleurectomy was compared to talc pleurodesis alone in 196 

patients. The authors found significant benefits in terms of quality of life and control of pleural 
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effusion, with the partial pleurectomy but at the cost of increased post-op complications, [24/78 

(31%) vs 10/73 (14%); p = 0.01], prolonged hospital stay (median 7 vs 3 days; p = 0.0001) and no 

survival benefit.94  

Two types of operations have been developed with the aim to attain macroscopic resection of 

the tumour. Pleurectomy/decortication (PD) is a total pleurectomy, a lung-sparing surgery with 

complete removal of the involved pleura and all gross tumours. In cases that include resection of the 

diaphragm and pericardium, in addition to total pleurectomy, the technique is called extended PD. 

As an alternative, the extra-pleural pneumonectomy (EPP) is an en-bloc resection of the involved 

pleura, ipsilateral lung, diaphragm, and pericardium. In PD and EPP, mediastinal nodal dissection is 

always recommended. Comparisons between results of PD and EPP have been all retrospective but 

have consistently shown lower perioperative mortality, less severe morbidity profile and equivalent 

survival outcomes of PD to EPP.95–97Which of these two procedures if any offers the best results in 

patients amenable to surgery is still debated. Although a number of retrospective studies have 

shown a small benefit in survival with EPP, there is agreement that even in subgroups with the best 

prognostic indicators (epithelial histology and N0/N1 disease), EPP still results in high complication 

rates with minimal symptomatic improvement.98 The MARS trial, demonstrated the detrimental 

effects of conducting radical EPP surgery compared to conservative management.99,100 The MARS 

trial has been criticised as being only a small scale pilot study not adequately powered (50 patients 

included- representing fewer than 10% of required sample size for arm comparisons) to analyse 

endpoints such as survival. There have also been criticisms with regards to poor protocol compliance 

(6/26 in NO EPP group received surgery off protocol and only 16/24 patients in the EPP group were 

actually operated upon), higher than expected morbidity and mortality in the EPP group and 

uncontrolled chemotherapy regimens.101 One other criticism was that operations had been 

performed in relatively small volume centres with cumulative experience of the chief operating 

surgeons of less than 100 EPPs.102 Despite these criticisms, the MARS trial did hint to not only 

absence of benefit from radical surgery but also potential greater harm and thus would justify the 
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move away from EPP in MPM treatment. The MARS-2 trial (Clinicaltrials.gov identifier: 

NCT02040272) is a multicentre randomised clinical trial that seeks to evaluate the impact of 

extended PD on OS. Having successfully demonstrated feasibility by recruiting 50 MPM patients by 

December 2015, this trial is now progressing with an aim to recruit and randomize 326 patients. The 

results of this trial would be paramount in deciding if resectional surgery has any role at all in MPM.  

1.8.2. Radiotherapy 

In treatment of MPM, radiotherapy has a role as a part of a multimodality regimen but is not 

recommended as the sole form of treatment.  The SMART protocol incorporates 25 gray (Gy) of neo-

adjuvant intensity modulated radiation therapy (IMRT) given in five daily fractions during one week 

to the entire ipsilateral hemithorax with concomitant 5 Gy boost to tumour areas. This was followed 

by EPP within one week of completing neoadjuvant IMRT. Adjuvant chemotherapy was offered to 

pN2 patients on final pathologic findings. This protocol, when applied to 25 cT1-3N0M0 operable 

MPM patients achieved cumulative 3-year survival of 84% in epithelial subtypes and 13% in biphasic 

subtypes.103 

Radiation is also useful in palliation of chest pain, bronchial or oesophageal obstruction and 

treatment of other symptomatic sites like brain or bone metastasis. It has  been used in a 

preventative role to try and prevent tumour seeding in surgical port sites and scars.104 The dose of 

radiation depends on the purpose of treatment and the timing is best discussed in a multidisciplinary 

setting. CT simulation- guided planning using either IMRT or conventional photo/electron 

radiotherapy is desirable. Post-operative radiation may reduce recurrence after EPP when given to 

patients with good lung and kidney function105 but radiation therapy in a chest with intact lung is not 

seen to improve survival while increasing toxicity.106 A dose of 60 Gy or more is recommended for 

macroscopic residual tumours covering not only the surgical bed but also the surgical scars and the 

biopsy tracks.107 The optimum dose for palliative purposes is still remains unclear but for those with 

chest pain due to chest wall infiltration a 20-40 Gy dose usually provides relief.104 
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1.8.3 Chemotherapy 

 Chemotherapy is recommended alone in patients with medically inoperable stage I-IV disease, 

those who refuse surgery or those with high grade sarcomatoid disease.108,109 It is also an integral 

part of multimodality treatment in medically operable MPM and in operable stage I-III disease; it can 

be given before or after surgery. 

A combination of pemetrexed/cisplatin is considered the gold standard and currently the only 

regimen that has been approved by the FDA.110–112As such this is the only treatment demonstrated 

to improve survival in patients who are not operable.111A recent French multicentre phase III 

randomised control trial (MAPS study) compared adding bevacizumab to cisplatin/pemetrexed (with 

maintenance bevacizumab) versus cisplatin /pemetrexed alone in patients with unresectable MPM 

and performance score 0-2 who did not have bleeding/thrombosis.113 They demonstrated an 

increase in overall survival (OS) of 2.7 months in the bevacizumab + chemotherapy group compared 

to chemotherapy alone (18.8 vs 16.1 months; HR = 0.77; p = 0.0167) at the cost of increased 

hypertension and grade 3 proteinuria. Other acceptable first-line combination chemotherapy 

regimens include pemetrexed/carboplatin,114 gemcitabine/cisplatin.115 Carboplatin/pemetrexed 

combination has been found to have similar results to pemetrexed/cisplatin and is thought to be 

better in patients with poorer performance status.116 Second-line options include pemetrexed (when 

not used in first line), vinorelbine or gemcitabine.  

1.8.4 Targeted therapy 

To date, no oncogene driver mutation that may be responsive to targeted therapies in MPM has 

been discovered and therefore the promise of targeted therapy is yet to be realised. In MPM 

inactivation of TSGs by genetic or epigenetic events rather than driver mutations in oncogenes are 

considered to be major causative factors and this has strongly hindered the development of new 

therapies. Despite multiple molecular alterations as well as deregulation of signalling pathways 

having been evinced in MPM, a relevant target has not emerged. The presence of complex 
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interconnection among different signalling pathways, may explain the limited efficacy of therapeutic 

approaches with single specific targeted agents. Pre-clinical studies indicate that concurrent 

targeting of multiple components of key signalling pathways might be a valuable therapeutic option 

for MPM management. This approach might also allow lower doses of individual drugs, with the 

advantage of reducing toxicity to the patients. In addition, both pre-clinical and clinical evidence 

suggest that the efficacy of targeted agents can be significantly enhanced by combination with 

chemotherapy.117 A variety of biological agents have however been tested in recent times both at 

pre-clinical and clinical level against over-expressed targets or deregulated signalling pathways.  

Bap1 loss in mice has been shown to result in increased trimethylated histone H3 lysine 27 

(H3K27me3), elevated enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2) 

expression, and enhanced repression of polycomb repressive complex 2 (PRC2) targets.118 In a pre-

clinical study, EZH2 was found to be overexpressed in approximately 85% of MPMs compared with 

normal pleura, correlating with diminished patient survival. Overexpression of EZH2 coincided with 

decreased levels of miR-101 and miR-26a. Knockdown of EZH2 was found to significantly inhibited 

proliferation, migration, clonogenicity, and tumorigenicity of MPM cells.119 Mesothelioma cells that 

lack BAP1 were found to be sensitive to EZH2 pharmacologic inhibition, suggesting a novel 

therapeutic approach for BAP1-mutant malignancies. 118 Arising from these findings, a phase II, 

multicenter, open-label, 2-part, single-arm, 2-stage study is being conducted to evaluate the efficacy 

of tazemetostat (EZH2 inhibitor) in patients with relapsed or refractory MPM with BAP1 loss 

(ClinicalTrials.gov identifier NCT02860286).  

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that mediates signalling through 

several downstream pathways, leading to cell migration, growth factor signalling, cell cycle 

progression, and cell survival.120 Although FAK itself has not been demonstrated to be an oncogene, 

FAK overexpression has been reported in tumours of various tissue origins, especially in invasive and 

metastatic tumours.121 There is increasing evidence to indicate that FAK has an important role in 
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regulating cell cycle progression through cyclin D1 transcription, p27 expression, and MAPK 

activation.122 Recently, studies have indicated that FAK can suppress p53-mediated apoptosis and 

inhibit the transcriptional activity of p53.123 FIP200, a FAK inhibitor, has been shown to induce cell 

cycle arrest by increasing the expression and phosphorylation of p53 in human breast cancer cells.124 

The NF2 inactivation is known to up regulate FAK activity.125 In a pre-clinical study, constitutive 

activation of FAK was found in each of 10 mesothelioma cell lines and each of the nine 

mesothelioma surgical specimens studied. FAK knockdown/inhibition and MDM2 inhibition caused 

p53 expression, apoptosis, anti-proliferative effects, and cell-cycle arrest.126 A recent study showed 

that mesothelioma cells that lack NF2 expression are more sensitive to FAK inhibition (Shapiro et al, 

2014).127 

Based on these encouraging pre-clinical data, the FAK inhibitor defactinib (VS-6063) has been 

trialled in mesothelioma. An open label window of opportunity phase II study of Defactinib given in a 

neo-adjuvant setting to patients with surgically resectable MPM has been completed 

(ClinicalTrials.gov identifier NCT02004028). Another study (ClinicalTrials.gov identifier: 

NCT01938443) assessing the safety of combination treatment of GSK2256098 (FAK inhibitor) and 

trametinib (MEK inhibitor) in mesothelioma has also been completed. Combination of FAK inhibitor 

with PD-1 inhibition is also being trialled (ClinicalTrials.gov identifier: NCT02758587) and is discussed 

in section 1.8.6. The COMMAND trial (ClinicalTrials.gov identifier NCT01870609).was a phase II, 

randomized, double-blind, placebo-controlled, multicentre study of defactinib in subjects with MPM 

who have not progressed (confirmed partial response or stable disease) following ≥ 4 cycles of 

treatment with pemetrexed/cisplatin or pemetrexed/carboplatin. After establishing Merlin 

expression status using immunohistochemistry, subjects were randomized in a 1:1 ratio to receive 

oral defactinib 400 mg twice per day, or matched placebo. Randomization was stratified by tumor 

Merlin status (high versus low). This trial was terminated early after interim analysis failed to 

demonstrate any clinical efficacy of defactinib versus placebo. 
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Merlin also regulates mitogenic signalling by suppressing mammalian target of rapamycin 

complex 1 (mTORC1) in mesothelial cells and it is thought that mTORC1 signalling broadly sustains 

the expansion of merlin deficient cancer cells.128 Recently, it was also discovered that the 

dephosphorylated conformer of merlin accumulates in the nucleus and suppresses tumorigenesis by 

inhibiting the cullin E3 ubiquitin ligase CRL4DCAF1.129 Cullin E3 ligases, including CRL4DCAF1, are the best-

characterized substrates of the ubiquitin-like modifier protein neural precursor cell expressed, 

developmentally down-regulated 8 (NEDD8). MLN4924 (pevonedistat) is an inhibitor of the NEDD8-

activating enzyme (NAE), blocking activation of NEDD8 and thereby depleting the pool of active 

NEDD8.130 In a pre-clinical study it was shown that inhibition of CRL4DCAF1 using MLN4924 sensitizes 

cells to traditional chemotherapy but displays limited preclinical activity even in combination with 

chemotherapy. However, combined inhibition of CRL4DCAF1 and mTOR/PI3K almost completely 

suppresses the growth of NF2 loss-driven tumors.131 Importantly, a recent phase I study of MLN4924 

in patients with advanced solid tumors established efficient ontarget inhibition of NAE, acceptable 

dose-limiting toxicities, and antitumorigenic activity in some patients.132 A single institution phase I/II 

study looking at the efficacy and adverse effect profile of pevonedistat when given either alone or in 

combination with standard (cisplatin/pemetrexed) in patients with NF2 mutant mesothelioma is 

now underway at the Memorial Sloan Kettering Cancer Centre (ClinicalTrials.gov identifier: 

NCT03319537). 

A phase II study of mTOR inhibitor everolimus (RAD001) (SWOG S0722) in inoperable MPM 

patients who had received one to two prior line of platinum based chemotherapy yielded very poor 

results. When treated with 10 mg of everolimus daily, overall response rate was 2%. The 4-month 

progression free survival (PFS) rate was 29% (95% CI: 17–41%), and the median OS was 6.3 months: 

leading the investigators to conclude that additional studies of single-agent everolimus in advanced 

MPM are not warranted.133 
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Studies have indicated that asbestos fibres can physically interact with epidermal growth factor 

receptor (EGFR), causing its auto phosphorylation and activation with downstream induction of 

MAPK and/or protein kinase B (AKT) downstream signalling cascades.134 It can also up-regulate EGFR 

mRNA and protein expression. Based on this, anti- EGFR tyrosine kinase inhibitors (TKIs) have been 

trialled in MPM.  A phase II studies in advanced or recurrent MPM patients reported that erlotinib 

and gefitinib (ATP-competitive, small-molecule EGFR tyrosine kinase inhibitors, TKIs) were not 

effective as single-agents135,136 despite overexpression of EGFR being detected in 50–95% of cases. 

The low prevalence of EGFR activating mutations may explain the lack of clinical efficacy. Studies on 

the combination with cytotoxic therapies, such as the study evaluating the combination of gefitinib 

with gemcitabine and cisplatin, did not show any synergistic or additive effects in vitro.137 A study of 

cetuximab combined with cisplatin or carboplatin/pemetrexed as first line treatment in patients with 

MPM with EGFR protein over-expression is ongoing (MesoMab; ClinicalTrials.gov identifier 

NCT00996567). 

Insulin growth factor receptors (IGF-1R and IGF-2R) together with insulin growth factor (IGF) are 

expressed in MPM cells. It has been reported that signalling mediated by insulin receptor substrate 

(IRS)-1 is associated with increased cellular growth, whereas signalling through IRS-2 is associated 

with increased cellular motility. The efficacy of cixutumumab, a fully human monoclonal antibody to 

IGF-1R, has been investigated in relation with IGF-1R expression in a panel of established cell lines 

and in early passage tumour cells obtained from MPM patients.138 A strong correlation was found 

between the IGF-1R expression level and cixutumumab anti-tumour activity. There is an ongoing 

phase II study (ClinicalTrials.gov identifier NCT01160458) testing cixutumumab as single agent in pre-

treated MPM patients. 

MET is expressed in the majority of MPMs, and its activation by the related ligand (hepatocyte 

growth factor/scattering factor, HGF/SF) contributes to disease pathogenesis by promoting cell 

growth and survival, motility and invasion.  Tivantinib, a selective non-ATP competitive oral inhibitor 
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of MET, has been tested in MPM cell and mouse xenograft models in combination with GDC-0980 

and NVP-BEZ235, dual inhibitors of class I isoforms of PI3K and mTOR. This combination was strongly 

synergic in suppressing MPM cell proliferation and tumour growth.139 A Phase I/II study to evaluate 

the safety and tolerability of tivantinib in combination with carboplatin and pemetrexed as first-line 

treatment in patients with advanced non-squamous non-small cell lung cancer (NSCLC) or MPM is 

currently recruiting patients (ClinicalTrials.gov identifier NCT0204906) 

Bevacizumab is a humanized monoclonal antibody neutralizing all of the isoforms of human 

vascular endothelial growth factor (VEGF). Its addition to pemetrexed/cisplatin chemotherapy was 

shown to improve survival in the MAPS study.113 Nintedanib is a small molecule tyrosine-kinase 

inhibitor, targeting vascular endothelial growth factor receptor (VEGFR), fibroblast growth factor 

receptor (FGFR) and platelet derived growth factor receptor (PDGFR). In the recently reported phase 

II results of the LUME-Meso trial, 87 chemotherapy-naïve patients with unresectable non-

sarcomatoid MPM were randomly assigned in a 1:1 ratio to up to six cycles of pemetrexed and 

cisplatin plus nintedanib (200 mg twice daily) or placebo followed by nintedanib plus placebo 

monotherapy until progression. PFS was significantly better with nintedanib (HR, 0.54; 95% CI, 0.33 

to 0.87; P = .010) and there was a trend toward improved OS favouring nintedanib (HR, 0.77; 95% CI, 

0.46 to 1.29; P = .319). Benefit was evident in epithelioid histology, with a median OS gain of 5.4 

months and median PFS gain of 4.0 months. Neutropenia was the most frequent grade3 adverse 

event (AE; nintedanib 43.2% v placebo 12.2%); rates of febrile neutropenia were low (4.5% in 

nintedanib group v 0% in placebo group). A global, prospectively randomized, phase III trial is 

recruiting patients with epithelioid MPM to confirm the activity of nintedanib in this patient 

population (ClinicalTrials.gov Identifier: NCT01907100). In addition, there are two other trials; a 

phase II trial investigating nintedanib in recurrent MPM (ClinicalTrials.gov Identifier NCT02568449) 

and a further phase II trial investigating nintedanib as switch maintenance treatment in MPM 

(NEMO) (ClinicalTrials.gov Identifier: NCT02863055). An additional trial is also investigating 
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combinations of pemetrexed and cisplatin with cediranib (an oral inhibitor of PDGFR and VEGF-1, -2, 

and -3 receptor family) (phase I/II ClinicalTrials.gov identifier NCT01064648). 

Mesothelin is a glycoprotein physiologically expressed on the surface of mesothelial cells and 

highly expressed in many cancers including MPM. For this reason it is considered a tumour antigen 

and an appropriate target for immunotherapy.140 Pre-clinical studies indicate that mesothelin 

expression promotes cell invasion and matrix metalloproteinase secretion both in vitro and in an 

orthotopic MPM model.141 Amatuximab which is a chimeric monoclonal antibody directed against 

mesothelin and was tested combined with pemetrexed and cisplatin in a single-arm phase II study in 

89 patients with unresectable MPM. Although there was no improvement in PFS (6.1 months), the 

median OS was superior (14.8 months) to historical controls (13.3 months).142 A phase II double-

blind, randomized multicentre study (ClinicalTrials.gov identifier NCT02357147) of amatuximab 5 

mg/kg, administered weekly, in combination with pemetrexed and cisplatin as first line treatment in 

subjects with unresectable MPM is currently recruiting patients. Anetumab ravtansine (BAY94-9343) 

is a fully human anti-mesothelin antibody conjugated to the maytansinoid tubulin inhibitor DM4 

with efficacy in pre-clinical studies.143 In a phase I study (ClinicalTrials.gov identifier NCT01439152); 

anetumab ravtansine at the maximum tolerated dose (6.5 mg/kg) was well tolerated and showed 

encouraging durable tumour responses in patients with metastatic mesothelioma. A phase Ib study 

of anetumab ravtansine in combination with pemetrexed and cisplatin in mesothelin- expressing 

solid tumours (ClinicalTrials.gov identifier NCT02639091) and a randomized phase II study of 

anetumab ravtansine or vinorelbine in patients with MPM overexpressing  mesothelin in the second-

line setting (ClinicalTrials.gov identifier NCT02610140) are recruiting patients. SS1P is a recombinant 

anti-mesothelin immunotoxin that consists of a murine antimesothelin variable antibody fragment 

linked to PE38, a portion of Pseudomonas exotoxin A. SS1P was tested in a phase I trial 

(ClinicalTrials.gov identifier NCT01445392) in combination with pemetrexed and cisplatin in 

chemotherapy-naive patients. The combination of SS1P with cisplatin and pemetrexed resulted in 

response rates of 60% in 20 evaluable patients and 77% in 13 patients who received the MTD (45 
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mcg/kg).144 SS1P combined with pentostatin and cyclophosphamide, with the aim to minimize 

neutralizing antibody formation, is under evaluation in a phase I/II trial (ClinicalTrials.gov identifier 

NCT01362790). 

1.8.5 Epigenetic targeted therapy  

Knowledge regarding the mechanisms and clinical relevance of epigenetic derangements in 

MPM is only just evolving.145146
 Although initially thought not to contribute to the pathogenesis of 

mesotheliomas, it has become clear that epigenetic alterations are common events in this disease. 

MPM exhibit silencing of tumor suppressor genes via site specific DNA hypermethylation and/or 

polycomb repressive complexes in the context of genome wide hypomethylation that facilitates loss 

of imprinting (LOI) and de-repression of cancer-germline (CG) genes. 147  DNA methyltransferases 

(DNMTs) were perceived to be attractive targets for MPM therapy because of their direct roles in 

silencing tumor suppressor genes and maintaining pluripotency.148 However, in what was a 

disappointing result, Yogelzang et al. reported only a 17% objective response rate in 41 MPM 

patients receiving continuous 120 hours dihydro-5-azacytidine (a DNA methyltransferase inhibitor) 

infusions.149 Similarly, trial of continuous 72 h decitabine (5-aza-2'-deoxycytidine, an nucleic acid 

synthesis inhibitor) infusions yielded only transient stabilization of disease in 2 of 6 MPM patients 

treated.150 Efforts to target histone deacetylases (HDACs) in MPM have been discouraging as well. 

When 661 MPM patients were randomized to receive the vorinostat (HDAC inhibitor), or placebo as 

2nd or 3rd line therapy, median OS for vorinostat treated patients was 30.7 weeks (95% CI: 26.7–

36.1) compared to 27.1 weeks (95% CI: 23.1–31.9) for patients receiving placebo.151 Interestingly, 

preclinical studies have demonstrated that DNA demethylating agents and HDAC inhibitors mediate 

potentially significant immunomodulatory effects.152 This has therefore generated interest in 

utilizing chromatin remodeling agents in conjunction with either adoptive cell transfer or immune 

checkpoint inhibitors for cancer therapy. Recently, Corve et al.153 evaluated the potential efficacy of 

combining a gene induction regimen with anti-CTLA 4 therapy in MPM. The murine anti-CTLA4 Mab 

9H10 did not significantly inhibit growth of MPM xenografts. 5-azacytidine (5-AZA) induced a slight 
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but insignificant reduction in growth of MPM xenografts. In contrast, combined 5-AZA/9H10 

treatment mediated an 81% inhibition of MPM xenograft growth (P<0.05). These along with 

observations that combined decitabine/GSK126 (EZH2 inhibitor) or 5-AZA/entinostat (HDAC 

inhibitor) treatment markedly augment efficacy of adoptively transferred cytotoxic T lymphocytes or 

anti-PD-L1 via up-regulation of Th1 signalling and inhibition of immunosuppressive myeloid derived 

suppressor cells within the tumor microenvironment in murine cancer models154155 could encourage  

evaluation of such combinatorial regimens in clinical settings.  

 Argininosuccinate synthetase1 (ASS1) is a urea cycle and arginine biosynthetic enzyme.  Arginine 

is essential for biosynthesis of proteins, nitric oxide, and polyamines and contributes to proline and 

glutamate production.156 ASS1 is a tumor suppressor gene and its loss is known to occur due to 

epigenetic mechanisms. Tumors deficient in ASS1 display increased tumorigenesis due to diversion 

of the precursor aspartate for enhanced pyrimidine synthesis.157,158 Exogenous arginine is 

dispensable for normal cells due to ASS1 expression, whereas its supply is essential forASS1-negative 

cancers. Various ASS1-negative tumors have been shown to be sensitive to the arginine depleters, 

mycoplasmal-derived pegylated arginine deiminase (ADI-PEG20) and recombinant human arginases, 

in preclinical studies.159,160 This led to several arginine deprivation studies in patients with 

hepatocellular carcinoma and melanoma with single-agent ADI-PEG20, showing low toxicity and 

evidence of efficacy.161,162 Loss of the ASS1 was observed in 63% of archival mesotheliomas by 

immunohistochemical analysis in mesothelioma cell lines.163 A multicentre phase II randomized 

clinical trial, the Arginine Deiminase and Mesothelioma (ADAM) study, assessed the clinical impact 

of arginine depletion in patients with ASS1-deficient MPM. Immunohistochemical screening of 201 

patients identified 68 with advanced ASS1-deficient MPM. They were randomized 2:1 to arginine 

deprivation (ADI-PEG20, 36.8mg/m2, weekly intramuscular) plus best supportive care (BSC) or BSC 

alone. At median follow-up of 38 (2.5-39) months, the PFS hazard ratio was 0.56 (95%CI, 0.33-0.96), 

with a median of 3.2 months in the ADI-PEG20 group vs 2.0months in the BSC group (p=.03). The OS 

curves crossed, and life expectancy was 15.7 months in the ADI-PEG20group vs 12.1 months in the 
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BSC group (difference of 3.6 *95%CI, −1.0to 8.1+ months; P = .13). The incidence of symptomatic 

adverse events of grade at least 3 was 11 of 44 (25%) in the ADI-PEG20group vs 4 of 24 (17%) in the 

BSC group (P = .43), the most common being immune related, non-febrile neutropenia, 

gastrointestinal events, and fatigue. Differential ASS1 gene-body methylation correlated with ASS1 

immunohistochemistry, and longer arginine deprivation correlated with improved PFS.164 

The TRAP (ClinicalTrials.gov identifier NCT02029690) trial was a phase I trial that sought to 

estimate the efficacy of ADI-PEG20 when used in combination with first line pemetrexed and 

cisplatin in several cancers including MPM. It revealed a 94% disease control rate in non-epithelioid 

(biphasic and sarcomatoid) MPM subtypes.165ATOMIC-Meso (ClinicalTrials.gov identifier 

NCT02709512) is an ongoing large randomized, double-blind, phase II/III study in MPM patients with 

low ASS1 expression to assess ADI-PEG 20 with pemetrexed and cisplatin. Up to 386 good 

performance (ECOG 0-1) patients with non-epithelioid MPM are expected to be enrolled. Patients 

will be randomized to receive weekly ADI-PEG20 (36 mg/m2 IM) or placebo with standard doses of 

pemetrexed and cisplatin for a maximum of 18 weeks (6 cycles) of treatment.  

Given the frequency and negative prognostic impact of EZH2 over-expression in MPM (90, 92), 

PRC-2 has emerged as a major therapeutic target in these neoplasms- particularly those with BAP1 

mutations. Whereas DZNep is not available for clinical trials, several potent and specific inhibitors of 

EZH2 activity are in early clinical development. A multicenter phase II trial (NCT02860286) is 

underway to examine response rates in patients with inoperable, BAP1 mutant MPM treated with 

oral tazemetostat (800 mg BID). A two arm phase II trial will commence in the near future at the NCI 

to examine response rates in patients with wild type vs mutant BAP1 MPM receiving GSK126 as 

induction therapy prior to pleurectomy/decortication; a variety of translational endpoints will be 

assessed in this trial. Additionally, mithramycin, which depletes EZH2 as well as several other PRC-2 

associated proteins (102), is being evaluated in patients with inoperable thoracic malignancies 

(including MPM) at the NCI (NCT01624090, NCT02859415). It may be possible to further exploit 



39 
 

BAP1 mutations for MPM therapy. BAP1 functions to stabilize BRCA-1 and promote poly (ADP-

ribose)-dependent recruitment of polycomb deubiquitylase complex PR-DUB to DNA damage sites 

(126,127). This activity is dependent on deubiquitinase activity as well as phosphorylation of BAP1 

(128). BAP1 mutations, which always appear to be manifested as loss of function, decrease BRCA-1 

levels (129), and inhibit double strand DNA repair (126-128). Parotta et al (130) observed that a 

BAP1 isoform lacking part of the catalytic domain sensitized MPM cells to the PARP1 inhibitor, 

olaparid; and this sensitivity could be augmented by concomitant treatment with the dual PI3K-

mTOR inhibitor, GDC0980, which down regulates BRCA-1. Such strategies might enhance responses 

to cisplatin/pemetrexed in patients with BAP1 mutant MPM, and should be evaluated in future 

clinical trials.  

1.8.6 Immunotherapy 

Immune based therapy, especially checkpoint inhibition has shifted treatment paradigms in 

many cancers types and initial data showed promise for improving MPM treatment. Several 

different approaches to immunotherapy including cytokines (IL-2), therapeutic vaccines and  

adoptive transfer of lymphocytes have been applied to MPM treatment with variable results.166 

However, it has been the studies incorporating immune checkpoint inhibitors into MPM treatment 

which have shown unprecedented activity 167,168 and as such have infused considerable enthusiasm 

and optimism.  

Initial enthusiasm for checkpoint inhibition in MPM was created by studies investigating 

tremelimumab [anti- cytotoxic T-lymphocyte associated protein 4 (CTLA-4) antibody]. In an open-

label, single-arm, phase 2 study, among 29 patients treated with at least one dose of tremelimumab 

(15mg/kg every 90 days) after a first line platinum-based chemotherapy, the authors noted disease 

control in nine (31%) patients; a median PFS of 6·2 months (95% CI 1·3-11·1) and a median OS of 

10·7 months (0·0-21·9).167 The same authors investigated an intensified dosage regimen (10mg/kg 

every 4 weeks; 1-6 doses) in 29 advanced mesothelioma patients. They achieved a partial response 
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in one patient (3%) and disease control in 11 (38%) patients. Grade 1-2 treatment-related adverse 

events (TRAE) occurred in 26 (90%) patients and grade 3-4 adverse events in two (7%) patients.168 A 

much larger multi-institutional, multi-national study (DETERMINE) however demonstrated no 

statistically significant difference in OS for tremelimumab vs placebo (median 7.7 vs 7.3 months; HR 

= 0.92, 95% CI 0.76–1.12, P = 0.408). In this phase 2b, randomized, double-blind study  of 

unresectable pleural or peritoneal MPM, eligible patients who progressed after 1–2 lines of prior 

therapy were randomized 2:1 to receive tremelimumab (10 mg/kg q4w for 7 doses, then q12w) or 

placebo. Five hundred and seventy-one patients were randomized (382 to tremelimumab, 189 to 

placebo).169  

The keynote-028 study evaluated the response to whether {anti–programmed cell death protein 

1(PD-1) antibody} in (programmed cell death ligand 1 (PD-L1) positive advanced solid tumours. In 

this phase Ib trial 25 patients with PD-L1 positive pleural MPM were treated with pembrolizumab 10 

mg/kg given every 2 weeks for up to 2 years or until confirmed progression or unacceptable toxicity. 

Preliminary overall response rate (confirmed and unconfirmed) was 24% (n = 6); 13 patients (52%) 

had stable disease, resulting in a disease control rate of 76%. Four patients (16%) had progressive 

disease, and 2 patients had no assessment at the time of analysis. Fifteen patients (60%) 

experienced a drug-related adverse event of which only 3 (12%) were grade ≥3. 170. Another phase II 

trial is currently underway to determine the objective response rate of patients with MPM treated 

with pembrolizumab in an unselected patient population, as well as in a PD-L1 positive population 

(ClinicalTrials identifier no  NCT02399371). This trial also seeks to determine the optimal threshold 

for PD-L1 expression using the 22C3 antibody based immunohistochemistry (IHC) assay in 

correlation to tumour response. Another phase II study being conducted in the Netherlands 

(ClinicalTrials identifier no NCTO 2497508) aims to evaluate the response of previously treated MPM 

to nivolumab (IgG4 anti-PD-1 monoclonal antibody) given at 3 mg/kg every 3 weeks. Initial reports 

from this study of PD-L1 unselected patients demonstrated a disease control rate of 39% in the 18 
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patients who were evaluated at 18 weeks. Five patients had partial response and two had stable 

disease. Nine patients had progressive disease.171 

Avelumab is a fully human anti-PD-L1 IgG1 antibody under clinical investigation in multiple 

cancers. A phase I, open label study (The JAVELIN trial) (ClinicalTrials identifier no NCT01772004) 

studied the safety, tolerability, pharmacokinetics biological and clinical efficacy in patients with 

metastatic or locally advanced solid tumour. 172 The results were presented at ASCO 2016. In this 

trial, 53 patients with unresectable pleural or peritoneal (mostly pleural) mesothelioma who had 

progressed after a platinum-pemetrexed-containing regimen and were unselected for PD-L1 

expression, were treated with Avelumab 10 mg/kg IV every two weeks until progression, 

unacceptable toxicity, or withdrawal. Most patients had received more than two lines of therapy 

indicating that it was a highly selected subgroup. Disease control rate observed was 56.6% with 

unconfirmed objective response rate (ORR) of 9.4% (5 PRs; 95% CI: 3.1, 20.7). Stable disease was 

observed in 25 patients (47.2%). Median PFS was 17.1 weeks (95% CI: 6.1, 30.1). Interestingly, 

objective responses were seen in both PD-L1+ (14.3%; 2/14) and PD-L1—patients (8%; 2/25) with 

median PFS of 17.1 weeks and 7.4 weeks respectively. TRAEs occurred in 41 patients (77.4%); most 

common were infusion-related reactions (20 [37.7%]), fatigue (8 [15.1%]), chills (8 [15.1%]), and 

pyrexia (6 [11.3%]). All were grade 1 or 2. Grade ≥3 TRAEs occurred in 4 patients and included colitis, 

decreased lymphocytes and altered liver functions. 

PROMISE-meso (ClinicalTrials.gov Identifier: NCT02991482) is a multicentre randomised phase III 

trial seeking to compare pembrolizumab versus standard chemotherapy with vinorelbine or 

gemcitabine and for advanced MPM that has progressed on platinum based therapy. It is expected 

to enrol 142 patients and results expected after 2020. CONFIRM (ClinicalTrials.gov Identifier: 

NCT03063450) is a randomized, double blind placebo controlled trial of patients with mesothelioma 

who are third relapse following a platinum based chemotherapy treatment. 336 patients recruited 

from 25 UK centres over a four-year period are expected to be randomized in a 2:1 ratio (nivolumab: 
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placebo). All patients will be on treatment for 12 months unless they progress or withdrawal prior to 

this.  

Results of immune checkpoint inhibitor trials in multiple cancers to date have been encouraging 

but can hardly be called satisfactory. Less than 20% of unselected patients across different cancers 

mount a response to single-agent immune checkpoint inhibition.173 Attempts to optimize the anti-

tumour immune response are now being made by combining two different immune checkpoint 

inhibitors or an immune checkpoint inhibitor and a therapeutic cancer vaccine.  Anti- CTLA-4 

antibody treatment has the potential to drive T-lymphocytes into the tumour. This can 

cause up regulation of PD-L1 expression in the tumour micro environment thus potentially 

increasing response to anti-PD-1/PD-L1 therapy. This combination has induced immune 

synergy in patients with various tumour types. CheckMate 067 (a phase III study in 

previously untreated advanced melanoma) randomized 945 patients to receive ipilimumab, 

nivolumab, or the combination. The progression-free survival (PFS) was 11.5 months (95% 

CI, 8.9–16.7) for the combination compared to 2.9 months (95% CI, 2.8–3.4; P < 0.001) for 

ipilimumab alone and 6.9 months (95% CI, 4.3–9.5; P < 0.001) for nivolumab alone. More 

interestingly, the PFS was same for the combination group and the nivolumab group (14 

months) among patients with PD-L1-positive tumours but PFS was longer with the 

combination therapy than with nivolumab alone (11.2 vs. 5.3 months) among PD-L1 

negative tumours 174. Preliminary results in RCC 175and NSCLC176 also appear to demonstrate 

better results with nivolumab and ipilumimab as compared to nivolumab alone.  

In MPM, the NIBIT-MESO-1 trial (ClinicalTrials.gov identifier no NCT02588131) is a phase II, 

open-label, study evaluating the efficacy and safety of combination of tremelumimab and 

anti-PD-L1 MEDI4736 (Darvalumab). The safety analysis from the fully-enrolled NIBIT-MESO-1 

study was presented in ASCO 2017. Forty mesothelioma patients (38 pleural and 2 peritoneal), 
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median age 64 years (range 41-80), ECOG performance status 0 (n = 19) or 1 (n = 21) were enrolled 

in the study. At the time of data collection (January 2017), the patients (12 1st line; 28nd line) had 

received a median of 5.5 doses of therapy (range = 1-13). Twenty-four patients (60%) had 

experienced any grade immune related adverse effects (irAEs) : 5 patients (12.5%) had grade 3-4 

adverse effects, the most frequent being hepatotoxicity (7.5%). Three patients (7.5%) were 

discontinued due to treatment-related AEs (1 trombocytopenia, 1 limbic encephalitis, 1 liver 

toxicity).177 Another phase II study (ClinicalTrials.gov identifier no NCTO 271672; MAPS-2) is 

comparing nivolumab + ipilimumab versus nivolumab alone in unresectable advanced MPM. 

This is a multicentre randomized non comparative phase II trial in which histologically proven MPM 

relapsing after 1 or 2 prior lines including pemetrexed/platinum doublet with measurable disease 

and PS<1 were randomized 1:1 to  receive nivolumab 3 mg/kg q2w, or nivolumab 3 mg/kg q2w + 

ipilimumab 1 mg/kg q6w, until progression or unacceptable toxicity. The results were presented in 

ASCO 2017 and the twelve weeks-disease control rate in the first 108 eligible patients was found to 

be 42.6% [IC95%: 29.4-55.8%] with nivolumab (n=23/54), and 51.9% [38.5-65.2%] with nivolumab + 

ipilimumab (n=28/54). ORR was 16.7% [6.7%-26.6%] with nivolumab (n=9/54), and 25.9% [14.2-

37.6%] with nivolumab + ipilimumab (n=14/54). All grade/grade 3-4 toxicities were slightly increased 

in the combination arm (86.9%/16.4%) vs nivolumab alone (77.8%/9.5%); 3 treatment-related 

deaths were observed in the combo arm (1 metabolic encephalopathy, 1 fulminant hepatitis, 1 acute 

renal failure).178  

Some other combinations are also being actively explored. Preclinical studies that focal adhesion 

kinase (FAK) inhibition can re-model multiple aspects of the tumour immune microenvironment, 

shifting the balance from inhibitory Tregs, & MDSCs, to one which supports an active CD8+ T cell 

adaptive immune response, suitable for synergistic anti-PD-1 therapy.179,180 Based on this, a phase 

I/IIa clinical study of defactinib (FAK inhibitor) in combination with pembrolizumab (anti-PD-1) 

therapy is ongoing in several solid tumours including mesothelioma (ClinicalTrials.gov identifier: 
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NCT02758587). Combinations of VEGF inhibitor (axatinib) and PD-L1 inhibitor (avelumab) is being 

studied (ClinicalTrials.gov identifier: NCT02493751) in advanced renal cell carcinoma and initial 

results presented in ESMO 2016 (OCT 2016), clinical benefit was seen in all six patients treated with 

5 patients showing partial response.  Another trial is investigating combination of axatinib with 

pembrolizumab (ClinicalTrials.gov identifier: NCT02133742) again in advanced renal cell carcinoma. 

Given the recent results of MAPS study and the encouraging results of checkpoint inhibition in MPM, 

this combination could be an avenue to explore. However, there are no trials investigating this 

combination in MPM to the best of my knowledge.  

Response to immune checkpoint inhibition in MPM like in most other malignancies has not been 

uniform and predicting which patients with MPM are most likely to benefit with anti-PD-1/PD-L1 

therapy has been difficult. A multitude of biomarkers predominantly involving indices from the 

patient’s tumour (cancer cells or cells of the tumour microenvironment) or blood (circulating cells or 

serum) have been studied in many cancers. In MPM, the MESOT-TREM-2008 study explored 

different immune markers potentially predictive of response to treatment and/or of survival. 

Circulating levels of CD4+-inducible costimulator (ICOS)+ T-cell subpopulation were found to be 

increased in the course of therapy with tremelimumab, and they significantly associated with a 

better survival in the early phases of treatment.167 

As results of trials looking at checkpoint inhibition therapy in various malignancies become 

available, it is becoming clear that there are three broad populations of patients i.e. responders: 

those that respond initially and continue to respond; those that fail to ever respond (innate 

resistance), and those that initially respond but eventually develop disease progression (acquired 

resistance).181 Mechanisms of innate and acquired resistance to checkpoint inhibition therapy are 

incompletely understood but are understandably very important in order to individualize and guide 

optimal combination/sequencing immunotherapy. Insufficient generation of anti-tumour T cells is 

one modality of resistance to checkpoint inhibition therapy. Genetic and epigenetic alterations 
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which influence neoantigen formation, presentation, and/or processing, as well as alterations in 

cellular signalling pathways that disrupt the action of cytotoxic T cells  can lead to insufficient anti-

tumour T cells.182 Inadequate function of the tumour-specific T cells is thought to be another cause 

of ineffectiveness of checkpoint inhibition therapy.  This is because the expanded repertoire of anti-

tumour T cells faces an inhospitable tumour micro environment that may preclude proper T-cell 

function. Mutations in key effector pathways, high levels of PD-L1 on tumour cells, high levels of 

alternate immune checkpoints or co-inhibitory receptors on T cells (e.g., PD-1, CTLA-4, TIM3, LAG3 

etc.), high levels of immune suppressive cytokines or metabolites, and associated recruitment of 

immune suppressive cells are some of the causes of inadequate function.183,184 How these 

mechanisms of checkpoint inhibition failure relate to MPM remains to be studied.  

1.9 Conclusion 

MPM is a deadly malignancy mainly arising as a result of occupational exposure to asbestos. 

Long latency and delayed presentation lead to most patients presenting late in the stage of the 

disease. Treatment options are limited and as of now, the survival remains dismal. Multimodality 

treatment incorporating aggressive resectional surgery, pre or post-operative chemotherapy and 

hemi thoracic irradiation have been seen to marginally improve survival but the proportion of 

patients suitable for such approach is low.  

The promise of targeted therapy has not been realized in MPM and majority of clinical trials of 

molecular agents targeting the classical hallmarks of cancers have yielded disappointing results.  In 

fact, a clear targetable driver event has not been identified. It has now becoming clearer that a more 

comprehensive knowledge of the multiple molecular alterations, deregulation of the different 

signalling pathways as well as their interaction in MPM is required. This will be essential to better 

identify target/s which are able to address the complex interconnection among different signalling 

pathways, which limits the efficacy of these therapeutic approaches. 
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Immunotherapy has shown promise in improving outcome in MPM patients and recently 

reported trials using checkpoint inhibitors have been encouraging. However, not all patients have 

derived benefit and credible and reproducible biomarkers have yet to be identified. It has become 

obvious that we would need to improve our ability to predict which patients will benefit. Also, given 

the multitude of immunomodulatory factors known to be present in the tumour microenvironment, 

a better understanding of these factors will be needed to be able to tailor immunotherapy either 

alone or in combination to individual cases based on the profile of their immune microenvironment. 

An impediment to the study of MPM is its relative rarity and also the lack of large well annotated 

cohorts to study these parameters.  In the research described in the thesis, we have used a large 

well annotated cohort of confirmed MPM patients and their archival formalin fixed paraffin 

embedded (FFPE) tissue to study the genomic changes and the tumour immune microenvironment, 

two areas which have shown potential in development of novel therapeutic approaches in multiple 

other cancers. 
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Chapter 2: Materials and methods 

All general materials and methods used in this research are described in this chapter. Additional 

methods and details of the statistical analysis relevant to a specific chapter are described 

accordingly.  

2.1 Generation of the MPM cohort 

Ethics approval was obtained from the human research ethics committee of the Austin hospital, 

Melbourne, Australia (Local Reference Number: H2006/02394). In collaboration with our co-

researchers in the Department of Thoracic Surgery, Austin Hospital, Heidelberg, Melbourne, we 

conducted a retrospective search of the prospectively maintained thoracic surgery database. We 

searched for all patients who were operated with a diagnosis of pleural mesothelioma between 

1988 and 2014. This included patients undergoing diagnostic surgery (pleural biopsies via 

thoracotomy or thoracoscopy), resectional surgery (pleurectomy and decortication or extra pleural 

pneumonectomy) or palliative procedures (pleurodesis).   

2.2 Collection of clinical data: clinical annotation of the cohort 

A thorough search of the medical records of each individual patient identified from the database 

was conducted. Paper records were retrieved from the medical records department of the Austin 

Hospital. For patients who were operated after 2009, electronic medical records were available and 

were accessed in lieu of paper records. Data pertaining to the demographics, mode of presentation 

and symptoms, investigations and their results, clinical staging information based on pre-operative 

investigations, operations performed, operative findings, post-operative treatment (chemotherapy, 

radiotherapy) and dates of  death (where death was known to have occurred)/last follow up were 

captured.  For patients in whom the survival status was not clearly documented in the records, the 

information was sourced from the Victorian Cancer Registry of the Cancer Council Victoria. 
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2.3 Collection of archival formalin fixed paraffin embedded (FFPE) 

MPM samples  

A search was conducted of the Kestral record software of the Department of Anatomical 

Pathology, Austin Hospital for the report of the original histopathological examination. They were 

reviewed to record their unique identifying biopsy numbers, to corroborate the diagnosis of MPM 

and to record data regarding the histological subtype classification and results of any IHC that had 

been done. Also, when indicated by the pathologist, the block with the best and most representative 

tumour was recorded. The FFPE blocks corresponding to the biopsy numbers were then retrieved 

from the archives of the department. While a single most representative block with ample tumour 

tissue was chosen for most patients, when the tumour was thought to be scant in one block, two or 

more blocks were retrieved. When patients had undergone more than one operation (for example, 

biopsy followed by resectional surgery), the blocks of FFPE tissue available from both instances were 

retrieved but kept separately. 

2.4 Confirmation of diagnosis of MPM 

Regardless of the initial assessment at the time of the diagnosis, all FFPE tumour samples were 

subjected to diagnostic reassessment based on the morphology and also the IHC profile. Four µm 

sections of all blocks were cut and stained with Hematoxylin and Eosin (H&E) and these were 

assessed for tumour content and morphology by a pathologist (Dr. Khashyar Asadi, Department of 

Anatomical Pathology, Austin Hospital). 

The IHC based markers used in the initial diagnosis was not uniform across samples. As the 

samples were derived from a very long time period, many of the markers used presently would not 

have been available in the time of diagnosis of older samples. Based on the IHC profile information 

available from original histopathology report, samples were divided into: 

Group A: Adequate IHC done at time of diagnosis. Confirmed MPM diagnosis based on tumour 

morphology and IHC profile.  



49 
 

Group B: Some IHC was done at time of diagnosis but the IHC profile was not adequate to 

confidently call a diagnosis of MPM 

Group C: No IHC done at the time of diagnosis. Confirmation of MPM could not be made. 

In consultation with the pathologist (KA) and in keeping with the current panel of IHC markers 

used to diagnose MPM and rule out metastatic pleural disease, a panel of markers were chosen.  

They were as follows: [mesothelial markers: Calretinin (clone- DAK- Calret1 Dako, Glostrup, 

Denmark), WT-1(clone- 6F-H2 Dako, Glostrup, Denmark) and CK5/6 (clone- D5/16 B4 Dako, Glostrup, 

Denmark), epithelial markers: BER-EP4(clone- Ber-EP4 Dako, Glostrup, Denmark) , CEA(clone - IL7 

Dako, Glostrup, Denmark) and MOC31(clone – MOC-31 Dako, Glostrup, Denmark )]. Samples in 

group C were stained with all these markers while those in group B were stained with the markers 

that had not been done at the time of their diagnosis. Histological diagnosis of MPM was only 

confirmed after review of the tumour morphology (H&E) and IHC profile. Samples not satisfying 

either/any of these criteria were excluded from further study. 

2.5 Construction of the MPM tissue microarray (TMA) 

H&E stained sections of samples for which a diagnosis of MPM could be confidently established 

were reviewed by the pathologist (KA) for tumour content. Areas of tumour were marked on the 

slides. Samples with inadequate tumour (in which the amount of archival tissue available was 

deemed not enough to make 3x1 mm cores) were excluded at this stage.   

TMAs were created using a tissue arrayer (Tissue Arrayer I, Beecher Instruments Inc, Sun Prairie, 

Wis, USA). One millimetre cores were taken from areas in the block which corresponded to tumour 

marked on the H&E slides. The cores were transplanted to empty pre-made paraffin recipient blocks. 

The cores were arranged in nine columns and seven rows with columns named numerically and rows 

named alphabetically. Additional orientation cores were placed in front of rows A and D. Three cores 

were taken from different areas of the tumour and placed sequentially in the rows.  Sixty –three 
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cores from 23 samples were therefore placed in each TMA. Sixteen TMAs with MPM tissue samples 

were therefore created. When there were more than one tissue samples from any particular patient 

(arising from operations performed at different time points), we ensured that all cores included in 

the TMA came from the same biopsy. Duplication of representation in the TMA due to multiple 

tissue samples was avoided. 

After the creation of the TMA, the recipient block was kept at 37˚C for one hour, followed by 

room temperature for one hour. This was repeated three times and at the end of the procedure, the 

block was left at 37˚C overnight. The blocks were then stored in room temperature. For assessment 

of the cores, four µm cuts of the TMAs were stained with H&E and reviewed by the pathologist (KA) 

for tumour content and for presence of excessive necrotic or crushed tissue. Cores with insufficient 

tumour content (<20%) were marked on the TMA grid constructed so as to exclude them from 

assessment and analysis in further studies. A flow chart of collection of patients, their archival 

samples, their assessment and final TMA construction is depicted below (Figure 2.1). 

  

Figure 2.1: Flowchart of collection of mesothelioma cohort to TMA construction 
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2.6 Immunohistochemistry and pathological evaluation 

IHC combines anatomical, immunological and biochemical techniques to identify discrete tissue 

components by the interaction of target antigens with specific antibodies tagged with a visible label. 

IHC makes it possible to visualise the distribution and localisation of specific cellular components 

within cells and in the proper tissue context. IHC was performed on 4 μm paraffin sections of TMAs 

and full sections of tissue blocks (when necessary) that were mounted on charged slides. Although a 

more detailed description of the IHC protocol for each antigen is included in the relevant chapters, a 

brief overview is presented here. 

2.6.1 Deparaffinization and rehydration  

The paraffin-embedded tissue slides were deparaffinised by incubating sections at 60°C for one 

hour, followed by incubation in xylene for 10 minutes. The slides were then rehydrated progressively 

with two 5-minute washes in ethanol 100%, then 70%. Endogenous peroxidase activity was blocked 

by incubating the slides with 3% hydrogen peroxide for 10 minutes. Sections were kept hydrated in 

Tris-buffered saline with 0.5% Tween 20 (TBST) in between all subsequent steps. 

2.6.2 Antigen retrieval 

We used heat induced epitope retrieval (HIER) methods for all our IHC assays. HIER is believed to 

reverse some cross-links and allows for restoration of secondary or tertiary structure of the epitope. 

As is usually necessary, the specific protocol was optimized for each antigen to be studied. HIER was 

performed using microwave ovens, or water baths. For microwave, the slides were immersed in the 

respective buffer in coplin jars and heated at 100% power till the buffer boiled. Subsequently, 

microwave was turned to 20% power and the buffer was left to boil for 15 minutes. For water bath, 

a coplin jar with the buffer was placed in a water bath and heated. The slides were immersed in the 

buffer when the temperature in the coplin jar had reached 95˚C. The slides were then left in the 

water bath for 45 minutes. Following HIER, the slides were cooled for 30 minutes at room 

temperature prior to subsequent incubations.  The buffer used also varied with the antigen to be 
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studied and was in accordance to the directions of the manufacturers of the individual antibodies 

used.  

2.6.3 Incubation 

Primary antibody was then applied at a concentration suggested by the manufacturer or that 

derived by a series of IHC optimization experiments done prior. Incubation with primary antibody 

was carried out at 4˚C overnight. When using polyclonal antibodies, this step was preceded by 

incubation with background sniper blocking reagent SKU:BS966M500 ml from  MetaGene Pty Ltd for 

30 minutes at room temperature to prevent non-specific binding. Suitable positive control slides 

(based on antigen being studied and derived from literature) and negative controls (isotype 

control/tissue used for positive control without primary) were included in each IHC run. 

2.6.4   Visualization 

After overnight incubation with primary antibody, the slides were washed with TBST (3 washes, 

5 minutes each). They were then subjected to 60 minute incubation with secondary antibody using 

the horse radish peroxidase system specific to the species of origin of the primary antibody. This was 

again followed by TBST wash (3X5minutes) prior to two minute exposure to chromogen (DAB from 

SignalStain, DAB Substrate Kit #8059, Cell signalling technologies, Massachusetts, USA). The slides 

were rinsed in TBST, stained with Mayer’s haematoxylin (Sigma-Aldrich, St. Louis, Missouri, USA) for 

60 seconds, and then rinsed until clean with tap water. This was followed by 60 minutes incubation 

in Scott’s water and then rinsed with tap water. The slides were then dehydrated by incubating in 70 

% Ethanol x 1 minute, 90 % Ethanol x 1 minute, 100 % Ethanol x 1 minute x 2 and Xylene x 1 minute x 

2. The slides were than covered with permanent mountant and stored in room temperature. 

IHC slides were scanned using a ScanScope XT system (Aperio Technologies, Vista, CA, USA) with 

the images exported from ImageScope v10 software. The scoring system employed was dependent 

on the antigen being studied and details have been included in relevant sections. The assessment of 
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immunological reactivity was done by several investigators independently. Interobserver variability 

was assessed by deriving kappa scores and disagreements were settled by combined review.  

2.7 MPM cell lines used in this study 

The cell lines utilized in the study were NCI- H28 [28] (ATCC®CRL5420) and NCI-H2452 [H2452] 

(ATCC® CRL5946™). NCI-H 28 has been derived from the pleural effusion of a young male patient 

with metastatic sarcomatoid MPM. NCI-H2452 is derived from a patient with epithelioid MPM.  

The standard growth medium used for these cell lines was RF10, which consists of basal 

RPMI-1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 2 mM Glutamax (Invitrogen), 100 

U/mL penicillin (Invitrogen), 100 μg/mL streptomycin (Invitrogen), and 10% foetal calf serum 

(CSL, Melbourne, Vic Australia). RF10-cultured cells were grown as adherent cultures in tissue 

culture-treated Falcon flasks (Becton Dickinson, Franklin Lakes, NJ, USA). 

2.8 Preparation of cell block from MPM cell lines 

Cultured cells were washed in PBS and pelleted by centrifugation. Approximately 150 μl of 

human plasma was added to the cell pellet, and a wooden dowel rod was used to mix the plasma 

and cells. Approximately 150 μl of thrombin were added and further mixed, giving a clot of cells 

adhered to the wooden rod. The clot was then encased in filter paper and fixed in formalin. 

 2.9 Extraction of genomic DNA from FFPE samples 

One millimetre diameter cores (1-2 cores, depending on the depth of the block) were extracted 

from the area of tumour previously marked by the pathologist. For extraction of the genomic DNA 

(gDNA), we used the DNeasy Blood and Tissue kit, Qiagen cat # 69504 (Qiagen, Hilden, Germany). 

The paraffin block was placed in an eppendorf tube and 180 of ATL buffer (supplied with the kit) was 

added to it. The tube was then placed in a heater at 98 °C for 15 minutes. This was then allowed to 

cool down and stay at room temperature for 5 minutes. Subsequently, 20 µl of Proteinase K was 

added to the tube and it was left overnight at 56 °C. The next morning, the process was restarted by 
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briefly vortexing and then spinning the tube. 200 µl of AL buffer (supplied in the kit) was added and 

the tube vortexed to mix. To this 200 µl 100 % ethanol was added and it was mixed again. The 

mixture was then pipetted into a spin column and spun in a centrifuge at 8000 rotations per minute 

(RPM) for one minute. The supernatant was discarded. 

Again, 500 µl of AW1 buffer (supplied in the kit) was added and it was spun for one minute at 

8,000 RPM. The supernatant was again discarded. AW2 buffer (500 µl) was now added and the 

column was spun at 14,000 RPM for 3 minutes. The collection tube was discarded and the column 

was placed in a new collection tube. Hundred µl of AE buffer was now added to the column and it 

was incubated at room temperature for 5 minutes. The column was then centrifuged again at 8000 

RPM for one minute. The DNA was now precipitated.  

For precipitation, 1/10 volume of 3 M NaOAC and 3 volumes of 100 % Ethanol were added and 

the mixture was left at -80 °C freezer overnight. The next morning, it was spun at 14,000 RPM for 15 

minutes and then washed twice with 70% ethanol spinning each time for 5 minutes. The DNA was 

then air dried and finally resuspended in 50 µl water.  

2.10 Quantification and quality check of extracted DNA 

To check quantity and quality of genomic DNA extracted from patient tissues, cell lines and 

xenografts derived from MPM patients, we used the Qubit
 

dsDNA BR Assay Kits Catalog 

number: Q32850 (Thermo Fisher Scientific, Waltham, Massachusetts, USA). First, required number 

of 0.5 ml polymerised chain reaction (PCR) tubes (N = no of DNA samples to be tested + 2 for 

standards) were prepared and appropriately labelled. Next, the Qubit® working solution was 

prepared by diluting the Qubit® dsDNA BR reagent 1:200 in Qubit® dsDNA BR buffer. Enough 

working solution was prepared for 198 μl per sample to be tested plus 190 μl per standard. For the 

standards, 190 μl of the solution was mixed in the PCR tube with 10 μl of the Qubit standard and 

vortexed for 2-3 seconds being careful to avoid creation of bubbles. For each sample, 198 μl of the 
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working solution was mixed with 2 μl of the genomic DNA to have a final volume of 200 μl and 

vortexed. Allow all tubes to incubate at room temperature for 2 minutes. 

The reading was done using the Qubit® 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). For this the dsDNA Broad Range was selected as the assay type. Before 

proceeding to read the samples, the instrument was calibrated using the standards prepared earlier. 

Once satisfactorily calibrated, each individual sample was read separately to give the concentration 

of the genomic dsDNA in ng/μl. The ratio of absorbance at 260 nm and 280 nm was used to assess 

the purity of DNA. A ratio of around 1.8 was taken as “pure” DNA. The ratio was attained and 

recorded for each sample. 

2.11 Fluorescent in situ hybridization (FISH) 

2.11.1 Preparation and depaffinization 

The charged slides containing the tissue and TMAs were incubated at 60˚C for 30 minutes 

followed by incubation in xylene for 10 minutes. The slides were then rehydrated progressively with 

two 5-minute washes in ethanol 100%, then 70%.  

2.11.2 Target retrieval 

HIER was used for target retrieval. The slides were placed in 200ml Heat Pretreatment Solution 

(Zymed #00-8401) from Thermo Fisher (Thermo Fisher Scientific, Waltham, Massachusetts, USA) in 

rack in white tissue tek container. A programmable pressure cooker (Pascal, Dako, Glostrup, 

Denmark) was set up to reach 125˚C and maintain for 2’30 seconds. This was followed by cooling to 

90oC for 10 seconds before the pressure cooker was opened and the container with the slides taken 

out. The slides were then transferred to a tub of water and subjected to three washes of two 

minutes each. The tissue on the slides were then covered with few drops (just enough to cover the 

tissue) of Enzyme Pre-treatment Reagent (Zymed #00-8401, from Thermo Fisher) for 15 minutes at 

37˚C. The slides were then washed in a tub of tap water three times, 2 minutes each time. 
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2.11.3 Probe hybridization  

The slides were then dehydrated by immersing them in graded alcohol. They were placed in a 

Hellendahl jar and immersed in 70%, 80%, 90% and 100% ethanol each for 2 minutes. Thereafter, 

they were left to air dry for 15 minutes. To minimize the amount of probe mix use, the tissue on the 

slide was marked on the back of the slide with black texta so as to identify the exact area that 

needed to be covered.  The probe mixes to be used were prepared according to the manufacturer’s 

directions and the composition of the individual probe mixes are discussed in the relevant sections.  

The probe mix was then carefully spread to cover the tissue previously marked. Two μl of the 

probe mix was used for small tissue (for controls), 8 μl was used to cover the TMAs. The TMAs were 

covered with 22x25 mm coverslips and any bubbles formed were gently removed from over the 

tissue using forceps. The coverslips were then sealed on all sides using rubber cement (Fixogum- SKU 

11FIXO0125, MP biomedicals, Santa Ana, California, USA) to prevent evaporation during incubation. 

Hybridization was carried out in a programmable hybridizer (Thermobrite, Abbott Biologicals, Des 

Plaines, Illinois, USA). Using a pre-set programme, the slides were first denatured at 80˚C for 5 

minutes and then left to hybridize at 37˚C for 17 hours (overnight). Wet paper towels were placed in 

the hybridizing chamber to increase humidity. 

2.11.4 Stringent washes 

In the following morning, 2x 50ml aliquots of stringent wash were prepared by adding 1.25ml of 

SSC buffer concentrate (20X) from Thermo Fisher, cat # 008400 to 48.75ml of distilled water (dH20). 

One aliquot (in a Hellendahl jar) was placed in the water bath and allowed to heat up to 75˚C and 

the other was placed in room temperature. The slides were taken out of the hybridizer and the 

coverslips were gently removed and immersed in the stringent wash at room temperature for two 

minutes to wash off the excess probes. Thereafter, the slides were transferred to the stringent wash 

at 75 ˚C in the water bath. At the end of five minutes of the slides being in the water bath, they were 

washed again with water, three times, two minutes each time.  
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2.11.5 Visualization 

The slides were dried around the tissue using tissue paper. Eight μl of Vectashield Antifade 

mounting medium with DAPI (cat # H-1200, Vector laboratories, Burlingame, CA, USA) was applied 

on the tissue and covered with a coverslip (22x50mm). The sides of the coverslip were sealed by 

smearing them with nail polish. The slides were then stored in a slide box at 4˚C before and after 

assessment. 

2.11.6 Assessment 

Assessment was carried out on a fluorescent microscope, Nikon Eclipse PS4-214 (Nikon 

Instruments Inc, Tokyo, Japan). Controls used (obtained with thanks from Richard Young, TRL, Peter 

MaCCullum Cancer Centre) were SKOV3 (6439/09) xenograft for positive (loss) and; PC3 xenograft 

tumour (2846/04) for negative (disomy) for CDKN2A and NCI H2452 for negative (disomy) for CDK6 

amplification. For every sample, cancer cells were counted for green fluorescent signals [centromere 

probe labelled with Fluorescin Isothiocyanate (FITC)] and bright orange fluorescent signals [locus 

specific probe labelled with Tetramethyl  Rhodamine Isothiocyanate  (TRITC)]. The FITC signals were 

visualised at 495nm and the TRITC at 532nm. The green and bright orange signals were counted 

individually in 50 cancer cells taking care to count signals only in cells where both signals could be 

clearly counted. For both signals a mean of the numbers from all 50 cells was obtained and a ratio of 

the number of TRITC signals/number of FITC signals was obtained.  

2.12 Copy number analysis 

2.12.1 OncoScan FFPE assay 

We determined copy number profiles for 113 patient tumours chosen randomly but to represent 

the histological subtype mix of the cohort (described in section 3.4.2), two MPM cell lines (NCI-H28 

and NCI-H2452) and two patient derived xenografts (PDXs) using Affymetrix OncoScanTM FFPE assay 

(Affymetrix, Santa Clara, California, United States) . The assay was performed partly at the 
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Ramaciotti Centre for genomics, University of New South Wales, Sydney and partly at Ontario 

Institute of Cancer Research, Toronto, Canada.  

Steps of the MIP assay performed for OncoScan are presented below. 

1) Annealing: Probe and gDNA hybridization 

2) Gap filling with A/T or G/C nucleotides 

3) Exonuclease selection for gap filled probes 

4) Cleavage at site 1 for probe opening and inversion 

5) Probe amplification and biotinylation 

6) Cleavage at site 2 to release the tag sequence 

7) Array hybridization followed by staining with phycoerythrin through the biotin-streptavidin 

interaction 

8) Array scanning 

A brief description of the assay and methodology is presented below and a pictorial depiction is 

presented in figure 2.2. 

OncoScan is a single nucleotide polymorphism (SNP) based DNA array which works with 

molecular inversion probe (MIP) technology. MIP belongs to the class of molecular techniques 

included in Capture by Circularization techniques used for performing genomic partitioning, a 

process for capturing and enriching specific regions of the genome.185 In this technique, the probes 

used are single stranded DNA molecules and contain sequences that are complementary to the 

target in the genome; these probes hybridize to and capture the genomic target. MIP stands unique 

from other genomic partitioning strategies in that MIP probes share the common design of two 

genomic target complementary segments separated by a linker region. Directions of the homology 

regions in the probe are designed to generate an incomplete circular form between the gDNA target 

and the probe. When gDNA is hybridized for 16–18 h with the probe mixes, the probe hybridizes to 

the target and undergoes an inversion in configuration (as suggested by the name of the technique) 



59 
 

and circularizes. Specifically, the two target complementary regions at the 5’ and 3’ ends of the 

probe become adjacent to one another while the internal linker region forms a free hanging loop. 

Following the overnight hybridization, the incomplete circular probe and gDNA mixes are equally 

divided into two tubes.186 To each tube, a mix of A and T nucleotides or a mix of G and C nucleotides 

is added to fill the gap. Depending on the nucleotide in the gap, a group of probes will be present in 

the completed circular form, while other probes will remain as incomplete circular forms. 

Exonucleases, which are specific for linear DNA, digest excess probes as well as incomplete circular 

forms of probes, and gDNA. Following the digestion step, there are two tubes per sample and each 

of the tubes harbors circular forms of probes, which have been gap-filled either with A/T or G/C. 

Within the probe, there are two cleavage sites, and a set of PCR primer sites.187 A mix of cleavage 

enzymes recognizes one of the cleavage sites to generate a linear form of the probe from the 

circular form. A significant difference between the unprocessed and processed (gap-filled) probes is 

the direction of PCR priming sites. In the unprocessed probes, PCR priming sites face outward and 

away from each other; therefore, no PCR products are amplified. In contrast, PCR products are 

amplified from gap-filled and cleaved probes because these processes make the PCR priming sites 

face each other. An additional critical part of the MIP technology is a tag sequence that plays the 

role of a barcode for a specific gDNA target region. The homology region sequences hybridize to a 

specific gDNA target region so that they should be complementary to each other. The tag sequence 

is an artificial DNA fragment and assigned to a specific gDNA target according to a specific homology 

region in a probe. Thus, the tag sequences are unique to the assigned genomic DNA region. The tag 

sequences are the only part involved in the hybridization to targets on microarrays. PCR products are 

digested with another restriction enzyme to separate the tag sequence (with a forward priming site) 

from the remaining sequence including homology regions. Each tag sequence region is designed for 

optimal hybridization with minimal cross-hybridization in the array procedure to increase the 

efficiency of the assay. During PCR, biotin-labelled nucleotides are incorporated into the product. 

Following hybridization, the biotin is bound by phycoerythrin through serial staining of a 
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streptavidin-phycoerythrin conjugate and an ant streptavidin biotinylated antibody. Phycoerythrin 

fluorescence signal is recorded by the Affymetrix GeneChip® Scanner.188 
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Figure 2.2: The Molecular Inversion Probe: Target generation and hybridization procedures. Pictorial representation of the steps of 

OncoScan assay starting from Annealing to array scanning in a sequential manner.  (Adapted from user guide for User Guide for OncoScan FFPE 

assay- accessed 6/5/2017) 
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The technology has been used extensively for large-scale SNP genotyping187 as well as for 

studying gene copy alterations189This assay has been shown over time to perform well with highly 

degraded DNA, such as that derived from FFPE- preserved tumour samples of various ages and with 

<100 ng DNA. The assay has been purported to have 50–100 kilo base(kb) copy number resolution in 

around 900 cancer genes 300 kb genome-wide copy number resolution outside of the cancer genes. 

2.12.2 Processing of copy number data 

This analysis was done in conjunction with Dr. Paul Boutros and team from Ontario Institute of 

Cancer Research, Toronto, Canada. The copy number profile data obtained were processed using the 

Nexus Express (Biodiscovery, El Segundo, California, USA). The Nexus Express Software for 

OncoScan® FFPE Assay Kit is specifically designed software which supports the OncoScan® FFPE 

Assay Kit.  

Based on quality metrics [median of the absolute values of all pairwise differences (MAPD) 

scores above 0.3; SNP quality control of normal diploid markers (ndSNPQC) score < 30] and visual 

inspection, we removed low quality samples that displayed high level of noise. We then estimated 

tumour ploidy and purity using the allele-specific copy number analysis of tumours (ASCAT),190and 

Qpure191 algorithms, respectively. Finally, we defined aberrated genes based on the hg19 reference 

genome and the GENCODE reference gene annotation.192 We then investigated patterns in copy 

number alteration (CNA) occurrence among patients. We  identified significantly recurrent CNAs 

using GISTIC 2.0193 with the default settings. The percent genome aberration (PGA) was computed as 

a proxy for genomic instability and was defined as the total number of base pairs within altered 

regions, divided by the total number of base pairs in each region included in the array. To reduce 

multiple testing for all gene level analyses, we collapsed CNAs at contiguous genes with identical 

signatures in all patients, resulting in a reduced set of 11416 loci. We used consensus clustering with 

1000 repetitions to group patients based on CNA profiles.  
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2.12.3 Test of correlation with clinical covariates 

We tested for associations between CNA profiles and clinical covariates. We tested whether PGA 

was significantly associated with sex, tumour subtype, PD-L1 status, or consensus cluster 

membership using Mann Whitney U-tests. We also examined for independence between consensus 

cluster membership and clinico-pathological covariates using Fishers exact test. Similarly, we used 

Fishers exact tests to examine independence between the number of patients with a CNA present or 

absent and PD-L1 status or tumour subtype at each aberrated locus followed by a false discovery 

rate (FDR) correction for multiple testing. We also repeated this analysis using only the top 20 most 

significant GISTIC genes. To more explicitly test the effects of CNAs on PD-L1 levels, we also 

compared the number of patients with a CNA present or absent between all pairwise combinations 

of PD-L1 levels for each locus using U-tests and an FDR correction. Finally, we used univariate Cox-PH 

regressions and Log-rank tests to test associations in CNA status and survival both in all loci in the 

collapsed dataset and in the top 20 GISTIC genes. We also tested the effect of PGA and consensus 

cluster membership on survival with Cox PH regressions and estimated Kaplan Meier curves for each 

covariate, including age at diagnosis as a covariate to control for its significant effect on survival. For 

estimating Kaplan Meier curves we dichotomized PGA between the low, and two upper tertiles. 

2.13 Statistical analysis 

Statistical analysis was performed using the R statistical package (in part) and also the Statistical 

package for the social sciences (SPSS) version 22. Details of the statistical tests employed have been 

detailed in individual chapters.  In brief, Clinico-pathological data were described using summary 

statistics. Categorical variables were compared using the Chi-square test or Fisher exact test (as 

appropriate) and continuous variables using one way ANOVA test. Correlation among continuous 

variables was estimated using Spearman’s test. Survival curves were estimated by means of the 

Kaplan-Meier method and Cox proportional hazards regression was used to derive hazard ratios 

(HRs). 
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Chapter 3: Clinical and pathological characteristics of 

MPM patients operated at the Austin Hospital. 

3.1 Introduction 

MPM remains a global problem and Australia ranks second only to the UK in terms of incidence. 

The annual number of mesothelioma cases in Australia has progressively increased from 156 in 1982 

to highest of 732 in 2014. In 2015, 650 cases were reported giving a rate of 2.3 cases per 100,000 

persons.17 It continues to be a disease with limited effective therapeutic options and a generally 

poor outlook. There is limited ability to apply aggressive multimodality therapies in most patients on 

account of their advanced age and poor physiological status. Even choosing which patients are likely 

to do well with aggressive therapy has been difficult. This has made the identification of accurate 

and reproducible predictive biomarkers and also reliable prognostic biomarkers imperative.82  

The search for prognostic indicators in MPM has led to the study of multiple clinical, lab based 

markers, radiological assessments and more recently molecular markers. In the past, these variables 

have usually been studied one at a time, in many centres and with limited numbers of patients. 

Although univariate and multivariate analyses have been performed in these studies, there are few 

markers that have been validated in different MPM cohorts.  

We were able to assemble a large cohort of MPM patients with the latest available IHC markers 

for confirmation of diagnosis. Using this cohort we tried to validate the prognostic effect of some 

previously described clinical and pathological variables and explore new parameters in MPM. 
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 3.2 Aims  

The aims of the research described in this chapter were 

1) To define the clinical and pathological characteristics of MPM patients operated at the 

Thoracic Surgery department of Austin hospital 

2) To explore the correlation of these clinical and pathological parameters with survival in this 

MPM cohort. 

3.3 Methods 

We conducted a retrospective search of a prospectively maintained database of the department 

of Thoracic Surgery at the Austin Hospital, Melbourne. All patients who were operated 

(diagnostic/therapeutic/palliative) with a diagnosis of MPM were included. Medical records (both 

paper and electronic) were reviewed to capture data regarding the demographics, clinical 

presentation, baseline investigations including blood test, radiology and nuclear medicine results, 

treatments (surgical and non-surgical) received and outcomes. Data regarding survival status and 

date of death when it had occurred were obtained from the medical records. When these data were 

not available, it was requested from the Victorian Cancer Registry of the Cancer Council Victoria. 

3.4 Results 

3.4.1 Demographic characteristics of the MPM cohort  

Of the 373 patients recorded in the Thoracic Surgery database between 1988 and 2014, we 

excluded two patients who were wrongly diagnosed with MPM and 12 for whom adequate clinical 

data was not available. A further 30 patients were excluded either because no tissue sample (FFPE 

sample) corresponding to the patient could be found or because a diagnosis of MPM could not be 

confidently established. Amongst the remaining 329 patients, we found males outnumbered females 

by more than 5:1. The age at presentation ranged from 26-89 years (median = 67 years). Twenty six 

per cent of patients had no definite history suggestive of asbestos exposure. Chest pain (50%) and 

worsening dyspnoea (34%) were the commonest presenting features. All but nine patients were 
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residents of Victoria at the time of diagnosis (New South Wales = 5, Tasmania = 2, Queensland = 1, 

New Zealand = 1). One hundred and thirteen (31.4%) patients had one or more co-morbidities of 

which cardio-vascular and respiratory diseases were the commonest. Forty (11.1%) patients had a 

prior history of cancer at another site. There were 163 (45.4%) never smokers and the median pack 

years of smoking amongst smokers was 20. The demographic and clinical characteristics of our 

cohort were as presented in Table 3.1. 

Table 3.1: Demographic and clinical parameters of the MPM cohort. 

  Parameter Category Number Percentage 

Age ≤ 50 years 22 6.7 

51-60 65 19.9 

61-70 120 36.1 

>70 122 37.1 

Sex Male 274 83.2 

Female 55 16.7 

Definite history of asbestos exposure Yes 239 72.6 

No 90 27.3 

Significant weight loss Yes 154 47 

No 175 53 

ECOG ≥2 129 39.3 

<2 200 60.7 

Laterality Right 191 58 

Left 138 42 

 

3.4.2 Diagnosis – modalities and histology 

The diagnosis of MPM was made on thoracoscopic pleural biopsies in 216 (66.2%) patients, by 

open pleural biopsies in 78 (23.9%), closed pleural biopsies in 21 (6.4%), biopsies of chest wall 

nodules in 7 and aspiration cytology in seven. Epitheloid histological subtype was the commonest, as 

expected (n=203, 61.7%). The other histological subtypes were: biphasic (n = 72, 21.8%), 

sarcomatoid (n = 42, 12.7%) and desmoplastic (n = 2, 0.06%). Ten patients could not be confidently 

classified. 
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3.4.3 Surgical procedures performed on the cohort 

Twenty-two (6.6%) patients underwent only diagnostic procedures. One hundred and forty 

(42.5%) patients had pleurodesis at the time of the diagnostic surgery and had no further surgery. 

One hundred thirty-five (41.0%) patients had photodynamic therapy (PDT) coupled with various 

extents of PD. PDT is a form of phototherapy involving light and a photosensitizing chemical 

substance, used in conjunction with molecular oxygen to elicit cell death. The photosensitiser 

given 24 hours prior to the operation accumulates in the tumour. When it is activated by 

light of a specific wavelength during operation, after resection, creates reactive singlet 

oxygen species which mediates cellular toxicity and cell death in cancer cells  where the 

photosensitiser has accumulated .194 Twenty-nine (10%) patients underwent PD only. Only one 

patient underwent EPP and five patients had palliative procedures only. Therefore 162 (49.2%) of 

patients had no cytoreductive surgery.  

3.4.4 Post-operative treatment received by the cohort 

One hundred and twenty-two (37%) patients received no further treatment. Fifty-nine (18%) 

patients had post-operative palliative chemotherapy; 26 (8%) had post-operative chemo-

radiotherapy; 41 (12.5%) had post-operative radiotherapy only. Nine (2.5%) patients had chemo-

radiotherapy in the neo-adjuvant setting as part of a tri-modality treatment plan (one in conjunction 

with EPP and 8 in conjunctions with PD). In 70 patients, information regarding any further adjuvant 

treatment was not available.  

3.4.5 Changing pattern of MPM treatment at the Austin hospital 

In order to demonstrate the changing treatment paradigms over the study period, we divided 

the period of study into five year blocks. We listed the treatment received by MPM patients 

diagnosed in these time periods (Table 3.2). We found a shift from mainly diagnostic procedures 

(open/thoracoscopic pleural biopsies) in the late 80’s & early 90’s to more aggressive procedures in 

the form of PD + PDT in till mid 2000’s. This change was seen to reverse more recently with the focus 
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of the surgical management being shifted to adequate biopsy and pleurodesis. This later change in 

surgical approach coincided with the wider use of chemotherapy following the report from 

Vogelzang et al. that found the combination of cisplatin and pemetrexed offered better survival than 

cisplatin alone.111  

Table 3.2:  Treatment received by MPM patients at the Austin Hospital. 

Period No. of 
Patients 

Surgical Procedures  Post-surgical treatment 

Diagnostic/ 
palliative 

PD+PDT PD/EPP NONE Chemo+ 
Radio 

Radio 
only 

Neo-adj 
chemo 

’88-‘93 56 28 21 2 28 1 4 0 

’94-‘98 96 39 45 9 48 15 15 0 

’99-‘03 91 34 49 5 32 20 17 0 

’04-‘08 75 42 20 7 17 32 7 5 

’09-‘14 41 34 0 7 9 19 3 4 

PD: Pleurectomy and decortication, EPP: Extrapleural pneumonectomy 

3.4.6 Treatment outcomes of patients with MPM treated in Austin hospital 

between 1988 and 2014 

Overall survival (OS) was calculated from the time of initial diagnosis to date of death or of last 

follow up. Patients who were lost to follow up or were alive were censored. The median follow up 

was just over 10 months (1-157). The OS of the whole cohort was 12.05 months (Figure 3.1). Due to 

the retrospective nature of the study, the data regarding progression and PFS after surgery or 

chemotherapy was not universally available especially in patients who received their chemotherapy 

and/or radiotherapy in another centre. 
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Figure 3.1: Overall survival of the Austin MPM cohort 

We looked at the OS of MPM patients in the different five year periods. We found a modest 

increase in OS in 2004-2008 with no further increase in median OS thereafter. Patients who were 

treated in or before 2004 had a significantly worse OS when compared to those treated in 2004 and 

thereafter (Median survival 10.66 Vs 16.06 months; HR: 1.26; CI 1.012, 1.66; p = 0.03) (Figure 3.2) 

 

Figure 3.2: Overall survival trends at Austin Hospital over a period of 26 years 
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3.4.7 Relationship between clinicopathological covariates and patient 

survival. 

We examined the prognostic implications of several demographic (age at diagnosis, sex), clinical 

(stage at presentation, physiological status, history of weight loss or exposure to asbestos) and 

histopathological (histotype) and treatment related covariates on OS. On univariate analysis, 

advanced age at diagnosis (taken as a continuous variable), advanced stage (III&IV Vs I &II), non-

epithelioid histology, history of significant weight loss and poor physiological status (ECOG ≥2) were 

found to be associated with poorer survival (Table 3.3). Also, patients who had received some form 

of resectional surgery (P/D or P/D with PDT) achieved better OS compared to those who did not (HR 

= 0.83; 95% CI: 0.66, 1.04; Wilcoxon P value = 0.014) as did patients who received chemotherapy (HR 

= 0.53; 95% CI: 0.41, 0.71; Wilcoxon p <0.0001). 

Table 3.3: Prognostic implications of demographic, clinical and pathological 

features in the MPM cohort (Univariate analysis) 

 
Hazard 
Ratio 

Lower 
95% CI 

Upper 
95% CI 

Wald-type 
p Value 

Schoenfeld p 
Value (PH) 

Wilcoxon p 
Value 

Age (per year) 1.01 1.00 1.02 0.032 0.59 NA 

Sex (Female vs Male) 0.79 0.58 1.07 0.12 0.21 0.45 

Stage (I & II vs III & IV) 1.59 1.27 2.00 5.2e-05 0.0053 <0.0001 

Histology (Epitheloid vs Non-
epitheloid) 

0.60 0.48 0.76 <0.0001 0.37 <0.0001 

Asbestos exposure (Yes vs No) 1.29 1.00 1.67 0.05 0.56 0.049 

Significant weight loss (Yes vs 
No) 

1.48 1.18 1.85 0.0007 0.0052 <0.0001 

ECOG (>=2 vs <=1) 1.61 1.27 2.02 <0.0001 0.21 <0.0001 

Smoking (Yes vs No) 1.11 0.89 1.39 0.36 0.13 0.13 

Surgery (cytoreductive vs 
palliative+diagnostic) 

0.83 0.66 1.04 0.1 0.034 0.014 
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Chemotherapy (Yes vs No) 0.53 0.41 0.70 <0.0001 <0.0001 <0.0001 

 

On multivariate analysis, non-epithelioid histological subtype and poor functional status (ECOG ≥ 

2) were found to remain significantly associated with worse outcome (Table 3.4). A Schoenfeld 

residual test validating the proportional hazard (PH) assumptions failed for chemotherapy, history of 

weight loss and stage indicating that their effects (hazard ratios) change with time. Schoenfeld 

residuals are plotted and we found that time around 10 months is a turning point, and thus chosen 

as a threshold. A multivariate Cox model with time-variate hazard ratios for these variables were 

then fitted and PH assumptions are validated. We found that the effect of these variables were 

significant in the early part of the follow up (≤10 months) but faded thereafter (Table 3 4). 

Table 3.4: Multivariate analysis of overall survival 

 

Time period 
(month) 

HR Lower 95% Upper 95% p Value 

Histology (Epitheloid vs Non-
epitheloid) 

 

0.75 0.59 0.96 0.021 

ECOG (≥2 vs <2) 

 

1.34 1.02 1.76 0.036 

History of significant weight loss 
(Yes vs No) 

<= 10 2.11 1.44 3.07 0.00011 

> 10 1.04 0.74 1.46 0.83 

Stage (III & IV vs I & II) 

<= 10 2.50 1.73 3.62 <0.0001 

> 10 1.18 0.87 1.62 0.28 

Chemotherapy received (Yes vs 
No) 

<= 10 0.29 0.16 0.50 <0.0001 

> 10 0.88 0.63 1.22 0.44 

Wald type P values from Cox regression model  

We sought to explore if the effect of the different variables on OS is different in the epithelioid 

and non-epithelioid histology sub cohorts. To test this, we conducted multivariate analyses 
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separately using the methods previously described. We found that in the non-epithelioid cohort only 

advanced stage (III & IV) remained significantly associated with survival. In the epithelioid cohort, 

female sex (HR = 0.60; 95%CI: 0.39, 0.94; p = 0.03) was associated with improved OS but poor 

physiological status (HR = 2.11; 95%CI: 1.44, 3.2; p < 0.0001), advanced stage (HR = 1.74; 95%CI: 

1.23, 2.5; p < 0.0001) and history of weight loss (HR = 1.48; 95%CI: 0.99, 2.2; p = 0.05) were 

indicative of poorer OS. The effect of receiving chemotherapy was again found to be time dependent 

and effected survival significantly only in the first 10 months in both histotypes. 

3.5 Summary and discussion 

In this retrospective review of a large cohort of confirmed MPM patients treated in a quaternary 

referral centre, we found a plurality of older male patients with history of asbestos exposure. Over 

the long span (1988 to 2014; 26 years), we were able to trace the evolving pattern of MPM 

treatment at the centre but found only modest change in the OS. In keeping with previous reports82 

we found tumour histological subtype and performance status at diagnosis to be significantly 

associated with prognosis. Advanced stage of disease and history of weight loss were associated 

with poorer OS and patients who received chemotherapy had better survival but their effect on 

prognosis was found to be time dependent. Additionally, female sex was found to a favourable 

prognostic indicator in epithelioid MPMs. 

Most patients with MPM are not candidates for surgical resection by virtue of having clinically 

advanced disease at presentation, advanced age, or comorbidity. Management options for such 

patients are palliative in nature, with median survival of approximately 7 to 12 months.195 Optimum 

surgery for MPMs thought to be eminently resectable at diagnosis is a subject of ongoing debate. 

Proponents of radical surgery in the form of EPP continue to report reasonably good results in 

selected patients treated at high volume centres.196 However, results of the MARS feasibility trial100 

cast great doubts not only regarding the efficacy of EPP in improving patient survival but also their 

overall safety. As such the present consensus is generally against radical surgery.98 PD has been 
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touted as a less radical and better tolerated operation which achieves similar survival to EPP.197 

However, PD is not without significant perioperative morbidity and mortality and as such although 

some retrospective studies showed small benefits in survival for patients who underwent PD, PD is 

now only recommended in the setting of trimodality therapy in patients enrolled in prospective 

trials.198The surgical treatments received by patients in our cohort shadows the prevailing concepts 

at the time regarding the role of surgery in MPM. The initial pessimism of the decades of 1980’s and 

90’s was replaced by the aggressive approach of the 2000’s with a large proportion of patients in 

that time period receiving pleurectomy decortication with or without PDT. More recently, surgery 

has most widely been used only for diagnosis via a thoracoscopic biopsy and for palliation using 

pleurodesis. In our cohort, although patients who underwent some surgical debulking (PD and EPP) 

had better survival in univariate analysis, it did not remain significant on multivariate analysis 

probably pointing to the limited effect this treatment modality had in the OS in the cohort.  

The results of intrapleural PDT as a post resectional adjunctive therapy in the last two decades 

have at best been inconclusive.199 Initial reports of PDT in MPM did not show survival benefit.200,201 

Some studies like those of Takita et al.,202 Moskal et al.203 and Friedberg et al.204,205 have shown 

benefit mainly amongst early stage and epithelioid tumours. However, these were all retrospective 

studies with small cohorts and non- standardized adjuvant treatment. Due to paucity of data on the 

conduct of the PDT, we were unable to assess accurately any survival benefit PDT may have had in 

the patients who received it.  

The addition of pemetrexed to cisplatin based chemotherapy is the only change in practice that 

has been demonstrated to significantly improve survival in MPM.111 A detailed analysis of the effect 

of the different chemotherapy regimens and dosages on patient survival was not possible on our 

series due to the retrospective nature of the study and lack of specific information in a large 

proportion of patients. However, we do notice a rise in OS in patients treated after 2004 when the 

pemetrexed-cisplatin combination therapy was adopted in the institution. 
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The relative rarity of MPM combined with the lack of large complete datasets on MPM patients 

has made the simple goal of identifying reliable and reproducible biomarkers elusive. Our study 

independently verified the prognostic implication of non-epithelioid histological subtype and poor 

physiological status. The time variation of the hazard posed by variables like the negative impact on 

OS of advanced stage and history of weight loss is a frequently occurring but sparsely reported effect 

of long follow up periods in oncological trials.206 A significant limitation of the survival analysis in our 

study is the temporal spread of the cases over which time there were changes in treatment 

paradigms. As such, this could have effected survival and made validation of the clinical prognostic 

factors problematic. However, this is to be expected in a study spanning 26 years. 

In this descriptive segment of our research we annotated and characterized a large cohort of 

MPM patients. We have used the cohort to then independently validate the association of some 

demographical, clinical and treatment related variables to patient survival. Our cohort matches 

previous literature on demographics; is typical in terms of the mix of MPM histological subtypes and 

is accompanied by adequate matching tissue. This makes the cohort very well suited to be used in 

our subsequent study of the genome and immune landscape of this rare but deadly disease. 
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Chapter 4: Caveolin-1: A novel immunohistochemical 

marker of mesothelioma and its correlation with 

clinicopathological parameters 

4.1 Introduction 

The diagnosis of MPM remains a challenge and use of a panel of immunohistochemistry (IHC) 

markers is now routine.  The current recommendation is that when all clinical, radiological and 

histological features are concordant, at least two mesothelial markers and two carcinoma markers  

with greater than 80 % sensitivity and specificity must be used.61 Calretinin, Wilm’s tumour-1 (WT-1), 

cytokeratin 5/6 (CK5/6) and podoplanin (D2-40) are considered the most useful mesothelial markers. 

The most useful carcinoma markers are MOC31, BG8, carcinoembryonic antigen and BerEp4. 

However, discordance between the clinical, radiological and histological features often pose 

diagnostic dilemma. Also, sarcomatoid MPMs (pure sarcomatoid and sarcomatoid component of 

biphasic tumours) commonly lose immunoreactivity to most markers in a majority of cells.61 These 

situations require additional IHC markers.  

In the previous chapter, we described a cohort of MPM patients whose clinical characteristics 

closely resemble previously defined cohorts in terms of their demographics, presentation, diagnosis 

and outcomes.74,75 Here, we seek to further characterise our cohort using IHC seen as it is now an 

integral part of MPM diagnosis and potentially its subclassification and prognostication. Also, our 

tissue samples constituted of FFPE samples from a very long period of time. Whether the age of the 

samples and variations in methods of tissue fixation during that period could impact our IHC 

procedures and results needs to be ascertained. For this, we studied in our cohort the expression of 

calretinin, which is the most widely used MPM IHC marker. However, because calretinin expression 

is known to be low amongst sarcomatoid MPM, we also employed a recently described IHC marker 

caveolin-1, which is thought to be widely expressed in this histological subtype of MPM.207,208  
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4.1.1 Calretinin and its expression in MPM 

Calretinin, which is a calcium binding protein has been established as a useful marker in 

distinguishing MPM from adenocarcinomas with pleural metastases.209 In an evaluation of the 

sensitivity and specificity of 12 different antibodies to differentiate between epithelioid MPMs and 

adenocarcinoma, calretinin had the highest sensitivity (95%). Its specificity (87%) though was behind 

thrombomodulin (92%) and cytokeratin 5 (89%).210 Calretinin expression is also observed in 15% of 

adenocarcinomas of breast origin211 and 4-18% of  pulmonary adenocarcinomas.212,213Another 

limitation of calretinin IHC is the loss of expression in a proportion sarcomatoid MPMs which are 

often the most difficult to differentiate from other sarcomatoid tumours involving the pleural 

lining.214 

4.1.2 Caveolin-1: a potential novel marker in mesothelioma 

Caveolin-1, one of a three member caveolin protein family is a membrane-associated protein 

possibly involved in integrin signalling and in cell migration. It is expressed in endothelial and 

mesothelial cells as well as in alveolar type I pneumocytes.215 Caveolin-1 has been purported to play 

a dual and opposite role in tumorigenesis, as it has been implicated in both tumour suppression and 

oncogenesis. In human cancers, caveolin-1 is a marker of extracellular matrix remodelling216 and 

epithelial to mesenchymal transition.217 It has been associated with aggressive biology and 

resistance to apoptotic signals in several malignancies.218–220 Caveolin-1  has also been described as a 

marker of dedifferentiation in soft tissue and bone sarcomas.221,222 It has also recently been 

projected as a novel marker for MPM. In a study comparing its expression in  80 epithelioid MPM 

and  80 lung adenocarcinoma, a 100% sensitivity and 93% specificity for caveolin-1 in epithelioid 

MPMs was reported.215  

4.1.3 Expression of calretinin and caveolin-1 in MPM and association with 

tumour histology and differentiation 
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Besides their importance in MPM diagnosis, both these IHC markers have also been studied for 

their association with tumour differentiation, histology and prognosis. Takeshima et al. found that 

higher calretinin scores were seen in more well differentiated tumours, which in turn have more 

favourable prognosis.223 The prognostic role of calretinin expression has also been explored by Kao 

et al., who demonstrated low expression of calretinin to be poorly prognostic in two different 

patient cohorts.68,74,75 They also reported calretinin expression in 828/910 (91%) of all MPMs; with 

530/545 (97%) of epithelioid and 113/119 (94%) of biphasic but only 92/153 (60%) of sarcomatoid 

MPM.68 In a series of 131 MPM patients Righi et al. found higher rates of caveolin-1 expression 

amongst nonepithelioid MPM (40/40; 100%) as compared to epithelioid MPM (70/91; 77%) and 

suggested that its expression increases with dedifferentiation from low grade epithelioid to high 

grade sarcomatoid histology.208 The same authors also described a poorer outcome for epithelioid 

MPM in whom caveolin-1 expression was detected in stromal cells.  

Emerging literature suggests caveolin-1 is a sensitive IHC based diagnostic marker for MPM 

especially the sarcomatoid subtype which typically has lower rates of calretinin. Added to 

established IHC markers like calretinin, it may be of significant clinical use in the differential 

diagnosis of metastatic malignancy in the pleura. However, its specificity is still questionable given its 

expression in other mesenchymal cells such as endothelial and smooth muscle cells. Also, the 

purported relationship of these two IHC markers to tumour histology and differentiation and 

consequently patient prognosis is interesting and warrants further exploration. 

We hypothesized that Caveolin-1 is a sensitive IHC marker for MPM and contrary to calretinin, 

caveolin-1 expression increases with tumour dedifferentiation (sacomatoid MPM> biphasic MPM > 

epithelioid MPM) , and is therefore associated with poorer survival.  

The research described in this section has been published in the article titled “Calretinin but not 

caveolin-1 correlates with tumour histology and survival in malignant mesothelioma.”224 
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4.2 Aims 

The aims of the research described in this section were 

1) To study and compare the extent and pattern of calretinin and caveolin-1 expression in 

MPM 

2)  To explore the relationship of calretinin and caveolin-1  expression with tumour histology 

and other clinical covariates including patient survival 

4.3 Specific methods 

4.3.1 Immunohistochemistry for calretinin and caveolin-1 in MPM and lung 

adenocarcinoma 

Four µm sections of our MPM TMAs (described in chapter 2) were cut and collected onto 

charged slides, deparaffinised and rehydrated. Endogenous peroxidase activity was blocked using 3% 

hydrogen peroxide for 10 minutes. Antigen retrieval for calretinin was performed in 24 min at 95 
o
C 

in cell conditioning buffer. Monoclonal mouse anti human calretinin antibody (clone- DAK- Calret1 

Dako, Glostrup, Denmark) in 1:50 dilution for 32 minutes was incubated using the automated 

Ventana system (Ventana medical systems, Tuscon, Arizona, USA).  Opt iView DAB detection kit 

(Ventana medical systems, Tuscon, Arizona, USA) was used for visualization. For caveolin-1, antigen 

retrieval was performed by boiling in a microwave for 20 minutess in target retrieval solution buffer. 

Polyclonal rabbit anti human caveolin-1 antibody (cat#3238 Cell Signalling Technology, Danvers, 

Massachusetts, USA) was incubated in 1:250 dilutions. Staining was performed manually with slides 

incubated overnight at 4˚C. DAB was used as the chromogen.  

The slides were digitally scanned using Aperio Scan- Scope CS (Aperio Technologies, Vista, CA, 

USA), and the scanned images were analysed using Image Scope (Aperio Technologies). Scoring for 

calretinin and caveolin-1 was performed taking into account both the percentage of neoplastic cells 

stained and also the intensity of the staining (marked as 1+/2+/3+). An ‘H score’ was calculated for 

each core separately and an average was taken as the final score based on intensity and percentage 
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of cells stained as follows: (% tumour cells staining 1+ x 1) + (% of tumour cells staining 2+ x 2) + (% 

tumour cells staining 3+ x 3). Cores with poor tumour content (<20%) (136/987 cores= 13.9%) were 

excluded from the analysis. Scoring was performed by BT and pathologist KA independently. Inter-

observer reliability was good (Kappa for calretinin = 0.77 and for caveolin-1 = 0.74). Disagreements 

were settled by a combined review. Median H scores were used to stratify patients into high and low 

expressing groups.  

Additionally, we also stained an available TMA of lung adenocarcinomas with 58 cases 

(sequential 1 mm cores in triplets) with caveolin-1 as described above. We then compared the 

expression of caveolin-1 in the lung adenocarcinomas with that in MPM. 

4.3.2 Statistical analysis 

Statistical analyses were performed using SPSS version software (v22). OS was calculated from 

the time of initial diagnosis to death or last follow up. Patients who were lost to follow up or were 

alive were censored. Clinico-pathological data were described using summary statistics. Categorical 

variables were compared using the Chi-square test or Fisher exact test (as appropriate) and 

continuous variables using one way ANOVA test. Correlation among continuous variables was 

estimated using Spearman’s test. Survival curves were estimated by means of the Kaplan-Meier 

method and Cox proportional hazards regression was used to derive HRs. 

4.4 Results  

4.4.1 Expression of calretinin and caveolin-1 and relationship with tumour 

histology 

Calretinin expression was detected in 246 of the 324(76%) evaluable patients with median H 

score of 98 (Table 1). Of 198 epithelioid MPM, calretinin expression was positive in 173 (87.3%), 

compared to 54/69 (78%) biphasic and 6/42 (14.2%) sarcomatoid. The median H scores were 125, 63 

and 0 for the epithelioid, biphasic and sarcomatoid MPM, respectively. Caveolin-1 expression was 
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detected in 298 (94%) of 317 evaluable patients with median H score of 135. One hundred seventy-

seven of 193 epithelioid (91%), 66/68 (97%) biphasic and 41/42 (97.6%) sarcomatoid MPM were 

found to express caveolin-1. The median H scores were 132, 132 and 157.5 for the epithelioid, 

biphasic and sarcomatoid MPM respectively. When the whole cohort was dichotomised by the 

median value, higher H score for calretinin expression was significantly associated with epithelioid 

histology. There was, however, no association between histology and caveolin-1 expression (Table 

4.1). Representative pictures of the staining are demonstrated in figure 4.1. 

Table 4.1: H scores of calretinin and caveolin-1 according to histology. 

 Epithelioid  Biphasic  Sarcomatoid P Value* 

Calretinin  
H score 

>98 125 29 2 <0.0001 

≤98 75 40 40 

Caveolin-1  
H score 

>135 93 30 24 0.409 

≤ 135 100 38 18 

*P values from Chi-square tests 
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Figure 4.1:  Representative pictures of the IHC: expression of calretinin and caveolin-1 in 

MPM. 

IA: Strong expression of Calretinin       IB: Weak expression of Calretinin     IC: Negative for 
Calretinin IIA: Strong expression of caveolin-1     IIB: Moderate to expression of Caveolin-1 IIC: 
Negative for Caveolin-1 

4.4.2 Correlation between expression of calretinin and caveolin-1 

There was a negative correlation between calretinin and caveolin-1 expression when the whole 

cohort was considered, but this was weak (Pearson r = -0.14; p=0.01) (Figure4.2). The associations 

were similarly weak when the epithelioid (Pearson r = -0.12; p = 0.08) and non-epithelioid (Pearson r 

= -0.09; p = 0.45) sub-cohorts were considered separately. 

4.4.3 Correlation of calretinin and caveolin-1 with clinicopathological 

parameters 

No significant relation was found between calretinin scores and age at diagnosis, sex, smoking 

history, asbestos exposure, weight loss, ECOG status, stage and neutrophil-lymphocyte ratio (NLR). 

Increased caveolin-1 expression was associated with advanced age at diagnosis (ANOVA test p = 

0.04) and history of asbestos exposure (Pearson’s chi square p = 0.02) but not with sex, smoking 

history, weight loss, ECOG status, stage and NLR. 

4.4.4 Caveolin-1 expression in lung adenocarcinoma 

Caveolin-1 expression was detected in only eight of 58 (13.7%) lung adenocarcinomas as 

compared to 94% of MPM. 

4.4.5 Association of expression of calretinin and caveolin-1 with survival 

On univariate analysis, high calretinin expression was associated with better OS when taken as a 

continuous variable (HR = 0.997; 95 % CI: 0.996, 0.999; p < 0.001) and also when the cohort was 

dichotomized using the median H score for Calretinin expression (HR = 0.749; 95% CI: 0.595, 0.941; p 

= 0.012). High caveolin-1 expression however, was not found to be prognostic when taken as a 

continuous variable (HR = 1.001; 95% CI: 0.999, 1.002; p = 0.26) and when the cohort was 
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dichotomized by the median H score for caveolin-1 expression (HR = 1.24; 95% CI; 0.985, 1.562; p = 

0.06) (Figure 4.2). A direct ratio of calretinin/caveolin-1 also showed no association with OS (HR = 

0.996; 95% CI 0.983, 1.009; p = 0.507). In multivariate analyses, calretinin expression considered as a 

continuous variable but not when dichotomised by median was significantly associated with 

improved OS (HR=0.997; 95% CI: 0.997-1.00; P=0.009). Other predictors of improved OS in this 

analysis were absence of significant weight loss (HR=0.64; 95% CI: 0.47-0.87; P=0.005)), early stage 

(I&II vs III&IV) at diagnosis (HR=0.28; 95%CI: 0.15-0.55; P=0.002), and epithelioid (compared to non-

epithelioid) histology (HR=0.37; 95%CI: 0.23-0.58; P=0.0001). High NLR (taken as a continuous 

variable) (HR=1.03; 95%CI: 1.007-1.058; P=0.04) was associated with poorer prognosis. 

 

Figure 4.2: Correlation between calretinin and caveolin-1 H scores and association with 

survival. 

A: Correlation between calretinin and caveolin-1 H scores B+C: Association of calretinin (B) and 
caveolin-1 (C) H scores (dichotomised by median) with     survival (univariate analysis) 
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4.5 Discussion 

In this large cohort of patients with MPM, we investigated two markers which are purported to 

be closely associated with tumour differentiation. We investigated their expression and association 

with clinicopathological parameters including tumour histological subtype and OS. Positivity with 

caveolin-1 was found to be higher than Calretinin in the entire cohort. Previous findings of a 

statistically significant association of calretinin expression with epithelioid histology and also survival 

were reconfirmed. Calretinin expression was found to be a predictor of survival independent of 

histology. Caveolin-1 expression did not correlate with histology and had no association with 

survival. High caveolin-1 expression was, however, associated with advanced age and history of 

asbestos exposure. Moreover caveolin-1 positivity was found to be much higher in MPM than in lung 

adenocarcinoma.  

Calretinin expression as an independent prognostic factor in MPM was first described by Kao et 

al.74 However, this series comprised only 85 patients who had undergone extrapleural 

pneumonectomy and lacked patients with sarcomatoid histology. In a much larger series68 with 910 

patients, the same authors  again demonstrated the prognostic value of calretinin. Our results are in 

accord with these prior observations and also demonstrate the association of calretinin expression 

with epithelioid histology. 

Caveolin-1 expression is thought to correlate with poor tumour differentiation and has been 

associated with worse prognosis in a multitude of malignancies including sarcomas, renal cell 

carcinoma, lung cancer, brain cancer and gastric cancer.219,221,222 In a study of NSCLC, caveolin-1 

expression was found in none of the pure bronchoalveolar carcinomas (0/12) as opposed to 42.8% 

(3/7) of large cell carcinomas (neuroendocrine subtype excluded). Adenocarcinomas (8.5%; 6/70) 

and squamous cell carcinomas (29%; 8/27) displayed an intermediate percentage of positivity, thus 

suggesting that caveolin -1 expression followed a gradient according to tumour histotype-related 

aggressiveness. Also, the authors found that caveolin-1 positivity was double among metastatic 
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tumours (8.1%; 3/37) as compared to non-metastatic ones (17.8%; 15/84) irrespective of 

histology.218 In contrast, loss of caveolin-1 expression in tumour stroma has been associated with 

unfavourable outcome in breast cancer. Decreased stromal caveolin-1 expression correlated with 

lower disease-free survival, advanced tumour stage, higher recurrence rate, and shorter progression 

free breast cancer survival.225,226 

Data regarding caveolin-1 expression and its clinical relevance in MPM has been sparse. Amatya 

et al.215 first studied caveolin-1 as an IHC based marker to differentiate epithelioid MPM from lung 

adenocarcinoma. They found that of their 80 epithelioid MPM, 42 cases (52.5%) showed caveolin-1 

expression in >50% of tumour cells, 34 cases (42.5%) in 6–50% of tumour cells, and four cases (5.0%) 

in <5% of tumour cells. In contrast, only six cases (7.5%) of lung adenocarcinoma stained focally for 

caveolin-1. This is in line with our own findings and could suggest a useful role for caveolin-1 in 

differentiating MPM from lung adenocarcinomas metastasizing to the pleura although its specificity 

appears lower compared to other epithelial markers such as Ber-Ep4.210  

In the only other series addressing the issue of differential expression of caveolin-1 in different 

histological subtypes of MPM, Righi et al. 208 studied 131 cases and found caveolin-1 expression in all 

23 sarcomatoid and 17 biphasic, but only 70% of their 91 epithelioid MPMs, leading them to 

conclude that caveolin-1 was differentially expressed in MPM according to low to high grade 

histology. In our much larger series, we did find that almost all patients (98%) with sarcomatoid 

histology expressed caveolin-1. However, expression rates were similarly high among biphasic (97%) 

and epithelioid MPMs (91%), and as such (unlike with calretinin expression), we found no 

association with histology. This difference could have stemmed from the use of different antibodies 

and their lower antibody concentration (Righi et al. used 1:800; rabbit polyclonal, Santa 

CruzBiotechnology, Santa Cruz, CA, USA). Our results in this regard are supported by those of 

Amatya et al. who found staining in all of their 80 epithelioid MPM samples. Seventy-six (95%) 

showed moderate to marked staining in more than 5% cells.  
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Contrary to the prognostic value assigned to caveolin-1 expression in several other malignancies, 

Righi et al. found no such association in MPM.208 Our findings also do not support any such role for 

caveolin-1 either used alone or as a direct ratio of calretinin/caveolin H scores. Righi et al. have 

described a poorer prognosis for epithelioid MPM whose stromal cells expressed caveolin-1, an 

analysis that is difficult to accurately replicate using a TMA. We found caveolin-1 expression to be 

high among people with advanced age and also those with a definite history of asbestos exposure. 

While they are both interesting findings, their clinical relevance is not immediately clear and as such, 

they warrant further validation. 

Using a TMA in lieu of full sections is subject to sampling error and this could be considered a 

limitation of this study. However, TMAs allow efficient assessment of large cohorts and high 

concordance between TMA and whole sections in the evaluation of IHC in MPM has been previously 

demonstrated.76 Another factor that could atleast in theory have effected the staining of our 

samples is their age and also the potential variability in the tissue fixation methods over the long 

period of time (26 years) to which our samples belong. Unfortunately, it was not possible to account 

for the effect of the differing fixation methods and any bearing that it may have had in the staining. 

We did however review whether staining was different based on the age of the sample and did not 

find a consistent difference according to the year of the sample. 

In conclusion, we found higher rates of expression of caveolin-1 as compared to calretinin in 

MPM.  While we established the relation of calretinin expression in MPM to histology and survival, 

no such association was demonstrable with caveolin-1. Contrary to expectation, there was no 

inverse relation between the expression of calretinin and caveolin-1. Near uniform expression of 

caveolin-1 across MPM histological subtypes makes it an attractive potential new marker for MPM 

diagnosis especially in troublesome cases of sarcomatoid differentiation. Remarkably lower 

expression of caveolin-1 in adenocarcinomas of lung origin is an important finding. If confirmed in 
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independent large series, caveolin-1 could potentially be established as a differentiating marker 

between MPM and lung adenocarcinoma metastasizing to the pleura. 
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Chapter 5: Immune microenvironment in MPM – 

identifying the “inflamed phenotype” 

5.1 Introduction 

Despite several trials investigating novel therapies in MPM, there have been no practice 

changing therapies since pemetrexed and cisplatin were found in a phase III trial to improve survival 

over cisplatin alone.53,111 Harnessing the immune system to eradicate malignant cells is becoming a 

most powerful new approach to cancer therapy. FDA approval of the immunotherapy-based drugs, 

sipuleucel-T (Provenge), ipilimumab [Yervoy, anti-cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) antibody], and more recently, the programmed cell death (PD)-1 antibody (pembrolizumab, 

Keytruda), for the treatment of multiple types of cancer have greatly advanced research and clinical 

studies in the field of cancer immunotherapy. In the context of this unmet need for effective 

therapeutic options for MPM, these exciting new developments in cancer therapy have helped shift 

the focus of research in MPM therapeutics away from cytotoxic approaches towards 

immunotherapies. Immune checkpoint inhibition therapy has shifted treatment paradigms in many 

cancers types and some recent data show promise for improving MPM treatment. 167,168,170,172 

Despite these advances, the results of immunotherapy across cancer types have not been 

consistent. Even in cancers like melanoma and lung cancer which are thought to be most amenable 

to immunotherapy, large proportions of patients continue to not benefit from these therapies. 

Moreover, several cancers have proven largely refractory.227 Considering the significant costs and 

the potential for serious immune related side effects of these therapies, it has become imperative to 

identify biomarkers that can predict efficacy and identify tumours and patients who are most likely 

to respond to such therapies. Also, it could be hoped that a detailed understanding of the factors 

that render individuals responsive or refractory to immunomodulatory agents in general and 

checkpoint inhibitors in particular could in time lead to development of strategies or agents that 

could help convert refractory to responsive. 
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5.1.1 Inflammation in MPM – basis for suitability for immunotherapy 

Asbestos induced chronic inflammation is said to play a major role in the pathogenesis of 

MPM.228 Asbestos-exposed mesothelial cells and macrophages are thought to release a variety of 

cytokines and growth factors, which induce inflammation and facilitate malignant transformation of 

mesothelial cells that have accumulated DNA damage. 229 Also, there is some evidence to suggest 

that MPM has immunogenic capabilities 230,231 and some cases of spontaneous temporary regression 

have been attributed to anti-tumour immune response.232,233 In light of this, MPM was considered 

to be suited to immune based treatment modalities. However, recent studies have tempered initial 

enthusiasm for immune checkpoint inhibition.234 The large Phase IIb DETERMINE study 

demonstrated no OS benefit for the anti-CTLA-4 antibody tremelimumab relative to placebo.169 

Recent data confirm that mutational load in MPM is low,55 which may in part explain why the 

DETERMINE study was negative: in both melanoma and non-small cell lung cancer (NSCLC), 

mutational load is a predictor of benefit from CTLA-4 or PD-1 inhibition.235,236 However, results of 

trials of anti-PD-1 and anti-PD-L1 therapy in MPM have not been completely negative167,168,170,172 and 

as with other tumour histologies, predicting which patients will respond has been difficult. 

Data regarding putative predictive biomarkers for immunotherapy in MPM is very sparse. The 

MESOT-TREM-2008 study explored different immune markers potentially predictive of response to 

treatment and/or of survival. Circulating levels of CD4+-inducible costimulator (ICOS)+ T-cell 

subpopulation were found to be increased in the course of therapy with tremelimumab, and they 

were found to be significantly associated with a better survival in the early phases of treatment.167 

However, this study only included a very small number of patients (n= 29). While blood was 

collected, these assays have not been reported for the much larger (n = 571) DETERMINE study to 

date.169 In this light, identifying features in tumour histology, immunological milieu and genetic 

makeup that are reasonably able to point towards MPM cases likely to benefit from 

immunotherapeutic agents has come to be of prime priority.  
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5.1.2 The search for predictive biomarkers – study of the tumour immune 

microenvironment 

A multitude of biomarkers have been studied as putative predictive markers in many cancers. 

Leading tumour biomarker strategies under development for checkpoint immunotherapy have been 

related to indices involving the patient’s tumour like characteristics of cancer cells or cells of the 

tumour microenvironment.237 IHC-based assessment of the proportion of PD-L1-positive tumour 

cells, immune cells, or both; IHC-based assessment of T cells at invasive tumour margin or tumour 

parenchyma and study of T cell receptor clonality have been widely studied.238 The tumour mutation 

burden, burden of neo-antigens and immune signatures has similarly been studied as putative 

biomarkers. Biomarker strategies pursued thus far have therefore focused on identifying aspects of 

the T-cell inflamed phenotype and tumour-foreignness caused by the mutational and neoantigen 

load.238 This is appropriate considering that growing evidence suggests that the major barrier to 

more successful cancer immunotherapy is the tumour microenvironment, where chronic 

inflammation plays a predominant role in tumour survival and proliferation, angiogenesis, and 

immunosuppression. 

To date, PD-L1 expression in both tumour and immune cells is the most readily assayable 

marker.  Although there are many caveats to its expression and predictive power, it remains in wide-

use for its ability to enrich patients likely to respond, and for the ease of application as an IHC assay. 

While numerous reports in melanoma,239,240 NSCLC,241,242 gastric cancer,243 renal cell cancer239,240 and 

bladder cancer244 have reported positive correlation between tumour PD-L1 expression and 

response to anti-PD-1/PD-L1 therapy, some others have clearly demonstrated that a significant 

proportion of PD-L1 negative patients do show response.245–247 Some reports in squamous cell 

cancer of lung242 and melanoma248 have found tumour expression of PD-L1 to be non-predictive  and 

there have been reports attributing predictive function to expression of PD-L1 on tumour infiltrating 

immune cells(TILs) rather than on tumour cells.249  
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The diversity and composition of TILs have been reported to significantly affect clinical outcomes 

in cancer patients.250 Tumours with an active immune microenvironment with increased infiltration 

of activated effector T cells are thought to be better primed to respond to immunotherapy and as 

such the positive prognostic influence of high T-cell (CD8+/CD4+) infiltration has been demonstrated 

in several malignancies234,251–253 including MPM.230,254 The immune recognition of these tumours is 

thought to result in a host-immune response or T-cell inflamed tumour phenotype, which improves 

disease control through immune mechanisms. 

The presence of an inflamed tumour microenvironment has also been associated with clinical 

benefit from immunotherapies such as the MAGE-A3 vaccine and high-dose interleukin 2.255 

Therefore, it is thought that baseline tumour infiltrating lymphocytes (TILs) status could also serve as 

a predictive biomarker for checkpoint inhibitor immunotherapy. Tumeh et al. analysed the 

relationship between TILs and response to pembrolizumab in patients with melanoma enrolled on 

the KEYNOTE-001 study. TILs density was quantified both in the tumour parenchyma and at the 

invasive tumour margin. Pre-treatment tumour samples showed higher CD8+ (but not CD4+) T-cell 

densities at the invasive margin and within the tumour parenchyma in responding patients than in 

patients with disease progression. An increase in CD8+ T-cell density was seen in serial biopsy 

samples of tumours during anti-PD-1 treatment in the responding group, but not in the disease 

progression group.256 Another study of patients with melanoma given anti-PD-1 therapy showed a 

modest association between CD8+, CD3+, and CD45RO+ T-cell densities in pre-treatment samples of 

responders versus non-responders.257 Conversely, in a phase 2 study of ipilimumab in patients with 

metastatic melanoma, baseline tumour-infiltrating lymphocyte status was not associated with 

clinical activity. However, increases in TILs density in tumour biopsy samples collected after the 

second dose of ipilimumab were associated with significantly greater clinical activity with ipilimumab 

than samples without increases in lymphocyte density.258 
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PD-L1 positivity has also been correlated with an increased tumour infiltration of CD4+ and CD8+ 

cells. 259 It is also known to impact the proliferation and activity of regulatory T cells (Tregs). 260–262  

5.1.3 PD-L1 expression in MPM – prognostic implications and predictive 

ability 

Studies reporting on PD-L1 expression in MPM have typically included small numbers of patients 

with positivity ranging from 20-50%.263–265 Mansfield et al. used the 5H1-A3 clone to investigate PD-

L1 expression status in 106 MPM patients with immunohistochemistry. Using a cut off of positive 

expression ≥5% cells, they reported a 40% positivity rate.264 In 77 MPM patients, using the E1L3N 

clone and with a cut off of 1% staining on tumour cells and TILs, Cedrés et al. reported 20% 

positivity.263 In their series of 58 patients, Combaz-Lair et al. showed variability in PD-L1 expression 

status when using different commercially available PD-L1 antibodies. Taking 1 % staining on tumour 

cells and TILs as positive, they found 50% (29/58) positivity with the E1L3N clone  and 29% (17/58) 

with SP142 clone.265 Despite differing in the histological mix of the cohort, the antibody used and the 

criteria of positivity, all reported studies demonstrated association between PD-L1 positivity, 

sarcomatoid (non-epithelioid histology) and poorer patient survival. 

Whether PD-L1 expression status in MPM allows for selection of patients for anti-PD-1/PD-L1 

treatment is still unknown. Four studies have been reported to date, with the JAVELIN study being 

the largest with 53 patients treated with Avelumab, a PD-L1 inhibitor. The objective response rate 

(ORR) in a heavily pre-treated patient group was 9.4% (5/56) although clinical benefit was seen in a 

larger group of 30/56 (53%). ORR was 14.3% in PD-L1+ (2/14) vs 8.0% in PD-L1– patients (2/25). The 

median PFS was 17.1 weeks in PD-L1+ vs. 7.4 weeks in PD-L1− patients. In the smaller, but PD-L1-

selected, Keynote-028 study, 25 patients with MPM were treated with pembrolizumab (anti-PD-1 

antibody). Preliminary overall response rate (confirmed and unconfirmed) was 24% (n = 6); 13 

patients (52%) had stable disease, for a disease control rate of 76%.266 Updated reports from 

another phase II study which treated 34 MPM patients unselected for PD-L1 with nivolumab (anti-
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PD-1 antibody) demonstrated a disease control rate of 50%.205 Disease control was observed 11/20 

in patients who were PD-L1-, 2/4 in patients with PD-L1 expression in 1-5% of cells, 2/4 in patients 

with 25% positivity and 2/3 in patients with ≥50 % positivity. In another study of 35 patients treated 

with pembrolizumab, low PD-L1 positivity (1-49% cells) was seen in 19% and high PD-L1 positivity 

(≥50%) in 26%. There were 7 (21%) partial responses and 19(56%) stable disease with a disease 

control rate of 80% but PD-L1 expression did not correlate with response (ROC area 0.62; 95% 

CI:0.32,0.94).268 

Available literature in MPM therefore points towards PD-L1 expression being associated with 

sarcomatoid histology and poorer survival. However, as in other tumour histologies, its predictive 

value remains doubtful. Some reasons presented for the poor reliability of PD-L1 in this regard are 

that PD-L1 expression is inducible by a variety of factors, it can be temporal and transient, there can 

be significant intra-patient and intra-tumour heterogeneity and most importantly, the assays used to 

define positivity are not yet standardised.238 These fallacies apply to the assessment of PD-L1 in 

MPM too. While the subject of differences in positivity when using different PD-L1 antibodies has 

been aptly demonstrated by Combaz-Lair et al.265, temporal differences in PD-L1 expression in the 

same patient have not been studied. 

5.1.4 Assessment of Tumour infiltrating lymphocytes (TILs) in MPM 

Akin to PD-L1 status, studies investigating the TILs in MPM and their prognostic/predictive value 

have been sparse and have typically included small numbers of patients undergoing extrapleural 

pneumonectomy. Anraku et al. performed an immunohistochemical analysis of 32 extrapleural 

pneumonectomy specimens to assess the distribution of T-cell subtypes (CD31, CD41, and CD81), 

regulatory subtypes (CD251 and FOXP31), and memory subtype (CD45RO1) within the tumour. 

Patients with high levels of CD8+ tumour-infiltrating lymphocytes demonstrated better survival than 

those with low levels (3-year survival: 83% vs 28%; p = .06). Moreover, high levels of CD8+ TILs were 

associated with a lower incidence of mediastinal node disease (p = .004) and longer progression-free 
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survival (p = .05). Patients presenting high levels of CD4+ or CD25+ TILs or low levels of CD45RO+ 

also demonstrated a trend toward shorter survival. However, the presence of FOXP3+ TILs did not 

affect survival. After multivariate adjustment, high levels of CD8+ TILs remained an independent 

prognostic factor associated with delayed recurrence (hazard ratio = 0.38; confidence interval = 

0.09–0.87; p = .02) and better survival (hazard ratio = 0.39; confidence interval = 0.09–0.89; p = .02). 

Yamada et al. evaluated TILs (CD4+, CD8+, and NK cells) using IHC in a series of 44 MPM cases. The 

density of CD4+ and CD8+ TILs were strongly correlated (R = 0.76, P = 0.001). A high density of CD8+ 

TILs was a significantly better prognostic factor for the survival of patients with extrapleural 

pneumonectomy (p = 0.05). Multivariate analysis revealed that a high density of CD8+ TILs is an 

independent prognostic factor for patients who underwent extrapleural pneumonectomy. Both 

these studies concluded that increased CD8+ T cells in tumour could be beneficial in MPM 

immunotherapy. However, they were very small scale studies and did not take into account features 

of the tumour microenvironment like PD-L1 expression and presence of Tregs that modulate and 

dampen T cell activity. 

In this section of the research we sought to use our large cohort of confirmed MPM cases to 

characterise the tumour and immune cell interface for PD-L1 expression and infiltration by TILs 

(CD4+, CD8+ and FOXP3+). Using a subset of our patients for whom FFPE samples from two different 

operations (initial biopsy and subsequent resection samples) were available, we also tried to study 

any temporal differences in PD-L1 expression in MPM. The research described in this section has 

been published in the Journal of Thoracic Oncology in the article titled “The Immune 

Microenvironment, Genome-wide Copy Number Aberrations, and Survival in Mesothelioma.”269 

5.2 Aims 

The aims of the research described in this chapter were: 

1) To define the immune microenvironment (expression of PD-L1; infiltration by CD4+, CD8+ 

and Tregs) in MPM. 
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2) To explore the correlations of immune microenvironment in individual tumours to 

clinicopathological cofactors including tumour histotype and survival. 

3) To explore the occurrence and degree of temporal variations in PD-L1 expression in our 

MPM cohort. 

We hypothesized that the tumour microenvironment characteristics in MPM correlates with 

tumour histology and also has prognostic implications. 

5.3 Specific methods 

5.3.1 Immunohistochemistry 

A general description of methods used for IHC is given in chapter 2 section 2.6. A brief 

description of the protocol used for the conduct and subsequent assessment of IHC staining is 

presented in Table 5.1 
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Table 5.1: IHC methods for some immune markers in MPM 

Antibody Manufacturer Catalogue 
number  

Concentration 
used 

Antigen 
Retrieval 
buffer/time/t
emp 

Incubation 
time/temp 

Controls Assessment 

PD-L1 
(E1L3N) 
Rabbit IgG 

Cell Signalling 
Technology 

136845   7.0 μg/ ml 15 minutes   
in microwave 
TRS buffer Ph 
9 

4˚C 
overnight 

placenta ≥ 5% membranous staining on tumour cells = positive(PD-L1 +) 
 
≥ 50% moderate or intense staining on tumour cells = high 
positive (PD-L1 +

hi
)  

CD4 Rabbit 
IgG, SP35 
clone 

Cell Marque 104R-15 1.0 μg/ml 52 minutes at 
95 ˚C in CC1 
buffer 

32 minutes 
at 36 ˚C 

tonsils Counted using the Aperio automated counting system 
 
The counts were expressed as no. of cells staining with CD4 per 
1000 nucleated cells in the core 
 

FoxP3 
mouse 
IgG1 

Abcam 22510 17 μg/ml 15 minutes  in 
microwave 
TRS buffer Ph 
9 

4˚C 
overnight 

tonsils Counted using the Aperio automated counting system 
 
The counts were expressed as no. of cells staining with FOXP3 
per 1000 nucleated cells in the core 
 

CD8 
mouse 
IgG1  
C8/144B 
clone 

Dako M 7103/ 1.0 μg/ml 52 minutes at 
95 

o
C in CC1 

buffer 

32 minutes 
at 36 ˚C 

tonsils Counted using the Aperio automated counting system 
 
The counts were expressed as no. of cells staining with CD8 per 
1000 nucleated cells in the core 
 

For assessment of PD-L1, membranous staining on ≥5% tumour cells was taken as PD-L1+ as per previous reports.259,270 PD-L1+HI was defined as 
moderate to intense staining ≥50% tumour cells.241 Cytosolic expression of PD-L1 and expression solely only on TILs was disregarded. See methods 
section for description. 
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In addition to conducting an assessment of the immunological markers on our TMAs, we also 

retrieved full sections of FFPE blocks of 42 patients for whom samples from 2 separate operations 

were available. These sections were stained by methods described above for PD-L1 and CD8+ 

lymphocytes. The assessment was done in a similar manner as described above. 

5.3.2 Statistical analysis 

OS was calculated from the time of initial diagnosis to death or last follow up; patients who were 

lost to follow up or were alive were censored. Descriptive statistics were used for clinico-

pathological data. Comparisons of different parameters between the groups with respect to PD-L1 

expression were performed using an ANOVA test for continuous variables and Fisher’s exact test for 

categorical variables. Values NLR, CD4+, CD8+, FOXP3+ counts and ratios of CD4+/CD8+, 

FOXP3+/CD4+ and FOXP3+/CD8+ were dichotomised using the median. For survival analysis, a Wald-

type test from Cox’s PH model was performed on R statistical environment.  

5.4 Results 

5.4.1 PD-L1 expression  

Of the 329 patients on the TMA, cores of 311 were evaluable for PD-L1 staining. One hundred 

and thirty (41.47%) were found to be PD-L1 positive using a 5% membranous staining in malignant 

cells as the cut off. Using ≥50% moderate or intense membranous staining to define a high positive 

group, we found 30(9.64%) patients to be highly positive. There was a strong correlation between 

PD-L1 expression and non-epithelioid histology (Fisher’s exact test p <0.0001).When samples were 

dichotomised based on the levels of infiltration with CD4+, CD8+ and FOXP3+ cells using the median, 

a higher level of infiltration was seen in patients who were PD-L1+hi (Table 5.2). PD-L1+ tumours 

however showed significantly increased CD4+ and CD8+ infiltration but not FOXP3+.  
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PD-L1 status showed no correlation with the age, sex and performance status of the patient, 

stage of disease at diagnosis, history of asbestos exposure or of smoking and NLR. Representative 

pictures of IHC for PD-L1, CD4, CD8 and FOXP3 are presented in figures 5.1 and 5.2 

 

Figure 5.1: Representative pictures of the IHC for PD-L1 in MPM 

5.4.2 Infiltration with CD4+, CD8+ and FOXP3+ lymphocytes in MPM and 

their correlations 

The TILs were quantified using the Leica Aperio positive pixel count algorithm version 9.1, as 

previously described,271 and expressed as number of cells per 1000 nucleated cells in the core. 

Dichotomised using the median we found that level of infiltrations with CD8+, CD4+ and FOXP3+ 

cells did not correlate with the age sex and performance status of the patient, stage of disease at 

diagnosis, history of asbestos exposure or of smoking, NLR, and tumour histological type. However, 
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they were strongly related to PD-L1 status (Table 5.2). Additionally, we found a positive correlation 

between CD4 and CD8 infiltration (Pearson r = 0.59; p < 0.0001), between FOXP3 and CD4 (Pearson r 

= 0.14; p < 0.0001) and also between FOXP3 and CD8 (Pearson r = 0.25; p < 0.0001).  

 

 Figure 5.2: IHC evaluation of CD4+, CD8+ and FOXP3+ lymphocytes in MPM 

A: High infiltration with CD4+ lymphocytes B: Low infiltration with CD4+ lymphocytes C: High 
infiltration with CD8+ lymphocytes D: Low infiltration with CD8+ lymphocytes E: High infiltration 
with FOXP3+ lymphocytes F: Low infiltration with FOXP3 + lymphocytes 
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Table 5.2: PD-L1 expression in MPM and its clinicopathological correlation 

  

PD-L1 - PD-L1 + PD-L1 +HI p Value 

Number (%) 

 

181(58.2) 100(32.2) 30(9.6) 

 

Age (Mean) 

 

65.3 66.7 68.4 0.27* 

Sex N(%) Male 152(50.17) 77(25.41) 24(7.92) 0.27* 

 

Female 26(8.58) 21(6.93) 3(0.99) 

 

Stage N(%) I & II 94(31.02) 45(14.85) 8(2.64) 0.068¥ 

 

III & IV 84(27.72) 53(17.49) 19(6.27) 

 

NLR (Mean) 

 

5 5.7 4.9 0.42* 

Histology N(%) Non-epitheloid 85(27.33) 49(15.76) 23(7.40) 0.0091¥ 

 

Epitheloid 96(30.87) 51(16.40) 7(2.25) 

 

CD4 N(%) <= 120 96(35.16) 38(13.92) 4(1.47) <0.0001¥ 

 

> 120 65(23.81) 47(17.22) 23(8.42) 

 

CD8 N(%) <= 125 101(35.44) 39(13.68) 3(1.05) <0.0001¥ 

 

> 125 65(22.81) 51(17.89) 26(9.12) 

 

FOXP3 N(%) <= 1.26 87(33.59) 41(15.83) 2(0.77) <0.0001¥ 

 

> 1.26 64(24.71) 45(17.37) 20(7.72) 

 

Asbestos N(%) No 45(14.85) 26(8.58) 5(1.65) 0.73¥ 

 

Yes 133(43.89) 72(23.76) 22(7.26) 

 

ECOG N(%) <= 1 111(36.63) 59(19.47) 15(4.95) 0.75¥ 

 

>=2 67(22.11) 39(12.87) 12(3.96) 

 

Smoking N(%) No 76(25.08) 50(16.50) 11(3.63) 0.37¥ 

 

Yes 102(33.66) 48(15.84) 16(5.28) 

 

CD4, CD8 and FOXP3 are dichotomized by their medians. * P values from ANOVA test; ¥P values 
from Fisher’s exact test 
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5.4.3 Temporal variations in PD-L1 expression and CD8+ infiltration 

Of 42 patients who had two operations at the Austin hospital for MPM, adequate FFPE tissue 

samples were available from both operations in 36. The median separation between the biopsies 

was 26 days (2-298). There were 23 epithelioid, 8 biphasic and 5 sarcomatoid tumours. There was a 

change in PD-L1 status in 7 (19%) patients (Figure 5.3). Five patients in whom the first biopsy was 

PD-L1- were found to be PD-L1+ in the second biopsy and two that were PD-L1+ in first biopsy were 

found to be PD-L1- in second sample. However, the proportion of PD-L1 positivity between cohorts 

of first biopsy and second biopsy specimens was not statistically significantly different. Although the 

numbers were very small, we did not find any difference in rates of change of PD-L1 status between 

epithelioid and non-epithelioid histology (Fisher’s exact test P = 0.22). Similarly when we assessed 

the differences in levels of CD8+ infiltrations in these two sets of samples, there was no significant 

difference.  Also when we looked at the difference in CD8+levels in the two samples in individual 

cases and compared these among patients who did and did not have change in PD-L1 status, there 

was no difference (Figure 5.3).  

 

Figure 5.3: Temporal changes in PD-L1 and CD8+lymphocyte infiltration. Changes in PD-L1 

status and CD8+ infiltration status between first and second biopsies. 

 



101 
 

5.4.4 Prognostic implications of immune based markers 

Patients with PD-L1+ve tumours had a non-significant trend towards poorer OS, 9.8 vs. 13.5 

months (HR= 1.19; 95% CI = 0.91-1.53; Wald-type p = 0.15). However, when restricting the analysis 

to those who were strongly positive, PD-L1+hi expression was associated with a significantly worse 

OS (HR = 2.37; CI = 1.57-3.56; Wald-type p <0.001). The poorer prognosis associated with PD-L1+hi 

status was maintained even when the epithelioid (Log rank p = 0.01) and non epithelioid (Log rank p 

= 0.03) subtypes were analysed separately.  

Dichotomised by the median, levels of CD4+, CD8+ and FOXP3+ infiltration demonstrated no 

association with survival, although patients with high CD4+/CD8+ ratios achieved better survival (HR 

= 0.71; CI = 0.55-0.90; Wald-type p = 0.005). 

On multivariate analysis, epithelioid histology and high CD4+/CD8+ ratio were found to 

independently associated with better survival while high NLR (values dichotomised by median) and 

advanced age at diagnosis (stages III and IV) were independently associated with poorer OS. 

However, PD-L1+hi status failed the Schoenfeld residual test to validate the proportional hazard 

assumptions, suggesting that that its effect change with time. Schoenfeld residuals were plotted and 

10 months period was again found to represent a turning point, and was therefore chosen as a 

threshold. When a multivariate Cox model with time-variate hazard ratios was performed, we found 

that while these parameters had a significant effect in the earlier period (within 10 months), their 

effect faded thereafter. When we stratified by histology, we found that the effect of PD-L1+hi status 

was time dependent in non-epithelioid histology but stayed constant with a hazard ratio of >6 in the 

epithelioid cohort (Table 5.3). 
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Table 5.3: Multivariate analysis for overall survival 

Variable   Time 
period 
(month) 

Hazard 
ratio 

Lower 
95% 

Upper 
95% 

P value
 

Histology Epithelioid vs.  
Non-epithelioid 

 0.58 0.41 0.80 <0.001  

Stage  III&IV vs I&II  1.73 1.37 2.20 <0.001 

NLR >3.94 vs ≤3.94  1.38 1.10 1.74 0.005 

CD4+/CD8+ >0.93 vs ≤ 0.93  0.67 0.53 0.86 0.001 

PD-L1 high 
positivity 

Yes  
vs 
 No 

Non -
epithelioid 

≤ 10 2.98 1.69 5.26 <0.001 

Non -
epithelioid 

>10 0.61 .22 1.73 0.36 

Epithelioid ≤ 10 6.03 2.56 14.19 <0.001 

Epithelioid >10 7.81 1.04 58.35 0.045 

Wald-type P value from Cox model with time variate hazard ratios for PD-L1+hi 

5.5 Discussion 

Using a clinically well-annotated TMA, we demonstrate that PD-L1 is strongly expressed in a 

subset of MPMs, but the majority are weakly positive or negative. These strongly positive samples 

were associated with high immune infiltration of CD4+, CD8+ and FOXP3+ lymphocytes, as well as 

poorer survival, in a time dependent fashion. 

With a predefined stringent scoring criteria in accordance with previous reports,241,259 we 

observed a PD-L1 positivity rate of 41.4%. Mansfield et al.264 reported 40% positivity in 106 patients 

when they regarded both cytoplasmic and membranous staining taking 5% as a cut off. They found a 

lower (24%) rate of exclusive membranous staining. Cedrés et al.263  found 20% positivity in their 77 

evaluable patients despite considering cytoplasmic, membranous staining and staining of infiltrating 

lymphocytes. Given that non-epithelioid MPM are more likely to be PD-L1 +ve, the comparatively 

lower positivity rates noted by Cedrés et al. may be explained by a larger proportion of epithelioid 

MPM in their series. Mansfield et al.264 used a different antibody (clone 5H1-A3). The effect of 

different antibodies on PD-L1 positivity rates was recently demonstrated by Combaz-Lair et al.265 

Lack of uniformity in staining procedures, use of different antibodies, differing cut-offs (1% vs 5%; 

membranous only vs membranous and cytoplasmic; tumour only vs expression on TILs) and also the 

fact that PD-L1 expression is dynamic and heterogeneous within the tumour makes comparison 
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between different series difficult.272 Setting a higher benchmark by defining a group with very high 

expression (≥50% staining in our case) may therefore help identify the truly positive cases. Also, the 

location of PD-L1 on tumour cells is thought to be germane to its prognostic role. It is presumed that 

membranous expression is the most relevant form of PD-L1 because PD-1 mediates downstream 

signalling cascades only when it has been ligated.273 Cytosolic PD-L1 has not been reported to 

correlate with patient response to immunotherapy and as such its importance is unclear.245,274 As 

this is a large cohort and we have only considered membranous staining, we believe our results are 

more representative of PD-L1 expression in MPM.  

Infiltration of tumour nests by CD8+ lymphocytes has been shown to correlate with a favourable 

prognosis in several cancers, particularly colorectal cancer.250 Data regarding the prognostic 

implications of TILs including that of Tregs in MPM are sparse. Yamada et al. and Anraku et al. found 

a higher infiltration with CD8+ T cells heralded a better prognosis in MPM.230,254 However, both 

studies had limited numbers (44 and 32 respectively). We found no association between infiltration 

with CD4+, CD8+, or FOXP3+ T-Cells and survival. A direct correlation of the absolute ratios of higher 

CD4+/CD8+ with better survival has been described in hepatoma275 and cervical cancers.253 Our 

findings suggest that this parameter could potentially be used as a prognostic marker in MPM too 

but further validation in independent datasets would be required.  

A significant finding of our study was the correlation of PD-L1 expression with TILs. Increased 

CD8+ T-Cells in PD-L1+hi is in keeping with the current understanding that the PD-1/PD-L1 interaction 

results in clonal proliferation of CD8+ lymphocytes that are functionally impaired.276 A similar 

correlation was observed by Cedrés et al.263 such that patient tumours with increased CD8+ TILs 

were seen in 68% and CD4+ in 59% of PD-L1+ patients. The antibody used for our IHC (E1L3N) has 

been known to stain immune cells and could potentially confound these results; however we have 

tried to avoid this by exclusively scoring PD-L1 expression on malignant cells and discounting the 

immune infiltrates.  
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This study confirmed the findings of the two smaller studies263,264 showing that PD-L1 positivity 

was related to worse outcome. However, the association with survival was lost in multivariate 

analysis when histology was included in the model, suggesting that the poor outcome seen in PD-L1+ 

patients was more a function of poorer histology rather than PD-L1 expression alone. Analyses of 

survival restricted to PD-L1+hi showed the hazard associated to be significant but time dependent. 

Time variance of risks is thought to be common in oncology related studies with long follow up 

although it is only looked for and reported in a very small proportion of studies.206 Our finding of a 

constant HR of more than 6 amongst epithelioid MPMs could suggest that patients with PD-L1+hi 

status would stand to benefit more from anti- PD-1/PD-L1 therapy. However, the proportion of 

these patients in our cohort of epithelioid patients (7/154; 4%) was small and therefore this finding 

needs to be validated in another cohort.  

The association between PD-L1 positivity and histology is an important finding because it has 

been consistent in all reported series. Given that PD-L1 expression on tumour cells has to date been 

the most promising predictive biomarker,249,277 our data suggest that non-epithelioid MPM: a disease 

with few treatment options and universally poor outcomes may be best suited to these therapies. 

Interestingly, given their overall poorer prognosis, such patients are rarely eligible for clinical trials 

and so there are limited data currently available for these subtypes. 

By comparing PD-L1 expression in tumour samples obtained from the same patient at two 

different time points, we tried to assess if there is significant temporal changes in PD-L1 expression. 

Elements of the surgical intervention such as pleural washing and iodine pleurodesis are known to 

induce pleural inflammation. We also sought to find if there are significant changes in the level of 

infiltration evidenced by the CD8+lymphocyte count before and after a surgical intervention. While 

the numbers were small for a comprehensive study of this aspect, we did find changes in PD-L1 

status in 7 (19%) of patients evaluated. However, given our knowledge of the possible intra-tumour 

heterogeneity and the possibility that the samples may have been taken from very different areas of 
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the tumour, it is difficult to attribute the changes in PD-L1 expression status solely to temporal 

variation.  

Using a TMA in lieu of full sections for assessment of PD-L1 expression and infiltration of 

CD4+and CD8+ lymphocytes is subject to sampling error and this could be considered a limitation of 

this study. To reduce this, we sampled three cores from separate areas of the tumour. TMAs allow 

efficient assessment of large cohorts and as such has been used to assess PD-L1 and immune 

infiltrates for a multitude of malignancies.278,279 Also, high concordance between TMA and whole 

sections in the evaluation of IHC in mesothelioma has been previously demonstrated, although our 

study focuses not just on tumour expression but also immune cell infiltrates which may not be as 

concordant across a sample.76  

Our characterisation of the immunological infiltrates and PD-L1 in MPM provides important data 

from a large patient cohort. Our data suggest that the immune axis is a valid target in MPM, 

however single agent immune checkpoint inhibitors are unlikely to be effective in the majority of 

MPM patients, given the low rates of strong PD-L1 expression and previous data confirming low 

mutational burden. As combination immune checkpoint inhibition threatens to shift treatment 

paradigms in melanoma and NSCLC, these data provide further rationale towards study of other 

checkpoints and their ligands in MPM and perhaps the implementation of such combinations in this 

rare but deadly disease. 
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Chapter 6: Looking beyond PD-L1 in MPM -defining 

the hot, the warm and the cold tumours 

6.1 Introduction 

The successful use of immune checkpoint inhibitors has been a big advance in the development 

of cancer immunotherapy and as such, cancer immunotherapy was elected as the breakthrough of 

2013 in ‘Science’.280 Several  studies with ipilimumab (IgG1 antibody against CTLA-4) showed 

impressive clinical responses in patients with advanced melanoma.281,282 The blockade of PD-1/PD-L1 

interactions has been shown to improve clinical outcome in a variety of tumour types. The PD-1 

inhibitors nivolumab and pembrolizumab have demonstrated response rates superior to  ipilimumab 

in initial clinical trials in advanced melanoma patients.249,277,283 Importantly, several phase I/II trials 

have demonstrated durable clinical activity of anti–PD-1 immunotherapy even after treatment 

cessation with possible correlation with histological PD-L1 expression on primary tumours.277,284,285In 

a phase I trial, anti–PD-L1 immunotherapy (ClinicalTrials.gov number, NCT00729664) also showed 

clinical activity across a wide array of advanced cancers including non-small cell lung cancer, 

melanoma and renal cell carcinoma.286 In MPM, although the DETERMINE trial169 with 

tremelimumab(anti-CTLA-4 antibody) was negative, results with nivolumab,267 pembrolizumab (anti-

PD-1 antibodies)170,268 and Avelumab (anti-PD-L1 antibody) have shown disease control rates of 50-

80%.172 However, as results of these numerous trials come in, what is becoming clear is that a 

significant majority of cancers do not respond to these therapies. Available predictive markers 

including PD-L1 expression have not been able to reliably identify tumours and patients likely to 

respond.238  

Results of reported series in MPM have made it clear that while checkpoint inhibition does have 

some activity in this malignancy with very limited therapeutic options, we don’t yet know which 

patients are most likely to benefit. The quest to understand additional factors that dictate response 

to checkpoint inhibition have led to enthusiasm for research into the roles of other immune 
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suppression mechanisms like other ligands of PD-1 namely PD-L2 and checkpoints other than CTLA-4 

and PD-1. Some of these checkpoints that have generated considerable interest are T-cell 

immunoglobulin mucin-3 (TIM-3) and lymphocyte activation gene-3 (LAG-3), OX-40 ligand and many 

others are upcoming.287,288 In addition, this could probably help understand some innate and 

acquired mechanisms to resistance to checkpoint inhibition therapy  

6.1.1 Programmed cell death receptor ligand -2 (PD-L2) 

PD-L2 (B7-DC) is the second ligand to PD-1. However, its expression is thought to be more 

restricted than that of PD-L1. PD-L2 expression by different cell types is regulated by signal 

transducer and activator of transcription (STAT) 6 and NF-κB, and its most potent inducers appear to 

be Th2 cytokines, particularly IL-4. The main physiological function of PD-L2 could lie in the 

dampening and regulation of Th2- driven T-cell immune responses both during the induction and the 

effector phase.  In recent years evidence has accumulated showing that tumour microenvironments 

are often deviated towards an ineffective Th2 type of immune milieu, resulting in cancer cell escape 

from immune surveillance. Hence, there is a clear rationale to further investigate the relevance of 

PD-L2 in cancer.227 

The prognostic implications of PD-L2 positivity has been investigated in several tumour types. 

Ohigashi et al.289 found that similar to patients who stained positively for PD-L1, those who were PD-

L2 positive also had significantly poorer survival. Similarly, in an analysis of 85 patients with 

hepatocellular carcinoma Jung et al.290 found that expression of PD-L1 and PD-L2 were associated 

with poorer survival on univariate analysis but only PD-L1 expression remained an independent 

prognostic factor on multivariate analysis. In a cohort of 70 patients with ovarian cancer, the 

majority of the tumours were negative or weakly positive and although PD-L2 expression was 

correlated with an impaired survival, this did not reach statistical significance.291 Another study 

involving 125 patients with hepatocellular carcinoma found that a minority had high PD-L2 

expression, and again, although PD-L2 expression was correlated with an impaired disease free 
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survival, this difference was not statistically significant.292 Other studies investigating PD-L2 

expression in squamous cell carcinoma lung293 and sarcomatous lung cancer294 have found no 

prognostic implications attached to PD-L2 expression. To the best of our knowledge, no studies 

evaluating the expression of PD-L2 in MPM patient samples have been reported yet. 

6.1.2 T-cell immunoglobulin and mucin-domain containing-3 (TIM-3) 

 

TIM-3 is a T-cell inhibitory receptor which was first identified 12 years ago as a molecule 

selectively expressed on IFN-g–producing CD4+ T helper 1 (Th1) and CD8+ T cytotoxic 1 (Tc1) T 

cells.295 These studies showed that anti–TIM-3 antibody exacerbated experimental autoimmune 

encephalomyelitis, a T-cell–mediated autoimmune disease of the central nervous system providing 

the first indication that TIM-3 may function as a Tcell inhibitory receptor. Galectin-9 has been 

recognised to be the TIM-3 ligand and TIM-3-galectin-9 interaction has been shown to induce cell 

death in TIM-3 + Th1 cells.296 TIM-3 is now considered a key immune checkpoint in tumour-induced 

immunosuppression. Studies have demonstrated that Tim3+ T cells mark the most supressed or 

dysfunctional population of CD8+ T cells in preclinical models.297,298 Unlike senescent T cells, it was 

found that the CD8+TIM-3+ T cells in cancer are not irreversibly cell-cycle arrested and that their 

proliferation can be restored by blockade of TIM-3 together with PD-1.299 

In addition to its key role in regulating CD8+ T-cell effector function in cancer, recent studies 

further implicate TIM-3 in the biology of intratumoral FoxP3+ Tregs. In a cohort of NSCLC patients, 

approximately 60% of CD4+FoxP3+ TILs were found to express TIM-3. Interestingly, these TIM-3+ 

Tregs were infrequent in the peripheral blood of patients, and the presence of TIM-3+ Tregs 

correlated with the presence of nodal metastases and advanced cancer stage.300 TIM-3+ Tregs have 

been reported in hepatocellular, ovarian, colon, and cervical carcinomas.301 

Beside its role in T cells, TIM-3 has been noted to have effects in the myeloid compartment too. 

T-cell expression of TIM-3 has been shown to promote myeloid-derived suppressor cells (MDSC) in a 
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galectin-9– dependent manner.302 TIM-3 is specifically up regulated on tumour-associated dendritic 

cells (TADC), in which it interferes with the sensing of DNA released by cells undergoing necrotic cell 

death. TIM-3 binds to high mobility group protein 1(HMGB1), thereby preventing HMGB1 from 

binding to DNA from dying cells. Thus, TIM-3 binding to HMGB1 interfering with the alarmin function 

of HMGB1 and dampening activation of the innate immune response in tumour tissue. 303 

Targeting the TIM-3 pathway in preclinical cancer models has shown very promising results. In 

the Wilms tumour-3 (WT3) sarcoma and the transgenic adenocarcinoma of the mouse prostate C-1 

(TRAMP-C1) cancer models, TIM-3 blockade alone was found to be effective in a dose-dependent 

manner. In preclinical models of colon carcinoma (CT26 and MC38), TIM-3 blockade alone exhibited 

similar efficacy to PD-1 pathway blockade.304 More interestingly, the combination of TIM-3 blockade 

with PD-1 pathway blockade was remarkably more effective in these models, such that tumour 

regression is more complete and observed with higher frequency than with blockade of either the 

TIM-3 or PD-1 pathway alone.300,304 Although the molecular mechanisms by which TIM-3/PD-1 

pathway co-blockade achieves these effects have not yet been elucidated, TIM-3 pathway blockade 

alone is thought to restore IFN-g and TNF-a production as well as the frequency and proliferation of 

NY-ESO-1–specific CD8+ T cells in response to tumour antigen stimulation. Co-blockade of TIM-3 and 

PD-1 further restores IL-2 production in NY-ESO-1–specific CD8+ T cells.300 

A unique feature of TIM-3 is its expression only on selective T cells that have differentiated 

toward an IFN-g–producing phenotype295, and in patients with cancer, TIM-3 seems to be expressed 

primarily in intratumoral T cells.300 This is in contrast to CTLA-4 and PD-1. CTLA-4 is known to be up 

regulated on all effector T cells and is also expressed on all Tregs. PD-1 is similarly up regulated on all 

effector T cells. This is of importance because blockade of checkpoint receptors that are widely 

expressed could promote autoimmune-like side effects. Thus, TIM-3 blockade is less likely to 

interfere with the regulation of T-cell responses outside of tumour tissue than blockade of either 

CTLA-4 or PD-1.305 TIM-3 blockade is therefore less likely to be associated with adverse autoimmune-
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like toxicities. This notion is supported by studies which have demonstrated that TIM-3–deficient 

mice do not exhibit autoimmunity, 306 unlike both CTLA-4–deficient307 and PD-1 deficient 

mice.308Also, tumour-bearing mice treated with anti–TIM-3 antibody do not exhibit autoimmunity.304 

Given its selective expression on tumour tissue and its role in multiple immunosuppressive 

mechanisms, TIM-3 is now emerging as an interesting target for checkpoint inhibition therapy. In 

MPM, studies investigating TIM-3 expression have been sparse and typically small scale. Studying 43 

resected cases of MPM Awad et al. found greater expression of TIM-3 in T cells of PD-L1+ cases than 

in PD-L1-. They also found a greater population of PD-1+TIM-3+ T cells in PD-L1+ cases.309 Another 

study incorporating 54 patients (40 untreated and 14 chemotherapy pre-treated) studied the 

expression of the checkpoints PD-1, LAG3 and TIM-3. The authors found that TIM-3 was expressed 

less often in pre-treated samples compared to untreated samples. After multivariate analysis, 

expression of CD4 and TIM-3 in lymphoid aggregates were good prognostic factors (p=0.008; 

p=0.001).310 

6.1.3 Lymphocyte activation gene -3 (LAG-3) 

LAG-3 was cloned in 1990 as a membrane protein with diverse effects on T cell function. It is a 

checkpoint receptor that is not expressed by resting T cells but is up regulated several days after T 

cell activation.311 LAG-3 plays a role in the negative regulation of T cell function312 and is up regulated 

on exhausted T cells compared with effector or memory T cells.313 As such blockade of LAG3 in vitro 

augments T cell proliferation and cytokine production.314 In the context of cancer, LAG3 is up-

regulated on TILs315,316 and blockade of LAG3 can enhance anti-tumour T cell responses.317Dual 

blockade of the PD1 pathway and LAG3 has been shown in mice and humans to be more effective 

for anti-tumour immunity than blocking either molecule alone.315,318,319 LAG3 has a role not only in 

effector T cells but also in Tregs. LAG3 is expressed on activated TReg cells at higher levels than on 

effector T cells. LAG3 blockade has been shown to inhibit the suppressive activity of Tregs in vitro 

and in vivo in a model of autoimmune pulmonary vasculitis.320 Also, LAG-3 interaction with MHC 
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class II molecules expressed by melanoma cells has been shown to protect the tumour cells from 

apoptosis.321 Therefore, LAG-3-specific monoclonal antibodies could interfere with this protection 

from apoptosis, thus leading to enhanced tumour cell death. 

Although clinical efficacy of LAG-3-specific monoclonal antibodies remains to be seen, some 

studies investigating antibody mediated LAG-3 blockade in haematological malignancies 

(ClinicalTrials.gov, number: NCT02061761) and LAG3 blockade in combination with PD1 blockade for 

solid tumours (ClinicalTrials.gov, number: NCT01968109, ClinicalTrials.gov, number: NCT03005782, 

ClinicalTrials.gov, number: NCT02658981) are currently underway. Investigation into LAG-3 

expression in MPM and the potential anti-LAG-3 treatment has been sparse. A small scale study 

reported no detection of LAG-3 expression in TILs in 54 MPM samples310 but comprehensive study in 

this field remains to be done.  

6.1.4 Toll-like receptor-3 (TLR-3) 

Toll like receptors are a class of membrane-spanning, non-catalytic receptors that play a key role 

in the innate immune system. They are usually expressed in sentinel cells such as dendritic cells and 

macrophages that recognize viral dsDNA. TLR-3 is one of 10 such receptors found in humans.322 TLR-

3 is also a death factor, triggering the release of apoptotic bodies inducing cancer cell apoptosis. 

322,323 TLRs also regulate cancer immunity and tolerance through innate immune responses mediated 

by Tregs, dendritic and other immune cells.324,325 TLR-3 can stimulate cancer cells to secrete pro-

inflammatory cytokines and chemokines involved in anticancer immune responses.322 Beside normal 

immune, epithelial and endothelial cells, TLR-3 is also known to be expressed by several  

malignancies including breast,326 prostate,327 and head and neck carcinomas.328 Interestingly, TLR-3 

triggering was found to induce a strong up-regulation of both MHC class I and PD-L1 on 

neuroblastoma cells.329 This has created interest in combining TLR-3 ligand to anti-PD-1/PD-L1 

treatment.  Although comprehensive data on TLR-3 expression in MPM is still lacking a recent study 

reported positivity for TLR-3 on IHC in 96% of 58 MPM cases with weaker expression amongst 
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sarcomatoid MPMs.265Considering that PD-L1 positivity has been consistently reported to be lower 

in epithelioid MPMs than in non-epithelioid MPMs,237,263,265 the high expression of TLR-3 in 

epithelioid MPMs could be exploited as an opportunity to convert PD-L1- to PD-L1+ cases potentially 

rending them responsive to anti-PD-1/PD-L1 therapy. 

6.1.5 Assessment of tumour infiltrating lymphocytes (TILs) 

 
 TILs are mononuclear immune cells that infiltrate tumour tissue, and have been described in 

most types of solid tumours. They have been studied in a variety of cancers for prognostication and 

its perceived predictive value. Increased TILs have been associated with better prognosis in many 

cancers including breast,330,331 colorectal,252,332 cervical333 and lung334 cancers. Most studies 

evaluating these roles have been based on evaluation of individual types of T lymphocytes namely 

cytotoxic T cells (CD8+), T helper cells (CD4+), regulatory T cells (Tregs) etc. It is known that the 

composition of the TILs is known to vary between tumour types and the prognostic and predictive 

prowess of these different components of the innate and adaptive immune system is not uniform 

across different tumours. More recently, a morphological assessment of the TILs based on a simple 

hematoxylin & eosin (H&E) slide examination has been shown to be an independent positive 

prognostic factor in HER2 positive early stage breast cancer.335 Similar assessment of TILs in lung 

cancer showed that patients with intense infiltration had better overall and disease free survival in 

two separate large cohorts.334 Although MPM pathogenesis is known to involve significant 

inflammation, the assessment of TILs in MPM has been very limited and has included very small 

number of patients. Higher infiltration with CD8+ lymphocytes has been associated with better 

survival in 32 patients who underwent EPP,230 but comprehensive assessment of clinicopathological 

associations of TILs in MPM is still lacking. 

6.1.6 Tertiary lymphoid structures (TLS) 

TLS are ectopic organized lymph node–like structures that typically form at sites of chronic 

inflammation and are involved in adaptive immune responses.336 Their occurrence in cancer is 
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sporadically documented and its role and clinical relevance is largely unknown. In solid tumours, a 

role for TLS in the organization of the local immune response and in lymphocyte recruitment has 

been suggested.337TLS have been observed in almost all solid cancers including the most frequent 

tumours (i.e. NSCLC, CRC, breast, pancreatic, and gastric carcinoma, melanoma, ccRCC) and rare 

tumours (i.e. Merkel cell carcinoma, oral squamous cell carcinoma, Warthin tumour, liposarcoma) as 

well.336In general, regardless of the approach used for assessment, and the stage of the disease, the 

presence of tumour-associated TLS has always correlated with a favourable clinical outcome in 

cancer patients.336 It is thought therefore that these ectopic lymphoid structures are critical for the 

development of a long-term protective adaptive immunity even in unfavourable tumour 

microenvironment. 

In addition to a powerful prognostic biomarker, TLS has also been purported to be a predictive 

marker of efficient immunotherapies in cancer. In cases of pancreatic cancer treated with GVAX 

vaccination, a huge TLS density was observed in responders compared with non-responders or 

untreated patients.338 Therapeutic vaccination against HPV16 in patients with high-grade cervical 

intraepithelial neoplasia was also found to generate organization of immune infiltrates into TLS in 

comparison to untreated patients.339 An assessment of whether TLS are present in MPM and 

whether they have any prognostic role or predictive value for MPM immunotherapy remains 

unexplored. 

Emerging literature suggests that a better and more comprehensive understanding of the 

immunological milieu of MPM is needed in order to better choose patients for checkpoint inhibition. 

Given our recent understanding of the roles of different checkpoint molecules and their interaction 

in tumour immunosuppression, awareness of their expression in MPM will likely also be important in 

development of personalized or tailored immunotherapy and in choosing combinations of different 

checkpoint inhibitors where indicated. Also, some characteristics of tumour immune 

microenvironment like TILs and TLS which remain yet unexplored could provide much needed 
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prognostic and predictive biomarkers in MPM. In this section of the research, we investigate 

expression of PD-L2, TIM-3, LAG-3 and TLR in our cohort. Combining this information with an 

objective assessment of the level of TILs, TLS and assessment of PD-L1 expression (from previous 

chapter) we derive a score to classify MPM samples based on their immunological characters and 

correlate this with clinicopathological features and survival. 

6.2 Aims 

The aims for this section of the research were 

1) To define the expression of  PD-L2, TIM-3, LAG-3 and TLR-3 in MPM 

2) To study the level of TILs and presence of TLS in the MPM tumour microenvironment 

3) To study the relationship of the above factors with clinicopathological parameters 

6.3 Specific methods 

A general description of methods used for IHC is given in chapter 2, section 2.6. A brief 

description of the protocol used for the conduct and subsequent assessment of IHC staining is 

presented in table 6.1 
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6.3.1 Immunohistochemistry 

Table 6.1: Methodology of the IHC assays used in chapter 6 

Antibody Manufacturer Catalogue 

number 

Antigen Retrieval  Incubation 

time/temp 

Controls Assessment 

PD-L2  Cell Signalling 

Technology 

82723S 15 minutes  in 

microwave TRS buffer 

Ph 9 

4˚C overnight Tonsils PD-L2+ = ≥ 10% membranous or 

cytoplasmic staining on tumour cells 

PD-L2+HI = ≥50% moderate to 

intense staining on tumour cells 

TIM3  Cell Signalling 

Technology 

45208S  15 minutes  in 

microwave EDTA buffer 

Ph 8 

4˚C overnight Tonsils Counted using the Aperio 

automated counting system 

The counts were expressed as no. of 

cells staining with TIM3 per 1000 

nucleated cells in the core 
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LAG3 Cell Signalling 

Technology 

15372S 15 minutes  in 

microwave Citrate 

buffer Ph 6 

4˚C overnight Tonsils Counted using the Aperio automated 

counting system 

The counts were expressed as no. of 

cells staining with TIM3 per 1000 

nucleated cells in the core 

TLR3 Abcam Ab6256

6 

15 minutes  in 

microwave TRS buffer 

Ph 9 

4˚C overnight Testis ‘H’ Score 

For assessment of PD-L2 IHC, in contrast to PD-L1, membranous and or cytoplasmic staining on ≥ 10% tumour cells was considered as positive based on 
prior reports.289,290,294,340 To identify the subset with very high expression of PD-L2, as previously described for PD-L1, we defined PD-L2+HI as patients 
showing moderate to intense staining in ≥50% tumour cells.241 For calculation of ‘H’ score, the % of cells thought to be positive and the intensity of 
staining was taken into consideration. An ‘H’ score was calculated as follows: (% tumour cells staining weakly x 1) + (% of tumour cells moderately x 2) + 
(% tumour cells staining intensely x 3). This was calculated separately for each core and an average of evaluable cores was taken as final score. Cores 
with < 20% tumour were discarded. 
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6.3.2 Assessment of TILs and TLS in MPM 

The assessment of TILs and TLS was performed on the H&E slides. The slides were first scanned 

on low power (2x, 4x) to look for the presence of TLS (lymphoid follicles of lymphoid aggregates) 

around the edge of the tumour and then in the surrounding normal tissue. The samples were 

marked as positive or negative for the presence of TLS. An approximate preliminary assessment of 

the amount of stroma present was also done on low power. The slide was then looked at in high 

power (20x, 40x) to evaluate the mix of the inflammatory cells in the stroma. Cases in which there 

were excessive neutrophils or eosinophils or these cells admixed with necrotic tumour were not 

evaluated further and were excluded from analysis. The whole stroma in the section was assessed to 

determine the approximate % of the stroma that is covered by mononuclear inflammatory cells 

(lymphocytes, plasma cells, dendritic cells and histiocytes). This was taken as the TILs score. 

6.4 Results 

6.4.1 PD-L2 expression 

Cores of 306 patients were evaluable for PD-L2 staining. Seventy-five (24.5%) were found to be 

PD-L2 positive using a 10% membranous or cytoplasmic staining in tumour cells as the cut off. Using 

≥50% moderate or intense membranous staining to define a high positive group, we found 15(4.9%) 

patients to be highly positive. For 294 patients, results of both PD-L1 and PD-L2 results were 

available. Amongst 173 PD-L1- patients in this group, 28 (16.1%) were positive for PD-L2 (27 were 

PD-L2 +and one was PD-L2+hi). Conversely, amongst 219 patients who were PD-L2 negative, 74 

(33.7%) were positive for PD-L1 (67 were PD-L1+ and 7 PD-L1+hi). Although there was a strong 

association between PD-L1 and PD-L2 expression (Fisher exact test p <0.0001), in a significant 

proportion of our MPM cohort (102/294 = 34.6%), the expression of these two ligands of PD-1 were 

independent of each other. Like PD-L1 positivity, PD-L2 positivity (PD-L2 + and PD-L2 +hi) was also 

associated with non-epithelioid histology (Fisher’s exact test p <0.0001) and also with increased 
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infiltration with CD4+ (Fisher exact test p = 0.0009), CD8+ (Fisher’s exact test p = 0.0002) and FOXP3 

(Fisher’s exact test p <0.0001). PD-L2 expression did not show any relationship with history of 

asbestos exposure (Fisher’s exact test p = 0.31) stage of the disease (Fisher’s exact test p =0.21) or 

physiological status (Fisher’s exact test p =0.18) at diagnosis. Representative IHC pictures of PD-L2 in 

MPM are presented in figure 6.1. 

 

 

Figure 6.1: Representative pictures of PD-L2 staining in MPM. 

6.4.2 TIM3 expression in MPM 

We found expression of TIM3 in 279 of 297 (99.4%) evaluable patients. When divided by the 

tertiles, high TIM3 expression (highest tertile) was associated with PD-L1 (Chi square test p =0.028) 

and PD-L2 (Chi square test p <0.0001) expression. Non epithelioid MPM were more likely to have a 

high infiltration with TIM3+ lymphocytes (Chi square test p =0.012) and patients with high TILs also 
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had high TIM3 (Pearson R = 0.53; p < 0.0001) possibly signalling that most of the infiltrating 

lymphocytes represented an exhausted phenotype.  Presence of TLS was not different between 

patients who did and did not have high TIM3+ lymphocytes (Fisher’s exact test p = 0.31). 

6.4.3 LAG3 expression in MPM 

We found LAG3 positive lymphocytes in only 7/297 (0.2%) evaluable patients. On account of the 

near universal lack of expression of LAG3 in lymphocytes infiltrating MPM, we did not further 

evaluate its relationships with other clinicopathological covariates. 

6.4.4 TILs and TLS 

Three hundred and eight samples were deemed evaluable for morphological assessment of TILs. 

Expressed as the percentage of the stroma covered by infiltrating mononuclear inflammatory cells 

(lymphocytes, plasma cells, macrophages and histiocytes), the scores ranged from 0-90 (median 30). 

Stratified using tertiles, high TILs were seen in patients who were PD-L1 (Chi square test p = 0.002) 

and PD-L2 positive (Chi square test p <0.0001) and of non-epithelioid histological subtype (Fischer’s 

exact test p = 0.01).  

Two hundred and seventy nine samples were assessable for the presence of TLS of which the 

majority (220/279; 78.8%) were positive. Presence of TLS however did not correlate with PD-L1 (Chi 

square test p = 0.47) or PD-L2 (Chi square test p = 0.43) positivity or high TIM3 expression (Chi 

square test p = 0.38). The levels of TILs were not different between patients who did and did not 

have TLS (Unpaired T test p = 0.14). Their presence was also independent of histology (Chi square 

test p = 0.91).  

6.4.5 TLR3 expression 

Three hundred and twenty four patients were evaluable for TLR3. The “H” score for TLR3 

expression on tumour cells in our MPM cohort ranged from 0 to 300 (median = 100). We found a 

significantly higher TLR expression in epithelioid MPMs than biphasic and sarcomatoid MPMs (Figure 
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6.2). Also, TLR expression was significantly higher amongst PD-L1- (‘H’ score 115 ± 5 vs 92.98 ± 7.1; 

unpaired T test p = 0.01) and PD-L2- (116.2 ± 5.5 vs 74.4 ± 8.2; unpaired T test p = 0.002). 

Representative pictures of IHC for TIM3, LAG3 and TLR3 have been presented in Figure 6.3 

 

 Figure 6.2: TLR3 expression in different MPM histotypes. 
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Figure 6.3: Representative pictures of IHC for TIM3, LAG3 and TLR 

A: High infiltration with TIM3+ lymphocytes  B: Low infiltration with TIM3+ lymphocytes C: 
Positive for LAG3+ lymphocytes  D: Negative for LAG3+ Lymphocytes E: Positive staining for TLR3 
in tumour cells   F: Negative for TLR3 in tumour cells 

6.4.6 Survival analysis 

On univariate analysis, PD-L2 positivity (HR = 3.2; CI = 2.2-4.6; Log rank P < 0.0001), high TILs (HR 

= 2.03; CI = 1.5-2.6; Log rank P < 0.0001), and high TIM3+ lymphocytes (HR = 1.3; CI = 1.0-1.7; Log 

rank P < 0.04) were found to be related to poorer OS. Patients with TLS were seen to do better (OS = 

13.7 vs 9.2 months) but this was not statistically significant (Log rank p = 0.11) (Figure 6.3). On 

multivariate analysis, TILS and TLS were found to remain significantly associated with survival along 

with histology and physiological status (Table 6.2).  
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Table 6.2: Multivariate analysis for OS 

Variables in the Equation 

  P Value 

Hazard 

Ratio 

95.0% Confidence interval 

Lower Upper 

Lymphoid aggregate .002 0.61 .45     0.83 

TILS scoring (High vs Low) .000 2.12 1.4 2.6 

Histology (non-epithelioid vs 

epithelioid) 

.000 
2.8 1.8 4.2 

ECOG (≤1 vs ≥2) .000 
3.6 2.04 6.4 

 

6.4.7 Development of Immune checkpoint score (ICS) 

Our assessment of the immunological milieu in MPM suggests that this tumour expresses 

various checkpoint receptors and ligands in varying extents. Broadly, MPM tumours can be classified 

as immunologically “hot”, “warm” or “cold” based on the presence/absence of an active immune 

microenvironment. To enable us to clearly define these groups, we combined our assessment of the 

expression of PD-L1, PD-L2 and TIM3 to derive the “Immune checkpoint score (ICS)”. Assessment of 

LAG3 was not included because of the very low expression rates seen in our cohort. The score was 

derived as depicted in Table 6.3. We then studied the clinicopathological correlates of ICS. Our 

expectation was that high ICS would be most likely related closely with non-epithelioid histological 

subtype, heavy TILs and possibly poorer survival.  
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Table 6.3: Immune checkpoint score composition. 

Marker Assessment Score 

PD-L1 PD-L1 - 0 

PD-L1 + 1 

PD-L1 +hi 2 

PD-L2 PD-L2 - 0 

PD-L2 + 1 

PD-L2 +hi 2 

TIM3 Lower tertile 0 

Middle tertile 1 

Upper tertile 2 

Total score 0-6 

We found 284 patients in which valid assessments of all the three markers were available. When 

divided into three groups – scores ≤2, scores 3&4 and >4, we found that patients with high scores 

were more likely to be of non-epithelioid histology and had greater TILs. The presence of TLS 

however did not appear to be different between patients with low or high ICS (Table 6.4). Patients 

with high ICS had a poorer OS on univariate analysis (Figure 6.4) but not on multivariate analysis.  
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Figure 6.4: Univariate survival analysis. 

 A: KM curve comparing OS between PD-L2 groups. B: KM curve compparing OS between patients 
with high, medium and low TILs. C: KM curve comapring OS between patients who did and did not 
not have TLS in tumour margin. D: KM curve comparing OS between patients with high, medium 
and low ICS. 
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Table 6.4: ICS and its relationship with other immune parameters, histology and 

survival. 

 Total number evaluated 0-2 3+4 >4 P value 

Total numbers 284 197 67 18  

TILs low 259 94 12 0 <0.0001˚ 

TILs medium 49 10 2 

TILs high 42 36 14 

Lymphoid 
aggregates + 

233 37 7 3 0.509˚ 

Lymphoid 
aggregates - 

134 42 10 

CD4 low 253 74 10 1 <0.0001˚ 

CD4 medium 62 21 3 

CD4 high 44 27 11 

CD8 low 260 77 10 1 <0.0001˚ 

CD8 medium 66 21 2 

CD8 high 43 31 15 

Epithelioid  270 132 29 2 <0.0001˚ 

Biphasic 45 17 3 

Sarcomatoid 15 16 11 

Overall Survival 
(months) 

  282 
13.7 8.6 5.2 

 <0.0001* 

˚ P value from Chi square test. *P value from log rank  

6.4.8 Comparing the immunological milieu in MPM and NSCLC 

We used a large cohort of resected NSCLC to compare and contrast the expression of these 

markers in the two malignancies. A set of TMAs consisting of 1mm cores of FFPE tissue from 522 

resected NSCLC patients previously constructed by our group and whose characteristics have been 

reported before270 was used. In brief, the cohort was composed of 265 adenocarcinomas, 182 

squamous cell carcinomas and 75 lung cancers of other histologies. The data regarding PD-L1 
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expression status was derived from the prior study. However, studies into expression of PD-L2, 

TIM3+ and LAG3+ lymphocyte counts in these NSCLC samples were performed on the TMA 

described using IHC techniques described in table 6.1. Taking a 5% cut off, there was no difference in 

the rates of PD-L1 positivity rates between the two malignancies (Fisher’s exact test p = 0.65) but 

when we considered the PD-L1+hi group separately, a significantly higher proportion of NSCLC 

patients were found to be PD-L1+hi than MPM patients. For PD-L2, we found a significant higher rate 

of positivity (negative vs positive; p<0.0001) amongst MPM patients as compared to NSCLC. We 

found 4.5% of MPM patients to be PD-L2+hi but none on the NSCLC cohort. Comparison of the 

presence of TIM3 positivity and LAG3 positivity between the two malignancies also showed 

significant differences (Table 6.5). 

Table 6.5: Comparison of the expression of some checkpoint receptors and ligands 

in NSCLC and MPM 

Marker Number 
evaluated 

NSCLC N (%) Number 
evaluated 

MPM N (%) P value 

PD-L1 PD-L1- 420 237 (56) 309 181 (58.2) <0.0001¥ 

PD-L1+ 83 (20) 100 (32.2) 

PD-L1+hi 100 (24) 30 (9.6) 

PD-L2 PD-L2- 461 411 (89) 306 231 (69) <0.0001¥ 

PD-L2+ 50 (11) 60 (17.9) 

PD-L2+hi 0 (0) 15 (4.5) 

TIM3 *TIM3- 438 175 (39.9) 297 80 (27) 0.0003α 

TIM3+ 263 (60.1) 217 (73) 

LAG3 *LAG3- 330 274 (83) 297 290 (99.7) <0.0001α 

LAG3+ 56 (17) 7 (0.02) 

*TIM3/LAG3 positive lymphocytes ≥5% of cells in the core.  ¥ p value from chi square test, α p 
value from Fisher’s exact test. 
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6.5 Discussion 

 Here, we broaden the search for biomarkers within the MPM immune microenvironment. Over 

and above our assessment of PD-L1 expression and its correlations with CD4+ and CD8+ lymphocytes 

described in chapter 5, we also examined the expression of PD-L2, the other known ligand of the 

checkpoint receptor PD-1. Additionally, we explore the expression of other checkpoint molecules 

TIM3 and LAG3 which are gaining prominence as immunosuppressive agents. We found that a large 

proportion of MPM express PD-L2, nearly all show TIM3 expression in the infiltrating lymphocytes 

but LAG3 expression is very minimal. PD-L1+/+hi patients were more likely to be PD-L2+ and more 

likely have high expression of TIM3 but, more interestingly, we found that their expression could be 

mutually exclusive. For the first time, we demonstrated that the morphological assessment of TILs 

on H&E slides can act as an independent poor prognostic factor in MPM. Combining our assessments 

of the different immunological markers in MPM, we demonstrated that MPM samples were divisible 

into “hot” tumours (characterised by high infiltration by lymphocytes but also high expression of PD-

L1, PD-L2 and TIM3), “cold” tumours (low TILs and low/no expression of PD-L1, PD-L2 and TIM3). We 

found non-epithelioid MPMs more likely to be “hot” than epithelioid MPMs.  

Drugs designed to disrupt the PD-1/PD-L1 axis and therefore prevent PD-1– mediated T-cell 

inhibition are monoclonal antibodies directed against PD-1 or PD-L1. Anti–PD- 1 antibodies 

(nivolumab, pembrolizumab) should block PD-1 binding to both of its ligands, PD-L1 and PD-L2, 

whereas anti- PD-L1 antibodies (atezolizumab, avelumab) should be selective in preventing PD-1 

binding to PD-L1, maintaining the ability for PD-1 to interact and bind to PD-L2. Agents from both 

these classes are being used in checkpoint inhibition therapy in multiple malignancies including 

MPM.172,268 Although preclinical studies in mice have shown that in vivo administration of either 

anti–PD–1 or anti–PD-L1 antibodies inhibited the growth of myeloma cells and solid tumours, and 

prevented the metastatic spread of melanoma and colon cancer cells,341reported studies of the use 

of these two subclasses in lung cancer seem to suggest a difference in their activity in favour of PD-1 

inhibitors.342In mesothelioma, the disease control rates (DCR)  of pembrolizumab (76-80%)266,343have 
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been reported as compared to DCR of 56%172with avelumab. Although these results are very 

preliminary, they certainly necessitate a closer look at the expression of PD-L2 and its interaction 

with other components of the immune microenvironment. Our results suggest that a significant 

proportion of MPM express PD-L2. PD-L1 inhibitors leaving the PD-L2 free to interact with PD-1 and 

therefore allowing the PD-1 axis to continue its immunosuppressive action could at least in part 

explain the failure of anti – PD-L1 therapy even in PD-L1+ patients. Additionally, the presence of PD-

L2 positivity could also be one of the factors responsible for activity of anti- PD-1 treatment seen in 

PD-L1- patients.  

PD-L2 expression as a prognostic marker has been studied in several malignancies as discussed 

previously. We found that while PD-L2+/+hi patients had worse OS on univariate analysis; this 

variable did not remain significantly associated with OS on multivariate analysis. Significant 

association of PD-L2 expression status (like PD-L1) with tumour histology (PD-L2+/+hi with non-

epithelioid MPM) suggests that effect of PD-L2 on survival is probably a function of this association 

rather than a real influence on OS. Further studies into this on independent patient cohorts may 

shed more light on this.   

TIM3 is emerging as an important checkpoint with preclinical data suggesting that TIM3 

blockade may be efficacious alone304 and also in combination with PD-1 blockade.300,304 Our finding 

of expression of TIM3 in a vast majority of MPM patients suggests this pathway may be an important 

immune evasion mechanism in MPM. This is important as it presents TIM3 blockade as a viable new 

strategy for checkpoint inhibition therapy in MPM. This widespread expression of TIM3 could 

probably also be the reason why only a small proportion of MPM patients mount an effective 

immune response to PD-1 blockade alone. Our finding that PD-L1 and PD-L2 positive patients are 

more likely to have high TIM3 expression suggests a role for combined PD-1/PD-L1 and TIM3 

blockade. Like Marcq et al.310before us, we found very little expression of LAG3 in MPM. This 
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probably suggests this pathway is not utilised for immune evasion in MPM and so LAG3 blockade 

may not be a viable option in this malignancy. 

Our findings demonstrate that MPM tumours have differing immunological milieu with samples 

broadly definable into “hot”, “warm” and “cold”. The immunological characteristics of the tumour 

are most closely related to histotype.  Sarcomatoid MPMs are more likely to be “hot” and epithelioid 

MPMs are more likely to be cold. This would suggest that sarcomatoid MPMs are the best targets for 

immunotherapy. Also, importantly we found that although expression of PD-L1, PD-L2 and TIM3 

track each other, in a significant proportion of patients, their expression are mutually exclusive. This 

would imply that a comprehensive assessment of expression of the different checkpoint receptors 

and their ligands would be necessary to tailor the checkpoint inhibition therapy for individual 

patients. This could also help guide combination checkpoint therapy in the future. The composite 

assessment may also be a better predictor than PD-L1 alone and as such this needs to be evaluated 

in MPM patients treated with anti- PD-1/anti- PD-L1 therapy. 

The negative prognostic implication of TILs seen in our cohort is in stark contrast to previous 

studies in breast330,331
 and lung cancers.334 One disadvantage of assessment of TILs on routine H&E 

sections is that although a good assessment of the degree of infiltration can be made, it does not 

delineate different lymphocyte subsets that might differ greatly in their roles in anti-tumour 

immunity. Also it offers no information on their functional status. Our research described in this 

chapter and in the previous one show MPM tumours have high infiltration with CD8+ and CD4+ T 

lymphocytes. However, the near universal expression of TIM3 suggests TILs in MPM might in fact 

represent accumulation of exhausted lymphocytes unable to mount an effective immune response 

to the cancer. Although, validation in independent cohorts would be necessary, TILs assessment may 

provide an important prognostic marker in MPM. 

Presence of TLS in our cohort unlike other immunological markers was not associated with MPM 

histotype and was independent of expression of PD-L1, PD-L2 and TIM3. Presence of TLS was 
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independently associated with better survival. The prognostic role of TLS has been described in 

other solid malignancies and so it is not surprising that it is associated with favourable prognosis in 

MPM.336 Whether it has a role as a predictor for checkpoint inhibition therapy in MPM could be an 

interesting question for a future study.  

With the expansion of our knowledge of immunosuppressive mechanisms utilized by cancer, it 

has become clear that multiple checkpoint receptors and their ligands are likely in play in the tumour 

microenvironment.344 Available literature suggests response to checkpoint inhibition therapy is not 

uniform across tumour types. While lung cancer along with melanoma has shown significant 

response, the success in mesothelioma has been modest at best.166The mutational burden and 

therefore the availability of cancer neoantigens has been suggested as a possible reason for the 

differences in response.235 Whether differences in the checkpoint expression landscape amongst 

cancers could also influence susceptibility to individual inhibitors would be an interesting and 

important question to answer. Our results show differences in expression patterns for PD-L1, PD-L2, 

TIM3 and LAG3 between lung cancer and MPM. This could suggest these tumours may use different 

pathways for immune evasion and therefore could benefit from different approaches in terms of 

choice of the checkpoint inhibitor. 

Our findings on the expression on TLR3 expression in MPM validated results of a smaller prior 

study.265Given the noted ability of TLR3 agonists to induce PD-L1 positivity,329 and our finding that its 

expression is higher amongst epithelioid MPMs, it may represent an opportunity to induce PD-L1 

expression in PD-L1- tumours and possibly enhance their susceptibility to anti- PD-1/anti- PD-L1 

treatment. Future lab based studies would be required to explore this avenue further. 

Macrophages are known to be particularly abundant in the tumour microenvironment and 

present at all stages of tumour progression. Existing literature suggests that these macrophages 

generally play a pro-tumoural role and can stimulate angiogenesis and enhance tumour cell invasion, 

motility and intravasation.345 Therapeutic success in targeting these pro-tumoural roles in pre-clinical 
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models and in early clinical trials suggests that macrophages are attractive targets as part of 

combination therapy in cancer. Investigating the abundance and types (M1 vs M2) of macrophages 

in the MPM microenvironment would be an interesting extension to our present study. Similarly, it 

would also be prudent to study MDSCs and their role. We have uncovered interesting and 

potentially important biomarkers in TILs and TLS. Further investigations in independent cohorts need 

to be done to validate our findings and also to explore any predictive role for TILs and/or TLS in 

patients with MPM receiving checkpoint inhibition. 

As the use of checkpoint inhibition therapy in treatment of MPM grows, the ability to profile the 

tumor immune infiltrate before, during, and after treatment with these immunomodulatory agents 

is likely going to be very important. They will be needed to improve patient care; to select 

appropriate immunotherapies for a given patient, and to advance our understanding of the complex 

cellular interactions occurring in the tumor microenvironment in response to these therapies. 

Recently described methods to quantitatively assess the immune cell composition and phenotype of 

the bulk tumor microenvironment using flow ctyometry on FNA biopsies346 and digital enumeration 

of inflammatory leukocyte infiltrates using single cell RNA-seq data347,348 are important advances in 

this direction. 

Our extended exploration of the tumour immune microenvironment in MPM described in this 

chapter outlines the pattern of expression of PD-L2, TIM3, LAG3 and TLR3 in a large cohort of MPM. 

Significant expression of PD-L2 and TIM3 in MPM suggests that checkpoint inhibition therapy in 

MPM possibly needs to be tailored according to the expression profile of these markers along with 

that of PD-L1. These data also strengthen the argument for combination checkpoint inhibition rather 

than single blockade of PD-1/PD-L1 axis in MPM. 
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Chapter 7: Genome-wide copy number aberrations in 

MPM, correlation with tumour histology, immune 

characteristics and patient survival. 

7.1 Introduction 

Identification of driver mutations and development of targeted therapies against them have led 

to the improvement in the outlook for several cancers including lung cancer and melanoma. Recent 

reports also suggest that mutational load and load of neo-antigens of tumours determine response 

to checkpoint inhibition therapy. 235,236 In a cancer like MPM with limited effective therapeutic 

options,349 a comprehensive understanding of the genetic alterations that drive it would be very 

important for the development and successful application of personalised therapeutics.  

Genomic studies have been conducted in MPM before.27,28,55,350,351 Loss-of-function mutations in 

CDKN2A, NF2 and BAP1 have been reported.28,351,352 Also, previous studies have reported copy gains 

and copy losses involving multiple regions of the genome. 28,351–353 Germline mutations in BAP1 have 

been found to predispose carriers to MPM.354 However, other than the study by Bueno et al.55 which 

analysed transcriptomes (n = 211), whole exomes (n = 99) and targeted exomes (n = 103) from 216 

MPMs, all previous studies have typically been small scale. These prior studies provide considerable 

insight into the genomic aberrations that are common in MPM and transcriptome analysis 

conducted by Bueno et al. defined distinct molecular subtypes with prognostic implications. 

However, to date genomic alterations that could be considered driver events have not been 

identified.56 No attempt has yet been made to correlate the genomic aberrations in MPM with the 

immunological milieu which could in turn help predict response of these tumours to immune based 

therapies. 

As discussed in chapter one, section 1.4, MPM results from the accumulation of a number of 

acquired genetic events. The complexity of the genetic changes involved in this malignancy was first 
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demonstrated by use of karyotyping techniques.25 Relative to the other solid malignancies, we now 

know that the mutational load of MPM is low.55One amongst a myriad of possible mechanisms of 

asbestos carcinogenesis in the pleura is the ability of the fibres to cause genomic disruption.  

Asbestos fibres that are taken up into the mesothelial cells can physically interfere with the mitotic 

process of the cell cycle by disrupting mitotic spindles. Tangling of asbestos fibres with 

chromosomes or mitotic spindles may result in chromosomal structural abnormalities and 

aneuploidy of mesothelial cells.9It is therefore not surprising that starting from early studies using 

chromosomal banding technologies, multiple clonal chromosomal abnormalities have 

consistently been shown in mesothelioma.25,355–357 All chromosomes have been seen to 

contribute to numerical changes, and losses were more common than gains25. The most 

frequents events observed in MPM are deletions in 1p21-22, 3p21, 4, 6q14-25, 9p21, 13q, 

14q, 15q15, 17p13, and 22q3. Monosomy 22 is the most frequent numerical change37,355,356. 

However, even as our knowledge of the extent of these recurrent copy number events in 

MPM has grown, comprehensive understanding of their clinical and prognostic implications 

is still lacking. The relative rarity of the disease and lack of large scale studies into genome 

wide copy number aberrations in well characterised datasets have limited our knowledge. 

Parts of the research described in this section has been published in the Journal of Thoracic 

Oncology in the article titled “The Immune Microenvironment, Genome-wide Copy Number 

Aberrations, and Survival in Mesothelioma.”269 
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7.2. Aims and objectives 

The aims of the research described in this section were: 

1) To conduct an exploratory study of the genome wide CNA in MPM genome using OncoScan 

2) To correlate extent and pattern of CNA in MPM genome with clinical and pathological 

covariates  

3) To study differences in extent and pattern of CNAs between different histotypes of MPM 

4) To correlate the extent and pattern of CNAs with the immunological milieu of the tumour 

especially PD-L1 expression and level of infiltration with CD4+ and CD8+ lymphocytes 

7.3 Specific methods 

Copy number analysis was performed on the FFPE derived DNA of 113 patients out of which 100 

samples passed strict quality control measures described in the methods section 2.12.2. This analysis 

was performed in two cohorts named the test (n = 68; QC passed = 63) and validation (n = 45; QC 

passed = 37) cohorts. A list of samples and their QC status is given in table 7.1. 

Table 7.1: QC results of individual samples. 

Sample Name Cohort MAPD ndSNPQC Unmet Threshold Accepted/Rejected 

1B Test 0.20 45.95   Accepted 

2B Test 0.31 15.80 MAPD & ndSNPQC Accepted 

3B Test 0.53 5.99 MAPD & ndSNPQC Rejected 

4B Test 0.19 47.42 ndSNPQC Accepted 

5B Test 0.29 16.80 ndSNPQC Accepted 

6B Test 0.19 50.34   Accepted 

7B Test 0.45 7.88 MAPD & ndSNPQC Rejected 

8B Test 0.24 26.53   Accepted 

9B Test 0.19 42.55   Accepted 

10B Test 0.24 21.34 ndSNPQC Accepted 

11B Test 0.24 47.94   Accepted 

12B Test 0.34 13.06 MAPD & ndSNPQC Accepted 

13B Test 0.28 19.58 ndSNPQC Accepted 

14B Test 0.29 13.70 ndSNPQC Accepted 

15B Test 0.22 36.83   Accepted 
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16B Test 0.19 51.36   Accepted 

17B Test 0.27 9.52 ndSNPQC Accepted 

18B Test 0.24 28.49   Accepted 

19B Test 0.20 37.78   Accepted 

20B Test 0.20 38.86   Accepted 

THA703A1 Test 0.20 39.46   Accepted 

THA703A2 Test 0.30 22.90 ndSNPQC Accepted 

THA703A3 Test 0.22 41.20   Accepted 

THA703A4 Test 0.25 41.20   Accepted 

THA703A5 Test 0.21 43.84   Accepted 

THA703A6 Test 0.24 31.10   Accepted 

THA703A7 Test 0.21 45.35   Accepted 

THA703A8 Test 0.21 43.72   Accepted 

THA703A9 Test 0.27 28.82   Accepted 

THA703A10 Test 0.22 41.57   Accepted 

THA703A11 Test 0.23 36.89   Accepted 

THA703A12 Test 0.24 42.80   Accepted 

THA703A13 Test 0.26 21.93 ndSNPQC Accepted 

THA703A14 Test 0.29 28.31   Accepted 

THA703A15 Test 0.24 26.73   Accepted 

THA703A16 Test 0.21 40.76   Accepted 

THA703A17 Test 0.27 25.69 ndSNPQC Accepted 

THA703A18 Test 0.23 42.04   Accepted 

THA703A19 Test 0.24 31.38   Accepted 

THA703A20 Test 0.21 36.00   Accepted 

THA703A21 Test 0.30 13.08 ndSNPQC Accepted 

THA703A22 Test 0.21 32.01   Accepted 

THA703A23 Test 0.26 26.98   Accepted 

THA703A24 Test 0.30 6.31 MAPD & ndSNPQC Rejected 

THA703A25 Test 0.29 24.65   Accepted 

THA703A26 Test 0.49 8.11 MAPD & ndSNPQC Rejected 

THA703A27 Test 0.32 20.64 ndSNPQC Accepted 

THA703A28 Test 0.32 16.43 MAPD & ndSNPQC Accepted 

THA703A29 Test 0.28 23.76 ndSNPQC Accepted 

THA703A30 Test 0.33 17.67 MAPD & ndSNPQC Accepted 

THA703A31 Test 0.28 22.76 ndSNPQC Accepted 

THA703A32 Test 0.30 25.23 ndSNPQC Accepted 

THA703A33 Test 0.28 27.08   Accepted 

THA703A34 Test 0.41 13.43 MAPD & ndSNPQC Rejected 

THA703A35 Test 0.33 23.60 MAPD & ndSNPQC Accepted 

THA703A36 Test 0.33 24.53 MAPD & ndSNPQC Accepted 

THA703A37 Test 0.29 25.19 ndSNPQC Accepted 

THA703A38 Test 0.30 19.86 MAPD & ndSNPQC Accepted 

THA703A39 Test 0.31 20.03 MAPD & ndSNPQC Accepted 

THA703A40 Test 0.34 14.62 MAPD & ndSNPQC Accepted 
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THA703A41 Test 0.29 24.21 ndSNPQC Accepted 

THA703A42 Test 0.37 12.99 MAPD & ndSNPQC Accepted 

THA703A43 Test 0.38 12.07 MAPD & ndSNPQC Accepted 

THA703A44 Test 0.31 15.64 MAPD & ndSNPQC Accepted 

THA703A45 Test 0.29 24.85 ndSNPQC Accepted 

THA703A46 Test 0.32 18.87 MAPD & ndSNPQC Accepted 

THA703A47 Test 0.44 7.12 MAPD & ndSNPQC Rejected 

THA703A48 Test 0.30 5.03 MAPD & ndSNPQC Accepted 

77 Validation  0.25 34.84   Accepted 

80 Validation 0.27 20.87 ndSNPQC Accepted 

81 Validation 0.28 19.55 ndSNPQC Accepted 

82 Validation 0.29 19.11 ndSNPQC Accepted 

83 Validation 0.25 13.78 ndSNPQC Accepted 

84 Validation 0.26 30.08   Accepted 

86 Validation 0.27 30.43   Accepted 

87 Validation 0.30 18.93 ndSNPQC Accepted 

88 Validation 0.26 28.76   Accepted 

89 Validation 0.30 15.16 MAPD & ndSNPQC Accepted 

90 Validation 0.29 22.14 ndSNPQC Accepted 

92 Validation 0.25 21.75 ndSNPQC Accepted 

93 Validation 0.28 18.25 ndSNPQC Accepted 

94 Validation 0.27 24.77 ndSNPQC Accepted 

95 Validation 0.25 22.49 ndSNPQC Accepted 

96 Validation 0.27 22.02 ndSNPQC Accepted 

97 Validation 0.25 22.78 ndSNPQC Accepted 

100 Validation 0.29 24.66 ndSNPQC Rejected 

101 Validation 0.27 27.43   Accepted 

103 Validation 0.30 15.97 ndSNPQC Accepted 

104 Validation 0.31 20.15 MAPD & ndSNPQC Accepted 

105 Validation 0.33 14.81 MAPD & ndSNPQC Accepted 

106 Validation 0.24 30.92   Accepted 

107 Validation 0.27 19.83 ndSNPQC Accepted 

110 Validation 0.50 5.23 MAPD & ndSNPQC Rejected 

111 Validation 0.25 29.52   Accepted 

112 Validation 0.31 20.48 MAPD & ndSNPQC Rejected 

115 Validation 0.29 24.28 ndSNPQC Accepted 

116 Validation 0.29 20.08 ndSNPQC Rejected 

117 Validation 0.24 28.87   Accepted 

120 Validation 0.27 18.18 ndSNPQC Accepted 

121 Validation 0.22 30.81   Accepted 

122 Validation 0.25 3.45 ndSNPQC Accepted 

123 Validation 0.25 27.05   Accepted 

124 Validation 0.25 26.21   Accepted 

128 Validation 0.23 27.00   Accepted 

129 Validation 0.25 23.47 ndSNPQC Accepted 
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130 Validation 0.46 8.91 MAPD & ndSNPQC Rejected 

131 Validation 0.23 33.68   Accepted 

132 Validation 0.31 16.73 MAPD & ndSNPQC Rejected 

134 Validation 0.25 39.13   Accepted 

135 Validation 0.24 36.01   Accepted 

136 Validation 0.26 23.05 ndSNPQC Accepted 

137 Validation 0.30 22.24 ndSNPQC Accepted 

138 Validation 0.31 20.48 MAPD & ndSNPQC Rejected 

Abbreviations: MAPD, median of the absolute values of all pairwise differences;  ndSNPQC, 
SNP quality control of normal diploid markers 

We found the copy number profile of both these cohorts to be similar with no significant 

difference in the PGA (Figure 7.1). They were therefore combined and all further analyses were done 

with the two cohorts coalesced.  

 

Figure 7.1: Comparison of the structural aberrations in the test and validation cohorts 

A: Boxplot comparing PGA in the test and validation cohorts. B: Histogram showing p-values from 
Fisher's exact test comparing CNA proportions in the two sample cohorts for each CNA segment, 
none are significant after correction for multiple testing 

7.4 Results 

7.4.1 Percent genome alteration (PGA) 

PGA taken as a proxy for genomic instability was calculated for each sample the total count of 

base pairs involved in copy number gains or losses divided by the total length of the genome in base 

pairs 358 PGA in individual samples ranged from 0.1% to 55.5% (median = 15.2). Percent genome lost 

(PGloss) ranged from 0.10 to 52.60 (median = 11.55) and percent genome gained (PGgain) ranged 
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from 0 to 42.2 (median 2.44). Quantitative information on the PGA seen in individual samples is 

presented in Table 7.2. 

Table 7.2: Genome wide copy number status of individual samples. 

Sample ID Gains Losses Number of CNAs PGA PGgain PGloss 

1B 12 38 50 1.184567 0.092850853 1.09171573 

2B 17 56 73 27.97605 2.937121788 25.0389293 

4B 89 39 128 21.1564 15.82596568 5.330438378 

5B 28 88 116 25.95723 1.614056522 24.34317125 

6B 7 77 84 2.218389 0.135255336 2.083133747 

8B 17 73 90 21.36984 2.092355364 19.27748289 

9B 2 16 18 0.618046 0.026516807 0.59152917 

10B 147 224 371 20.29841 5.239180621 15.05923216 

11B 10 53 63 3.971501 0.435540058 3.535961357 

12B 4 16 20 14.83787 2.375671371 12.46220095 

13B 105 23 128 2.234304 1.719971224 0.514333107 

14B 178 377 555 43.83755 7.430509635 36.40704312 

15B 85 60 145 3.261164 1.268293264 1.99287119 

16B 29 46 75 6.411825 0.773133319 5.63869212 

17B 103 148 251 55.50028 2.894208565 52.60606813 

18B 181 280 461 21.74848 4.548390631 17.20009099 

19B 1 52 53 6.032807 0.001714129 6.031092924 

20B 4 62 66 2.330295 0.060129902 2.270164649 

THA703A1 3 21 24 6.767875 0.853798474 5.914076115 

THA703A2 177 171 348 25.25468 8.520101312 16.73457393 

THA703A3 84 235 319 9.379761 1.974911673 7.404849399 

THA703A4 138 106 244 20.34287 7.245338472 13.09753046 

THA703A5 17 75 92 22.26908 0.828960191 21.44012326 

THA703A6 68 106 174 13.41938 1.182845218 12.23653219 

THA703A7 40 78 118 28.93678 3.670594729 25.26618536 

THA703A8 40 144 184 22.37841 0.786034026 21.59237543 

THA703A9 102 432 534 29.9217 1.477398549 28.4442967 

THA703A10 92 86 178 20.02464 5.627904852 14.3967359 

THA703A11 207 233 440 13.0521 3.157880634 9.894222033 

THA703A12 106 114 220 4.864879 1.389158425 3.475720495 

THA703A13 104 184 288 23.26275 6.648532908 16.6142213 

THA703A14 10 84 94 47.75738 6.701006716 41.05637095 

THA703A15 131 392 523 24.18361 2.678357564 21.50525524 

THA703A16 36 64 100 17.44502 2.139170236 15.30584757 

THA703A17 350 516 866 27.04196 8.664442058 18.37751762 

THA703A18 11 52 63 20.70058 0.222412602 20.47817077 

THA703A19 1 24 25 19.05166 0.051706108 18.99995409 

THA703A20 186 126 312 9.932943 4.524095705 5.408847098 
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THA703A21 112 37 149 6.013619 5.009127927 1.004490632 

THA703A22 0 92 92 13.74313 0 13.7431258 

THA703A23 220 141 361 24.86617 7.985638924 16.8805326 

THA703A25 76 92 168 19.26211 1.513342733 17.74876288 

THA703A27 186 63 249 21.00345 14.42725611 6.576192731 

THA703A28 178 52 230 9.824377 5.434839227 4.389538261 

THA703A29 88 34 122 2.62195 1.775660296 0.846289456 

THA703A30 171 130 301 11.94648 5.157051531 6.789427864 

THA703A31 5 28 33 11.76981 0.390214719 11.37959062 

THA703A32 38 74 112 3.63179 0.814072336 2.81771747 

THA703A33 30 113 143 9.483131 1.122494224 8.360636637 

THA703A35 0 3 3 0.11911 0 0.119109624 

THA703A36 5 14 19 0.407782 0.060517163 0.347264424 

THA703A37 14 168 182 20.23088 0.444039526 19.78684093 

THA703A38 4 21 25 6.443587 0.202965084 6.240621744 

THA703A39 159 108 267 26.20674 7.227354507 18.97938231 

THA703A40 128 67 195 21.59429 3.312275693 18.28201666 

THA703A41 5 69 74 4.839531 0.22459942 4.614931647 

THA703A42 0 3 3 0.109082 0 0.109082183 

THA703A43 58 249 307 39.54254 3.678216269 35.86432285 

THA703A44 112 87 199 27.91431 21.85592124 6.058393529 

THA703A45 50 203 253 24.44119 0.862619697 23.57856743 

THA703A46 14 52 66 14.76856 3.249423776 11.51913165 

THA703A48 6 6 12 10.66825 10.54438466 0.123866919 

77 45 57 102 11.50931 0.464396178 11.04490888 

80 116 188 304 29.50119 17.80840205 11.69279263 

81 9 35 44 12.94209 0.164450041 12.77764116 

82 220 171 391 13.73795 8.96313327 4.774815937 

83 55 138 193 30.99963 6.533011017 24.46662324 

84 108 351 459 31.49184 5.379403218 26.11243896 

86 0 35 35 18.19138 0 18.19137985 

87 0 17 17 2.489206 0 2.48920621 

88 259 439 698 24.63907 5.863161773 18.7759038 

89 338 100 438 51.49524 42.26516909 9.230068385 

90 0 93 93 23.16325 0 23.16324887 

92 3 25 28 12.15402 0.603116398 11.55090509 

93 152 48 200 13.63272 9.409008086 4.223712422 

94 72 88 160 26.59455 7.117487028 19.47706125 

95 66 80 146 26.35131 7.188020762 19.16328452 

96 179 152 331 8.879157 3.537616101 5.341541314 

97 95 62 157 9.312365 6.786798863 2.525566151 

101 57 94 151 33.38652 2.443444393 30.94307478 

103 52 52 104 3.231343 1.731855758 1.499487723 

104 2 20 22 0.858551 0.018103915 0.840447232 

105 288 283 571 22.96565 8.091060537 14.87458721 



140 
 

106 47 46 93 1.806498 0.735982408 1.070515099 

107 189 278 467 16.72772 3.856239409 12.87148336 

111 5 41 46 12.49197 0.17253391 12.31943364 

115 226 132 358 12.43656 3.307431568 9.129126745 

117 242 250 492 16.36176 7.019776877 9.341979272 

120 136 27 163 38.86617 34.99372779 3.872445239 

121 37 42 79 14.60825 2.924648728 11.68360321 

122 170 107 277 13.201 7.968532248 5.232470829 

123 98 182 280 13.24443 5.707978103 7.536447798 

124 356 114 470 10.72242 7.803797076 2.918619551 

128 64 33 97 17.14934 7.616514578 9.532829869 

129 41 129 170 16.09739 1.444956959 14.65243529 

131 11 31 42 20.69314 3.124049411 17.56909351 

132 233 140 373 15.61395 6.206094766 9.407859882 

134 1 31 32 10.0341 0.001714129 10.03238474 

135 8 122 130 13.79799 0.157778309 13.64021279 

136 8 32 40 14.39146 0.184583339 14.20687362 

137 11 34 45 15.72904 0.276144363 15.4528957 

Abbreviations: PGloss, percent genome lost; PGgain, percent genome gained 

7.4.2 Relationship of age of the sample to copy number aberrations 

Our samples came from a very wide time span (1988-2014). Fixation methods for FFPE samples 

and people actually doing the fixation would have changed over time. A major concern was if the 

age of the sample and fixation methods used would have an effect on our assessment of the 

structural aberrations in the MPM genome. When samples were divided into three groups based on 

the date of their collection (before 2000, from 2001-2009 and 2010 and after), we found no 

statistically significant difference between these temporal groups in the PGA (ANOVA test p = 0.08) 

and also the absolute number of CNAs (ANOVA p = 0.8) (Figure 7.2). The samples that failed quality 

check too were almost uniformly distributed between these groups. 
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Figure 7.2: Sample age and its effect on PGA and copy number changes 

A: Boxplot comparing PGA of samples belonging to different time periods 
B: Boxplot comparing no of CNAs detected in sample belonging to different time periods   
 

7.4.3 PGA, tumour histology and clinical covariates 

Despite epithelioid MPMs being associated with better OS, we found that in our cohort 

epithelioid MPMs had a higher PGA than non-epithelioid MPMs (Figure 7.3). However, we found no 

correlation of PGA with history of asbestos exposure, age of the patient and stage of the disease at 

diagnosis.  We explored if there was a difference between histotypes with regards to PGloss and 

PGgain. While we found that non-epithelioid MPM had significantly lower PGloss than epithelioid 

MPM (9.239 ± 1.147 vs 14.31 ± 1.380; p = 0.01), there was no difference between histotypes with 

respect to PGgain (4.831 ± 1.120 vs 4.222 ± 0.7906; p = 0.44).  
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Figure 7.3: Correlation of PGA with different clinicopathological covariates. 

A: Boxplot comparing PGA between epithelioid and non-epithelioid MPMs 
B: Boxplot comparing PGA between the sexes 
C: Boxplot comparing PGA between patients who did and did not have a clear history of asbestos 
exposure 
D: Boxplot comparing the PGA between different clinical stages of MPM in our cohort 
 

7.4.4 PGA and OS 

Patients were dichomatised based on their PGA. They were divided between the lower third and 

upper two thirds. When controlled for age and stage at diagnosis, patients with higher PGA had 

significantly worse OS. Since we know that histology strongly effects survival and is also related to 

PGA from our results described in the preceding paragraph, we repeated the same survival analysis 

amongst only the epithelioid MPMs and found that in this cohort too, patients with greater PGA had 

worse outcome (Figure 7.4). We further sought to explore the effect of PGloss and PGgain taken 

separately on OS. When divided by tertiles (lower third and upper two third), higher PGloss was 

associated with significantly worse outcome amongst epithelioid MPMs and tended towards worse 

OS in the whole cohort. PGgain was not found to be associated with OS (Figure 7.4)  
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Figure 7.4: Prognostic implication of PGA in MPM. 
A: KM curves comparing survival in PGA groups in whole cohort and the #Cox-PH P-value 
controlling for age and stratified by histology. PGA is divided between the lower and two upper 
tertiles. B: KM curves comparing survival in PGA groups in epithelioid MPM. C: KM curves 



144 
 

comparing survival in PGloss in whole cohort controlling for age. D: KM curves comparing survival 
in PGloss groups in epithelioid MPM. E: KM curves comparing survival in PGgain in whole cohort 
controlling for age. F: KM curves comparing survival in PGgain groups in epithelioid MPM. 

 

7.4.5 PGA and immune characteristics of the tumour 

We found no difference in the PGA of PD-L1– and PD-L1+ patients (Figure 7.5). However, 

patients who were PD-L2 +/+hi had a significantly lower PGA. Also, we found that lower PGA 

correlated significantly with higher infiltration with CD4+, CD8+, FOXP3+ and TIM3+ lymphocytes 

(Figure 7.6). We repeated these analyses with only epithelioid MPM and found that although in this 

cohort too, the correlation between lower PGA and higher infiltration with TILs was maintained, it 

was not statistically significant. This could be due to the lower number of patients analysed.  

 

Figure 7.5: Relationship between PGA and PD-L1 expression by tumour 

Boxplots comparing the PGA amongst patients with differing expression of PD-L1 on IHC.  
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Figure 7.6: Correlation of PGA with other immunological characteristics of the tumour 

A: Boxplot comparing PGA between patients who are PD-L2 negative and PD-L2 positive (+/+hi) 
and P values from t test. B: Boxplot comparing CD8+ cells in tumours with low (lower tertile) and 
high (upper two tertiles) PGA and P values from t test. C: Boxplot comparing CD4+ cells in tumours 
with low and high PGA and P value from t test. D: Boxplot comparing TIM3+ cells in tumours with 
low and high PGA and P value from t test 

7.4.6 Copy number profile and consensus clustering 

After collapsing copy number aberrations at contiguous genes in order to avoid multiple testing 

for all gene level analysis, we found a total of 11416 loci of CNAs in our 100 evaluable samples. Our 

analysis revealed a median of 147 (3-866) CNA per sample. Losses (median = 79; 3-516) were more 

common than gains (median = 57; 0-516). The chromosomal regions with the highest number of 

losses and gains in our cohort were as depicted in Table 7.3. Table 7.4 lists the twenty genes with the 

highest number of CNAs in our cohort. 
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Table 7.3: Chromosomal regions with highest percentage of loss/gains 

Losses (deletions) Gains (amplifications) 

Serial 
number 

Chromosome Region Percentage SN Chromosome Region Percentage 

1 22 
 

q12.3 
 

72.89 
 

1 8 
 

q24.3 
 

71 
 

2 9 p21.3 
 

67.8 2 7 
 

p11.2 67 

3 3 p21.2 61 3 17 
 

q25.3 64.4 

4 13 q12.11 57 4 1 
 

q21 57.9 

5 7 q11.22 49 5 12 q21 57.9 

6 16 p13.3 
 

49 6 15 
 

q21 53 

7 19 p13.2 49 7 3 q12 51 

8 15 q11.22 41 8 21 q22 51 

 

Table 7.4: Genes with greatest frequencies of CNAs in our cohort. 

Symbol Chromosome CNVs Gains Deletions 

CDKN2B-AS1 9 81 15 66 

CDKN2A 9 78 15 63 

LL22NC03-86D4.1 22 77 0 77 

LL22NC03-13G6.2 22 77 0 77 

C9orf53 9 76 13 63 

CDKN2B 9 76 14 62 

LARGE 22 76 0 76 

MYO18B 22 73 1 72 

CTA-125H2.2 22 72 1 71 

CTA-125H2.1 22 72 1 71 

7SK 22 72 1 71 

RP1-288L1.5 22 72 1 71 

RP1-288L1.4 22 72 1 71 

SEZ6L 22 71 3 68 

CTA-282F2.3 22 71 0 71 

RP1-272J12.1 22 71 1 70 

MTAP 9 70 5 65 

CTA-796E4.3 22 70 1 69 

CTA-796E4.4 22 70 1 69 

CTA-342B11.2 22 70 0 70 

 

All of the top 20 losses were localised to chromosome 22 (Table. 7.5) while the most frequent 

gains were localised in chromosomes 1, 3, 7 and 8 (Table 7.6). 
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Table 7.5: Top 20 genes with greatest frequency of deletions. 

Symbol Chromosome Deletions Gains CNVs 

LL22NC03-86D4.1 22 77 0 77 

LL22NC03-13G6.2 22 77 0 77 

LARGE 22 76 0 76 

MYO18B 22 72 1 73 

CTA-125H2.2 22 71 1 72 

CTA-125H2.1 22 71 1 72 

7SK 22 71 1 72 

RP1-288L1.5 22 71 1 72 

RP1-288L1.4 22 71 1 72 

CTA-282F2.3 22 71 0 71 

RP1-272J12.1 22 70 1 71 

CTA-342B11.2 22 70 0 70 

CTA-796E4.3 22 69 1 70 

CTA-796E4.4 22 69 1 70 

SLC5A1 22 69 0 69 

AP1B1P1 22 69 0 69 

RP1-127L4.7 22 69 0 69 

C22orf42 22 69 0 69 

RP1-90G24.8 22 69 0 69 

RFPL2 22 69 0 69 

Table 7.6: Top 20 genes with greatest frequency of gains. 

Symbol Chromosome Gains Deletions CNVs 

EGFR 7 54 4 58 

TG 8 53 1 54 

SLA 8 53 1 54 

WISP1 8 53 1 54 

NDRG1 8 51 1 52 

ST3GAL1 8 50 1 51 

NEK7 1 49 1 50 

ATP6V1G3 1 49 1 50 

CD200 3 49 0 49 

RP11-231E6.1 3 49 0 49 

BTLA 3 49 0 49 

ATG3 3 49 0 49 

SLC35A5 3 49 0 49 

CCDC80 3 49 0 49 

RP11-572C15.5 3 49 0 49 

CD200R1L 3 48 1 49 

RP11-629O1.2 8 48 1 49 

RP11-180K7.1 3 48 0 48 

PTK2 8 47 1 48 
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RP11-128L5.1 8 47 1 48 

 

We subsequently looked at the copy number status of some genes that have frequently been 

reported to be altered in MPM. The frequency and nature of copy number alterations seen in these 

genes in our cohort was as presented in Table 7.7. 

Table7.7: Copy number status of some commonly described MPM associated genes. 

Symbol Chromosome Gains Deletions CNVs 

NF2 22 1 49 50 

BAP1 3 2 37 39 

CDKN2A 9 15 63 78 

RBFOX1 16 7 57 64 

XRCC6 22 1 50 51 

LATS2 13 1 36 37 

MTAP 9 5 65 70 

DUSP7 3 2 34 36 

MYC 8 27 1 28 

ARHGDIA 17 37 2 39 

TP53 17 2 26 28 

 

When we used consensus clustering with 1000 repetitions to group patients based on their CNA 

profiles, two primary clusters were identifiable (Figure 7.7). Cluster 1 had a significantly greater PGA 

than cluster 2 (Wilcoxon test p = 9.5 x10-10). When broken down into PGloss and PGgain, we found 

that while cluster 1 had significantly greater PGloss than cluster 2 (Wilcoxon test p = 2.4x10-12), 

cluster 2 actually had greater PGgain than cluster 1 although the difference was not statistically 

significant (Wilcoxon test p = 0.08).  We also found a higher proportion of non-epithelioid MPMs in 

cluster 2 (Fisher’s exact test p = 0.03). The cluster classification however did not correlate with PD-L1 

expression status (Fisher’s exact test p = 0.76). Figure 7.7 demonstrates the copy number profile of 

individual samples and consensus clustering. 
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Figure 7.7: Consensus clustering based on copy number profile.   

 
A: Diagram showing the proportion of samples in each of the two clusters with copy number 
events (red = gain; blue = loss) in each chromosome.  
B: Heat map showing copy number status in individual samples. Each row represents a tumour 
sample and genomic regions are represented in columns (red = gain; blue = loss; white = no CAN).  
C: The bar graph displays the PGA in individual tumour samples. 
Abbreviations: CNA, copy number aberration; C1, cluster 1; C2, cluster 2; PGA, per cent genome 
aberration 
 

7.4.7 Relationship of copy number profile with tumour histology. 

We found that non-epithelioid MPM had lower PGA than epithelioid MPM. The copy number 

profile of the different histotypes taken individually was as represented in Figure 7.8.  
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Figure 7.8: Copy Number profile of different histological subtypes of MPM. 

Diagram showing the proportion of patients in each of the histological subtypes showing copy 
number changes in each of the chromosomes  

However, the absolute number of CNAs was not different between epithelioid and non-

epithelioid MPMs. Also there were no differences with regards to the numbers of copy number gains 

and losses (Figure 7.9).  
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Figure 7.9: Absolute CNA counts and its relation with tumour histology and survival 

A: Boxplot comparing number of CNAs in epithelioid and non-epithelioid MPMs B: Boxplot 
comparing number of copy number loss events in epithelioid and non-epithelioid MPMs C: Boxplot 
comparing number of copy number gain events in epithelioid and non-epithelioid MPMs. P values 
are from unpaired T tests. 

 

We then looked at the difference of incidence of individual CNAs between different histotypes. 

Although the frequency of many individual CNA events were found to be different among 

histologies, none were significant after correction for multiple testing. However, it was also noted 

that power of our analysis to reliably detect significantly different CNA frequencies amongst 

different MPM histotypes was low (Figure 7.10). A list of the top 20 genes in which the difference in 

frequencies of CNAs between histotypes that approached significance is presented in Table 7.8 
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Figure 7.10: Differences in CNA frequency between different MPM histotypes 

A: Histogram showing the distribution of Q-values from Fisher's exact test comparing CNA counts 
among tumour subtypes, none are significant after correcting for multiple testing. [A Q-value is a 
that has been adjusted for the false discovery rate (FDR). The False Discovery Rate is the 
proportion of false positives one can expect to get from a test. This is of special importance while 
running thousands of tests from small samples (which are common in fields like genomics). While 
a p-value of 5% means that 5% of all tests will result in false positives, a q-value of 5% means that 
5% of significant results will result in false positives.] B: Histogram showing the distribution of the 
power to detect differing CNA proportions between epithelioid and non-epithelioid tumours, the 
median is marked with a red line. 

Table 7.8: Genes with marginally significant differences in CNA frequency among 

tumour subtypes.  

Symbol Chromosome Q- value Epithelioid Biphasic Sarcomatoid 

MCAT 22 0.12 0.7 0.59 0.07 

TSPO 22 0.12 0.68 0.55 0.07 

TTLL12 22 0.12 0.7 0.55 0.07 

SCUBE1 22 0.12 0.68 0.55 0.07 

Z82214.3 22 0.12 0.68 0.55 0.07 

Z82214.2 22 0.12 0.68 0.55 0.07 

RP6-109B7.3 22 0.12 0.73 0.59 0.13 

RP6-109B7.2 22 0.12 0.73 0.59 0.13 

RP6-109B7.4 22 0.12 0.73 0.59 0.13 

RP3-439F8.1 22 0.12 0.67 0.55 0.07 

CERK 22 0.12 0.67 0.55 0.07 

GRAMD4 22 0.12 0.67 0.55 0.07 

CTA-29F11.1 22 0.12 0.67 0.5 0.07 

TBC1D22A 22 0.15 0.65 0.45 0.07 

HFE2 1 0.17 0.25 0.55 0 

RP11-
458D21.1 1 0.17 0.25 0.55 0 

U1 1 0.17 0.25 0.55 0 
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7.4.8 Relationship of copy number profile with survival 

 
Despite there being a significantly greater proportion of non-epithelioid MPMs in cluster 2, the 

cluster classification was not found to be prognostic with no statistically significant difference in OS 

between the clusters. We looked at the effect of each CNA on patient survival. After correction for 

multiple testing none of the individual CNAs were found to be significantly associated with survival 

(Figure 7.11). The P values derived from individual CNAs when arranged in ascending order ranged 

from 0.05-1 (Figure 7.11B). However, when their corresponding Q values were drawn, there were 

none that were <0.05 (Figure 7.11C). The power of our analysis to detect such an association was 

however found to be low with a median power of 0.7 (Figure 7.11D). 

 

Figure 7.11: Effect of cluster membership and individual CNAs on survival 

A: KM curves comparing survival between consensus cluster groups and the Cox-PH P-value 
controlling for age. B: Histogram showing the distribution of LogRank P-values for survival for each 
CNA segment. C: Histogram showing the distribution of LogRank Q-values for survival for each CNA 
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segment. D: Histogram showing the distribution of the power to detect a significant effect of a 
given CNA on survival through a Cox-PH regression. The red line indicates the median. 

A more focused survival analysis of the genes commonly associated with MPM and a group of 

top 20 GISTIC genes from our cohort revealed that loss of BAP1 was associated with better OS (HR = 

0.67; 95%CI: 0.41, 1.0; p = 0.05). Loss of MTAP (HR = 1.67; 95%CI: 1.08, 2.59; p = 0.02) and DMRTA1 

(HR = 1.92; 95%CI: 1.25, 2.97; p = 0.001) along with gain in CDK6 (HR = 2.01; 95%CI: 1.28, 3.15; p = 

<0.001) were found to be associated with poor prognosis on univariate analysis (Figure 7.12). 

However, we did find that the power of our analysis to detect a significant effect of a given CNA on 

survival through a Cox-PH regression was lower than ideal (Figure 7.11). 

 

Figure 7.12: Analysis of effect of commonly described MPM related genes and top GISTIC 

related genes with survival. 

A: Heat map showing the presence or absence of the expected CNA in select genes across patients 
with the corresponding Fisher's exact test P-value comparing the number of CNAs among tumour 
subtypes and corresponding hazard ratios and 95% confidence intervals. B: Forest plot showing 
hazard ratios of the top GISTIC genes in our cohort. 
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7.4.9 Correlation of individual CNAs with PD-L1 expression status 

We studied the frequency of individual CNAs for their correlation with PD-L1 status. After 

correction for multiple testing frequencies of none of the CNAs were found to significantly correlate 

with PD-L1 expression status. However, like with previous analyses, the power for detection of 

differences in frequencies of individual CNAs between PD-L1+/+HI and PD-L1- patients was low.   

 

Figure 7.13: Individual CNAs and PD-L1 status of tumours. 

A: Histogram of P-values from Fisher's exact tests comparing the number of patients with a CNA in 
each PD-L1 category for each locus. B: Q-values from Fisher's exact tests comparing the number of 
patients with a CNA in each PD-L1 category for each locus. C: Histogram showing the distribution 
of the power to detect differing CNA proportions between PD-L1 positive and negative tumours, 
the median is marked with a red line. 
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7.5 Discussion: 

Using genomic DNA extracted from FFPE samples of confirmed cases of MPM, we studied 

genome wide copy number aberrations in a substantially large cohort. This cohort was clinically well 

annotated and representative in terms of the proportion of histological subtypes. We found a large 

number of CNAs with significant variation between cases in terms of both the numbers and the 

extent (represented by the PGA) of these structural abnormalities. Contrary to expectation, 

epithelioid MPMs showed greater PGA than non-epithelioid MPMs and yet greater PGA was 

associated with worse OS. PGA was not found to correlate with age of the sample, sex of the patient, 

stage at diagnosis, history of asbestos exposure and PD-L1 status.   Neither absolute number of CNAs 

nor any individual CNA correlated with tumour histology, PD-L1 status and OS.  Loss of BAP1, MTAP, 

DMRTA1 and gain in CDK6 genes did show prognostic value on univariate analysis but none 

remained significant after correction for multiple testing.  

Array comparative genomic hybridization (aCGH), single nucleotide polymorphism (SNP) based 

arrays and second generation sequencing technologies are the  three main technologies presently 

being used for accurate and high-resolution genome-wide copy number variations mapping.35 Past 

studies into CNAs in MPM have used FISH,38conventional CGH,359–366 aCGH,25,355,356and next 

generation sequencing technologies like sequencing by synthesis27and whole genome sequencing.55 

Sequencing based technologies are theoretically able to provide base pair resolution of CNA events. 

However, there remain several obstacles to using only sequencing based methods for CNA mapping. 

At present, it is still relatively expensive to sequence a genome to the required depth of coverage for 

reliable detection of CNAs greater than 1 kb.367 Moreover, it is still difficult to execute large-scale 

genome-wide association type studies due to the limited sample throughput of current 2nd 

generation DNA sequencing formats. Furthermore, the requisite computational analysis pipelines for 

identifying CNAs from whole genome sequence data have immense hardware and software 

requirements. Although CGH has proven to be a useful and reliable research technique, the 

applications involve only gross abnormalities. The resolution of conventional CGH is a major practical 
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problem that limits its clinical applications. Because of the limited resolution of metaphase 

chromosomes, aberrations smaller than 5–10 Mb cannot be detected using conventional CGH.368 

Array CGH is a high resolution technique which overcomes many of these limitations. The standard 

resolution varies between 1 and 5 Mb, but can be increased up to approximately 40 kb. The greatest 

impediment to clinical application of aCGH has been the technical challenges encountered during 

the processing and analysis of FFPE samples. The aCGH data obtained from FFPE samples have 

previously found to be inconsistent and this has been attributed mainly to reduced integrity of DNA 

obtained therefrom.369 Early results of aCGH analysis of FFPE samples showed suboptimal sensitivity 

and specificity. Improvements in DNA extraction protocols, labelling techniques, and aCGH 

platforms have subsequently facilitated the analysis of FFPE samples in the research setting. 

However, reports in the literature indicate that one-third of FFPE specimens generate 

suboptimal aCGH results using standard methods.370 This is particularly relevant for older 

specimens such as those used in retrospective analysis.369
 Our entire sample cohort consists of 

FFPE blocks coming from a long span of time (1988-2014). The degradation of DNA caused by 

formalin fixation is well described.371,372 FFPE blocks are known to produce poor-quality results with 

many of the currently available SNP genotyping assays or NGS technologies.373  

Molecular Inversion Probe (MIP) belongs to the class of Capture by Circularization molecular 

techniques for performing genomic partitioning, a process through which one captures and enriches 

specific regions of the genome. The technology has been used extensively for large-scale SNP 

genotyping187 as well as for studying gene copy alterations374 and characteristics of specific genomic 

loci.  Key strengths of the MIP technology include its high specificity to the target and its scalability 

for high-throughput, whereby analyses where tens of thousands of genomic loci can be assayed 

simultaneously. Since the MIP probes can be applied directly to genomic DNA instead of shotgun 

libraries, low amount of sample DNA is required.187Also, MIP requires only 40 base-pairs of intact 

DNA giving it a distinct advantage when working with potentially degraded DNA from FFPE 
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samples.186  A recent study has demonstrated the success of MIP for copy number variation in 

formalin-fixed paraffin embedded samples.189 Using this technology, the authors found the 

performance of FFPE DNA was comparable to that obtained from matched fresh frozen tumour with 

only a modest loss of performance in FFPE.189 Therefore, in order to derive quality data regarding 

genome wide structural variations in our large cohort of MPM for whom archival FFPE samples were 

available, we chose to do the Oncoscan FFPE array which is a SNP array based on MIP technology 

from Affymetrix (Santa Clara,USA).  

Past investigations into CNAs in MPM have consistently demonstrated a sizeable number of 

structural aberrations of various lengths. Differences in the assay used to interrogate the CNAs, the 

types (patient tumour Vs cell lines) and numbers of samples have meant that the commonest 

chromosomal regions with CNAs have not always been consistent across studies. However, losses in 

9p, 22q, 3p, 1p, 6q, 13q, 14q and gains in 1q, 15q, 7q, 8q, 5p have been noted to be recurrent 

aberrations.  A brief description of the findings of past studies has been presented in Table 7.9. Our 

results closely resemble the previous studies in terms of the common chromosomal arms affected 

although losses of 7q, 16p and 19p and gains in 21q and 3q that have featured on the top losses and 

gains in our study have not been described in previous studies. The Oncoscan FFPE assay is a high 

throughput assay, able to assess a large number of loci simultaneously, it is therefore not surprising 

that we found a larger number and greater complexity of CNAs (3-866/sample) than previous CGH(1-

8/sample)360 and aCGH (0-40/sample)355 based studies. We believe that this, along with the 

reasonably large sample size in our study has enabled us to uncover CNAs which occur in a 

significant proportion of MPM patients, could be important in the pathogenesis, diagnosis or 

treatment guidance yet are easily missed in assays with limited resolution done on a limited number 

of samples. 
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Table 7.9: Common copy number aberrations described in previous studies. 

Authors 
Year 
reported  

Type of 
analysis 

No. of 
samples  

Type of 
sample 

Commonest 
gains Commonest losses 

Bjorkqvist 
et al.360 1997 CGH 18 patients 

1q,10q,15q, 
17q,19q 

9p,4q,6q,13q,14q,22
q 

Balsara et 
al.361 1999 CGH 24 cell lines 

5p,5q,7p,7q,
8q 

22q.15q,1p,13q,14q,
6q,9p 

Krismann 
et a.l362 2000 CGH 18 patients 1q,7q,15q 

1p,4p,4q,6q,9p,14q,
22q 

Kivipenas 
et al.359 2001 CGH 11 patients 

5p, 6p, 8q, 
15q, 17q, 
and 20 1p, 8p, 14q, and 22q 

Ascoli et 
al.363 2001 CGH 4 patients   

1p, 6q, 9p, 13q, and 
14q. 

Krismann 
et al.364 2001 CGH 90 patients 

8q,1q,7p,15
q 

9p,22q,4q,4p,14q,1p
,13q,3p,6q,10p,17p,
15q 

Lindholm 
et al.355 2007 aCGH 26 patients 17q 

9p,1p,3p,6q,9p,13q,
14q,22q,12q 

Taniguchi 
et al.356 2007 aCGH 22 

17 patient 
samples,9 
cell lines 

1q,5p,7p,8q,
20p 

1p,3p,4q,6q,9p,10p,
13q,14q 

Neragi-
Miandoab 
et al.357 2009 

karyoty
ping 40 cell lines   1p,3p,6p,9p,6q,22q, 

Takeda et 
al.38 2012 FISH 42 patients 5p, 7p, 8q 9p,1p,14q,22q 

Klorin et al. 
2013 

aCGH, 
SKY 10 Cell lines 

1q,5p,7p,8q,
9q,17q,20q 

 

3p,4,6q,8p,9p,10p,1
1p,12p,13q,14q,15q,
16q,18q,18,19p,22q 

 

Bueno et 
al.55 2016 

SNP 
array/ 
whole 
genome 95 patients 

RPTOR(17q),
BRD4 (19p) 

BAP1(3p), 
NF2(22q),CDKN2B(9
p), LATS2(13q) 

 

A novel finding of our study was that based on the copy number profile, MPM samples could be 

divided into two distinct clusters. On account of small sample sizes and limited resolution assays, 

such analyses would not have been feasible in previous studies. We conducted the CNA clustering to 

try and identify subgroups among patients that could predict outcome, identify structure within the 

groups that was not evident a-priori, or influence the effect of PD-L1 status on survival. We found 

these clusters differed significantly in terms of their PGA with cluster one harbouring greater 
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genomic alterations than cluster two. Also, we found a significantly greater proportion of non-

epithelioid MPMs in cluster two than in cluster one. The clusters however, did not significantly differ 

in terms of age, sex, history of asbestos exposure and PD-L1 expression. Although clustering did not 

identify informative subgroups, this may be due to lack of adequate power to detect the clinically 

relevant differences rather than absence of such differences. A similar consensus clustering on a 

larger number of samples may in fact uncover such differences. The success of clustering for 

identifying clinically important subgroups in previous studies375,376 suggests it is a worthwhile step in 

CNA analysis. Also, we think that the lack of such clusters is indeed an important negative result to 

communicate to the broad scientific community. 

We used PGA as a surrogate for the genomic instability and to summarise CNA status for a given 

patient. In other cancer types, it is strongly predictive of disease outcome.358 The advantage of using 

PGA in addition to individual CNAs is that it allowed us to test the general effect of genome 

instability rather than the effect of only a CNA at a particular locus, and it is better powered since it 

does not require multiple testing corrections. It is also more informative than the count of CNAs in a 

patient as it takes into account the size of aberrations as well as the number. We conducted a 

manual calculation of PGA rather than using the metric “percentage of genome changed” provided 

by the Nexus express software. The manual calculation makes it more transparent and easier to 

adjust than the metric provided by Nexus Express. Nexus Express does not explicitly indicate how it 

calculated percent genome changed, and does not allow any customisation prior to calculation. An 

important advantage to calculating PGA ourselves is that prior to calculation we are able exclude 

artefactual gains caused by the PAR region in males. We can also specify the events that contribute 

to PGA (eg copy number changes vs loss of heterozygosity), whereas the metric provided by Nexus 

Express does not specify the genomic events it incorporates. PGA is a well-established metric377,378 

and other groups have used this metric to quantify copy number burden and examine its association 

with clinical covariates.379 
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In our analysis, we found PGA to be prognostic. In keeping with expectation, we found that 

patients with higher PGA had poorer outcome. This was true even when only epithelioid MPMs were 

included in the analysis. This has been demonstrated previously in prostate cancer.358 In MPM, a 

direct study of the correlation between the levels of genomic instability and patient survival in large 

cohorts has not been reported. However, a small CGH based study incorporating six cases of 

deciduoid mesothelioma did report a better survival in patients with lesser (<2/sample) losses.366 

Our finding that PGA is in fact prognostic in MPM is important given the dearth of reliable prognostic 

markers in mesothelioma. It does however need to be further validated in independent cohorts in 

future studies.  

An intriguing finding in our study was that non-epithelioid MPMs demonstrated lower PGA than 

epithelioid MPMs. This would be considered counterintuitive considering sarcomatoid MPMs are 

known to be more aggressive and also our own findings have suggested that PGA is prognostic. We 

found that the absolute numbers of CNAs were not different between histologies; but, the total 

proportion of the genome that had been altered was greater in epithelioid MPMs. Although there 

were differences in the relative frequencies of copy number changes in a large number of loci, none 

of them actually reached statistical significance after correction for multiple testing. A CGH based 

study has previously sought to explore the differences in CNA number and patterns between 

epithelioid and sarcomatoid MPMs.364 Evaluating 27 predominantly epithelioid, 25 sarcomatoid and 

22 biphasic tumours, Krismann et al.364 found an average of 6.4, 6.4 and 5.8 copy number defects per 

sample in epithelioid, sarcomatoid and biphasic tumours respectively. They did however find that 

epithelioid tumours had greater numbers of losses in 3p21 (33%), 17p12 (26%) and 2p21 (15%) and 

gains in chromosome 7 (19%) relative to non-epithelioid tumours.  Similarly sarcomatoid 

mesothelioma showed greater frequencies of loss at 7q31 (21%), 18p11 (21%) and a5q (18%) 

relative to other tumours. In a recent comprehensive analysis of the mesothelioma genome, Bueno 

et al.55 using whole genome sequencing in 99 samples did not find any difference in somatic 

mutation rates between histotypes. Differences in our findings and those of Bueno et al. are likely 
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due to differences in our approaches and datasets.  It is important to realise that Bueno et al. 

analysed transcriptomes and exomes using NGS on frozen tissues. As our tissues were largely FFPE 

samples, we utilised the Oncoscan array to determine genome wide instability through copy 

number. As copy number and point mutations arise from distinct mutational processes, it is not 

surprising that patterns observed in one mutation class would not necessarily reflect the other. If 

MPM is a class-C tumour driven more strongly by CNAs than point mutations as suggested by the 

low mutation rate,55 our assessment of PGA would then be more likely to detect differences in 

genomic instability among subtypes than comparing point mutation rates. This is especially likely as 

the difference in genomic instability that we found was subtle (mean difference in PGA between 

epithelioid and non-epithelioid = 4.44 +- 4.34 (95% confidence interval). 

Our results seem to suggest the presence of differences in the copy number profiles (both 

numbers and patterns) between MPM histotypes. However, despite assessing a sizeable number of 

samples due to the large number of loci examined the power of the analysis was obviously not great 

enough to identify these subtle differences. Future larger studies or ones with coalesced data from 

multiple studies may be helpful in this regard. As to why the more aggressive non-epithelioid MPMs 

should have lesser PGA than epithelioid MPMs is a question that requires further study. One 

hypothesis could be that on account of the more indolent and prolonged course of growth, 

epithelioid MPMs may have had the time to acquire and accumulate more structural changes than 

the faster growing non-epithelioid variety. 

Understanding the genomic landscape (both point mutations and CNAs) has become even more 

important in this the age of immunotherapy. This is especially highlighted by recent reports in lung 

cancer and melanoma linking response to check point inhibitors with the mutational 

landscape.235,236Greater number of mutation generated neo-peptides leading to more visibility to the 

immune mechanism and therefore a more robust immune response is thought to be the reason of 

superior activity of check point inhibitors in tumours with higher mutation rates. We know that the 
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non-homologous recombination events that underlie changes in copy number allow generation of 

new combinations of exons between different genes by translocation, insertion or deletion, so that 

proteins might acquire new domains, and hence new or modified activities.380 A recent report from 

Swanton et al analysed the pattern of small insertion and deletions (indel mutations) across 19 solid 

tumour types (not including MPM) and found that renal clear cell carcinoma, renal papillary cell 

carcinoma, and chromophobe renal cell carcinoma have the highest indel rate as a proportion of 

their total mutational burden and the highest overall indel count and are enriched for mutant-

specific neoantigens. They also observed that indel number is significantly associated with 

checkpoint inhibitor response in melanoma.381 Some checkpoint inhibitors have demonstrated 

reasonable activity that in MPM170,172,268 despite the now proven low rates of somatic mutations in 

MPM. We therefore sought to find if indeed structural chromosomal aberrations, the more 

prominent genomic changes in the MPM genome show any correlation with the immune milieu of 

the tumour and therefore could be investigated prospectively for their ability to predict response to 

the immune based therapies in the future.  

Our results of this analysis showed mixed results with the level of genomic instability 

(represented by PGA) not correlating with PD-L1 status but correlating with PD-L2 status. Levels of 

CD4+, CD8+infiltration, and positivity with TIM3 were higher in samples with lower PGA. These 

findings however need to be assessed with caution as both lower PGA and higher infiltration with 

CD+, CD8+ and TIM3+ cells correlate with non-epithelioid histology. This association therefore may 

be a spurious one and would need validation in future independent cohorts. 

Our univariate analysis of the effect of copy number events in gene loci on OS suggests 

prognostic roles for some CNAs. Loss of BAP1 was found to be associated with better survival and 

gain of CDK6 together with loss of MTAP and DMRT1A were associated with poorer survival. Loss 

and/or inactivation by mutations of BAP1 have been described extensively in MPM 

before28,87,89,90,351,382–385 (discussed at length in chapter 8, section 8.1.3). While most previous studies 
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investigating BAP1 status (somatic mutations and copy number changes) have reported better 

prognosis for patients with BAP1 loss/mutations, this has not been a universal findings with 

Zauderer et al90 finding no effect on survival. However, almost all of these studies have been small 

scale. Our results on a relatively large cohort suggest BAP1 loss is potentially important and could be 

used in MPM prognostication. Since BAP1 expression status IHC has been shown to correlate with 

BAP1 gene status,87,382 we sought to further investigate this using IHC on our MPM TMA. Results of 

this have been presented and discussed in the next chapter. 

The cyclin dependent kinase 6 (CDK6) gene is located in chromosome 7q21 and codes CDK6 

which is a member of the cyclin-dependent kinase, (CDK) family and are known to be important 

regulators of cell cycle progression.386 This kinase is important for the G1 phase progression and 

G1/S transition of the cell cycle and has been shown to phosphorylate, and thus regulate the activity 

of, tumour suppressor retinoblastoma protein (Rb) making CDK6 an important protein in cancer 

development.387 As such, CDK6 and other regulators of the G1 phase of the cell cycle are known to 

be unbalanced in more than 80-90% of tumours. Although no mutations in CDK6 have yet been 

linked to a particular neoplasm in humans or mice, CDK6 is expressed at dramatically enhanced 

levels in human leukemia and lymphoma.388,389 Amplification of this locus has been previously 

reported in glioblastoma and pancreatic cancer.390,391CDK6 amplification has not been described 

before in mesothelioma. A study looking into the status of cell cycle associated genes in 4864 

tumours found no amplifications in the mesothelioma samples (n=36%). We found CDK6 

amplification in 45% of our samples. Also, CDK6 amplification was associated with poorer OS on 

univariate analysis. This is an interesting novel finding and one that could have implications on MPM 

therapeutics given that CDK6 inhibitors have been trialled in several human malignancies including 

in breast cancer.392 We have therefore endeavoured to validate our findings regarding CDK6 

amplification and to explore its correlation with clinicopathological covariates in chapter 8. 

https://en.wikipedia.org/wiki/Cancer
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The MTAP gene is located at chromosomal locus 9p21, flanked by CDKN2A and miR-31. MTAP 

has been described to be frequently deleted in many different cancers either alone or in co-deletion 

with CDKN2A and CDKN2B. Loss of MTAP expression can also occur due to methylation of the MTAP 

promoter.393 MTAP deletion is seen in 40% of glioblastomas; 25% of melanomas, urothelial 

carcinomas, and pancreatic adenocarcinomas; and 15% of non–small cell lung carcinomas 

(NSCLC).394 We found loss of MTAP in 63% of our samples. In a FISH analysis of 95 fresh frozen MPM 

samples Illei et al.395 found co-deletion of MTAP and CDKN2A in 67% of the samples. While this 

previous study did not investigate the prognostic implication of MTAP loss, we found that in 

univariate analysis, MTAP loss was associated with poorer survival. This association of MTAP loss  or 

loss of expression of MTAP on IHC with poor survival has been demonstrated in several other 

tumours like gastro-intestinal stromal tumours,396 carcinoma stomach.397  

The cellular function of the gene product methylthioadenosinephosphorylase (MTAP) is to 

cleave methylthioadenosine (MTA) to generate precursor substrates for methionine and adenine 

salvage pathways. Cells lacking MTAP are unable to salvage adenine or methionine from 

endogenous MTA. As a consequence, they are more sensitive to inhibitors of de novo purine 

synthesis such as methotrexate (MTX), 6-mercaptopurine, azaserine (a potent inhibitor of the initial 

step in purine biosynthesis) and L-alanosine than cells with intact MTAP, and are also more sensitive 

to methionine starvation.398 Strategies to exploit MTAP loss with methionine starvation or by 

inhibiting de novo purine synthesis have been tried.399 In a multicentre phase II study of L-alanosine 

(an inhibitor of adenine biosynthesis), 65 patients who were negative for MTAP IHC with various 

malignancies including 16 with MPM were treated with L-alanosine at starting dose of 80mg/m2 by 

continuous infusion for 5 days every 21 days. There were no objective responses but 5/13 (38%) of 

the evaluable mesothelioma patients had stable disease including two with prolonged stable disease 

lasting 7.5 and 15.2 months. Although this trial was largely considered negative, other avenues are 

being explored in therapy for MTAP deficient tumours.  Given the increased susceptibility of MTAP 

negative tumours to thiopurines, combinations of 6-thioguanine (6-TG) -a well-studied purine 
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analogue that has both anticancer and immune-suppressive activities with MTA has been 

proposed.400 

DMRT like family A1 (DMRTA1) is located in chromosome chr9p21.3.  The gene product DMRTA1 

is a transcription factor and along with DMRTA2 has been found to be highly expressed in 

telencephalon of rodent embryos. Studies show that DMRTA1 is a downstream gene of PAX6, a 

potent regulator of proliferation and differentiation of neural stem/progenitor cells. Once 

expressed, DMRTA1 promotes neuronal differentiation via regulation of NEUROG2.401 DMRTA 1 loss 

has been demonstrated in bladder carcinoma402and astrocytoma.403 In patients with multiple 

myeloma, mutation in DMRTA1 has been associated with increased incidence of oral mucositis in 

those receiving stem cell treatment.404 No prior literature detailing the prognostic implications of 

DMRTA1in cancers is available. The role (if any) of this novel CNA in the pathogenesis and 

prognostication of MPM may be an interesting research avenue in the future. 

Our study of the copy number profile was extensive allowing us to investigate the status of a 

large number of gene loci. Optimum clinical annotation of the cohort enabled us to study the 

clinicopathological correlation of the aberrations discovered.  However, there were several 

limitations of our study. The retrospective nature of the study meant that we did not have matched 

samples of normal pleura or blood accompanying the FFPE. A study of the CNAs in these samples 

would have enabled us to select out the truly somatic aberrations in the MPM genome. Also, given 

that our samples came from a very long time span, the methodologies of FFPE fixation would 

understandably differed between samples. This could potentially have impacted the results of our 

study. Unfortunately this was not something we could have controlled for. 

High per sample cost of the assay and significant attrition of the samples due to poor quality 

FFPE derived data lead to restriction of the sample size for which genome wide copy number 

analysis data was available to 100. Our analyses of the differences of copy number profile amongst 

different MPM histotypes, association of CNAs with survival and PD-L1 status suffered from 
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significantly inadequate power to detect these differences. Larger studies in the future may be able 

to uncover them. An important advantage of our analysis was that although we did not have 

matched normal tissue or DNA, almost all (320/329) of our patients had not received prior 

chemo/radiotherapy prior to acquisition of the tissue sample included in the study. 

In conclusion, our study of the copy number profile of a well annotated set of MPM patients 

demonstrated a large number of CNA events with significant variation between samples and MPM 

histotypes. We confirmed most previously described prominent CNAs but more importantly 

uncovered new ones like CDK6 amplifications and DMRTA1 loss which may be important in MPM 

prognostication and therapeutics. We found that greater degree of genomic instability confers a 

worse prognosis in MPM independent of histology but neither degree of genomic instability nor any 

specific CNA correlates with the immunological milieu. 
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Chapter 8: Investigating common CNAs in MPM and 

validation of the ONCOSCAN data 

8.1 Introduction 

Our assessment of the genome-wide copy number profile of MPM revealed many recurrent 

CNAs; some of which have been described before (loss of BAP1, CDKN2A, NF2 etc.) and others that 

have not (gain in CDK6, loss of DMRTA1). Available and emerging literature suggests that these may 

be useful as diagnostic60,88,89,405 and prognostic60,87,406,407 markers for MPM and some (CDK6, MTAP) 

may represent potential objects for development and application of targeted therapy.392,399,408–410 

These data on the genome-wide copy number profile are interesting, potentially important and 

possibly useful.  

Reproducibility of whole-genome copy number data generated using the OncoScan assay has 

been demonstrated previously.372 However, OncoScan is a high throughput technique querying the 

copy number status of a large number of genes. Therefore cross-validation of the findings and a 

more focused assessment of individual genes are important. Using the entire cohort of MPM 

patients on our TMA, we sought to validate our findings from the 100 cases profiled on OncoScan. 

These 100 cases were also included on the TMA enabling direct correlation of results using an 

independent method. As it was not possible to validate the large numbers of CNAs detected 

individually, we endeavoured to cross-validate key genes including the losses in CDKN2A and 

amplifications in CDK6. We used FISH assays to query the status of these genes. These particular 

genes were chosen based on the availability of high quality validated commercial probes for these 

genes and also on their prognostic implications seen on our CNA analysis.   

Our findings on OncoScan with regards to alterations in BAP1, CDKN2A and NF2 are in line with 

reported literature in MPM. They are in fact the most commonly altered genes in MPM. Although 

some studies have been conducted into these CNAs and their clinical implications, they are still 
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understudied. Assessment of protein expression of BAP1 and merlin using IHC has been a popular 

surrogate for analysis of the status of these genes; CDKN2A status has mostly been studied using 

FISH. Loss of BAP1 expression has been found to be associated with epithelioid histology and better 

survival.58,87,89,411 IHC evaluation for BAP1 loss has also been proposed as a specific marker to 

differentiate MPM from reactive pleuritis.88,89,412 Low expression of cytoplasmic merlin was found to 

be an independent prognosticator for shorter recurrence free survival.407 CDKN2A loss has been 

projected as a useful marker to differentiate MPM from atypical reactive pleural hyperplasia.405,413,414 

However large scale studies into these markers and comprehensive assessment of their 

clinicopathological correlates have not been accomplished. To comprehensively explore the 

clinicopathological correlations of these common and important CNAs, in addition to the copy 

number analysis described in chapter 7 we conducted an IHC analysis of the expression of BAP1, 

CDKN2A (p16) and NF2 (merlin) and also a  FISH assessment for CDKN2A and CDK6 . 

8.1 Commonly altered genes in MPM 

8.1.1 Cyclin-dependent kinase inhibitor 2A (CDKN2A)/alternative reading 

frame (ARF) gene 

CDKN2A is the most frequently inactivated TSG in human mesothelioma. CDKN2A/ARF is located 

at chromosome 9p21.3 and CDKN2A encodes p16INK4a with exon 1α, 2 and 3, whereas ARF encodes 

p14ARF with exon 1β, 2 and 3 with an alternative open reading frame. p16INK4a controls the cell 

cycle via the cyclin-dependent kinase 4/cyclin D retinoblastoma protein pathway, whereas p14ARF 

regulates p53 through inactivation of the human ortholog of mouse double minute 2 (MDM2), which 

is an upstream regulator of p53. Thus, homozygous deletions of CDKN2A/ARF indicate the 

inactivation of two major tumour suppressing pathways of retinoblastoma and p53 in the cell. 

Because the targeted deletion region of 9p21.3 is often large, other genes located in the same gene 

cluster such as CDKN2B (p15INK4b) and MTAP are also co-deleted, which are thought to be 

responsible for granting more malignant phenotype to MPM cells. Meanwhile, although Tp53 is the 
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most frequently inactivated TSG in human malignancies, only a limited number of cases show a Tp53 

mutation. The inactivation of both p16INK4a and ARF has been suggested to cooperate to accelerate 

asbestos-induced tumorigenesis in vivo.415 Gene therapy studies aimed at p16INK4a / p14ARF gene 

reactivation in order to restore the functions that are lost when this is mutated have shown that 

reactivating the gene in mesothelioma cells induces cell cycle arrest, an inhibition of pRb 

phosphorylation, and a decrease in cell growth. All of these modifications may therefore be related 

to an increase in survival, an increase in the levels of p53 protein, and a shift towards cellular 

apoptosis.416,417 

8.1.2 Neurofibromatosis 2 (NF2) 

NF2 is a tumour suppressor gene located on chromosome 22q12 that code for the merlin 

protein (Moesin ezrin radixin like protein). Loss of NF2 function occurs in about 40% of patients with 

MPM. The role of NF2 loss/mutation in the pathogenesis of MPM was first described in 1995 

by Sekido et al. and Bianchi et al.39,418 Recent studies have provided more evidence.38,40 This 

causes loss of contact inhibition and increased tumour cell proliferation and migration 

through interactions with a myriad of downstream effectors.40 In studies with mouse 

models, heterozygous germline inactivation of one copy of NF2 has been shown to 

consistently accelerate asbestos-induced MPM onset, providing experimental evidence 

implicating merlin loss as an important event in MPM igenesis.419 

8.1.3 BRCA1-associated protein 1 (BAP1) 

BAP1 is a tumour suppressor gene located on chromosome 3p21 and encodes the BAP1, 

a deubiquitinating enzyme that seems to regulate DNA damage response, and the cell cycle. 

BAP1 alterations have been shown to be important in several cancers besides MPM like 

metastasizing uveal melanoma and renal cell cancer.42,383 In 2011, two seminal papers 

described two putatively distinct cancer-related syndromes characterized predominantly by 



171 
 

melanocytic tumors or mesothelioma, along with uveal melanoma and linked them to germline 

BAP1 mutations.351,420 The discovery of certain families in the Cappadocia region of Turkey 

with high preponderance of MPM and the presence of germline mutations in BAP1 has led 

to the belief that it may represent genetic susceptibility to MPM especially when such 

individuals are exposed to asbestos or erionite.354 Somatic mutations too have been seen in 

up to 23% of sporadic mesothelioma and heterozygous/homozygous loss of BAP1 gene 

containing 3p21 region have also been reported with a suggestion that these alterations 

may be specifically related to epitheloid rather than non epitheloid mesotheliomas.41,89,421 

Despite the frequent alterations of the BAP1 gene, the association with prognosis has not 

been conclusively proven with a study even suggesting that high level of expression of wild 

type BAP1 actually correlated with poor prognosis.58 

8.2 Aims 

The aims of the research described in this section were 

1) To validate the CNAs seen in CDKN2A (loss) and CDK6 (gain) using FISH. 

2) To study the loss of BAP1, CDKN2A and NF2 expression using IHC, corroborate IHC findings 

with copy number status and explore their correlations with clinicopathological covariates. 

8.3 Specific methods. 

8.3.1 IHC for BAP1, CDKN2A and NF2 

The general methodology for IHC was as described previously in the methods chapter, section 

2.6. A brief description is as presented in table 8.1. Scoring was done independently by me and 

Assoc. Prof Prue Russell with good interobserver agreement (Kappa scores depicted for individual 

stains) 
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Table 8.1: Brief description of the IHC used in this chapter 

Antibody Manufacturer Catalogue 
number  

Antigen Retrieval  Incubation 
time/temp 

Controls Assessment 

BAP1  Santa Cruz (Santa Cruz 
biotechnologies, 
Dallas, Texas, USA) 

sc-28383 Waterbath, 97˚C 
for 45 minutes 
TRS buffer Ph 9 

4˚C overnight Placenta, internal 
control, stromal 
cells 

≥5% of tumour cells with nuclear staining were 
considered positive 
Exclusively cytoplasmic staining were 
disregarded and considered negative

87
 

CDKN2A Roche (Roche Holding 
AG, Basel, 
Switzerland) 

725-4713 15 minutes  in 
microwave TRS 
buffer Ph 9 

4˚C overnight Ovary >5% of tumour cells with nuclear and/or 
cytoplasmic staining were considered positive 

NF2 Santa Cruz 
biotechnologies 

Sc-331 15 minutes  in 
microwave Citrate 
buffer Ph 6 

4˚C overnight Testis The staining intensity was semi-quantitatively 
scored 0 (negative), 0.5-1 (weak), 1.5-2 
(moderate), or 2.5-3 (strong). The percentage 
of cells having any positivity was proportionally 
scored 
0 (0%), 0.1 (1-9%), 0.5 (10-49%), or 1.0 (50% 
and more) as previously 
described

407
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8.3.2 FISH analysis for CDKN2A and CDK6 

Detailed description of the methods used has been described on the methods section. Brief overview is as presented in table 8.2. 

Table 8.2: Brief description of methodology of FISH for CDKN2A and CDK6. 

Gene Catalogue no  Manufacturer of probes 
used 

Probes Examined under Calling criteria 

CDKN2A Vysis probes 
(04N61-020) 

Abbott Molecular (Des 
Plaines, IL, USA) 

Spectrum green- Cep 9 
Spectrum orange- locus 
specific probe for CDKN2A 

Nikon Eclipse PS4-
214 

Ratio of average of orange/green signals was 
calculated

422
 

no loss =>0.8-1.2 
heterozygous loss = 0.1-0.8  
homozygous loss = ≤0.1  

CDK6 CDK6-20-OR Empire genomics 
(Buffalo, NY, USA) 

Spectrum green- Cep7 
Spectrum orange- locus 
specific probe for 7q21.2 

Nikon Eclipse PS4-
214 

Amplification was defined as  
CDK6:Cen7 (control) ratio of ⩾1.2 

423
or 

>2.4 copies 
of CDK6 (independent of control locus)

422
  

Average Cen7≥2.25 = polysomy 
Average Cen7≥5 = high polysomy 
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8.4 Results 

8.4.1 BAP1 IHC 

Of the 329 samples on the TMA, BAP1 IHC was evaluable in 317. There was good inter-observer 

correlation (Kappa score = 0.82). Taking nuclear staining in ≥ 5% malignant cells as positive and 

disregarding purely cytoplasmic staining, we found loss of BAP1 expression in 126 (29%). Patients 

with loss of BAP1 expression were more likely to be younger age (63.95 ± 9.9 years vs 67.26 ±10.26 

years; p = 0.006) and of epithelioid histological subtype (chi- square test p <0.0001). However, it was 

not associated with stage of the disease, sex, physiological status and PD-L1 expression status.  

8.4.2 CDKN2A (p16) IHC 

Expression of p16 was evaluable in 325 samples. Inter-observer correlation between BT and PR 

was good (Kappa = .80). Loss of p16 expression was found in 103 (23.8%). Loss of p16 expression was 

commoner in non-epithelioid MPM (Chi-square p = 0.03) but there was no relation with the age of 

the patient, sex, stage at presentation, physiological status and PD-L1 expression.   

8.4.3 NF2 IHC 

Merlin expression was evaluable in 328 samples. Low nuclear expression was seen in only 38 

samples (8.8%) and low cytoplasmic expression was seen in 11 (2.5%). Expression of merlin in either 

location was not associated with age, sex, stage of the disease, physiological status and PD-L1 

expression.  Representative pictures of BAP1, CDKN2A (p16) and NF2 (merlin) IHC are presented in 

Figure 8.1. 
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Figure 8.1: Representative pictures of the IHC assessment of BAP1, CDKN2A and NF2 

A: BAP1 negative (some cytoplasmic staining, no nuclear staining) B: BAP1 positive C: CDKN2A 
negative D: CDKN2A positive E: NF2 negative F: NF2 staining mostly in the nucleus G: NF2 staining 
mostly in the cytoplasm 

8.4.4 FISH assessment of CDKN2A 

CDKN2A FISH was evaluable in 310 samples. Loss of CDKN2A gene (homozygous and 

heterozygous) was found in nearly 56% of our samples (Table 8.3). Representative pictures of the 

FISH assessment of CDKN2A are presented in Figure 8.2. There was a correlation between the p16 

IHC and status of CDKN2A on FISH (spearman r =0.22; CI 0.11-0.33; p < 0.0001). There was no 

correlation between the CDKN2A gene status FISH and age, sex, stage of disease, physiological status 

and PD-L1 expression status. There was good correlation between FISH and CNA by Oncoscan for 

CDKN2A with 91% of the 97 cases in which had both FISH and OncoScan results available (Table 8.4) 
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Figure 8.2: Representative pictures of the FISH for CDKN2A.  
Blue colour (DAPI) delineating the nucleus. Green signals represent the centromere probe for 
chromosome 9 and the red (orange) signals represent the locus specific probe for CDKN2A. 
A: Normal (2 green and 2 red signals- red arrows) B: Heterozygous loss (2 green and 1 red signals – 
brown arrows pointing to cell with heterozygous loss) C: Homozygous loss (2 green signals and no 
red signals – white arrows pointing to cells with homozygous loss) 
 

Table 8.3: Status of CDKN2A in our cohort as assessed by FISH 

  Number Percentage 

Homozygous loss 111 35.8 

Heterozygous loss 61 19.6 

No loss 138 44.5 

Total 310 100 

 

Table 8.4: Cross tabulation between the results of FISH and OncoScan on the status 

of CDKN2A 

 
FISH result 

OncoScan result 

Loss No loss 

Loss (Heterozygous 
and Homozygous loss) 

55 5 

No loss 4 33 

Total examined 97 

The results of OncoScan and FISH were concordant in 88/97 (91%) of samples with Kappa score of 
0.804  
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8.4.5 FISH assessment of CDK6  

CDK6 status was evaluable in 320 samples. Representative pictures of the CDK6  FISH 

assessment are presented in Figure 8.3. Abnormality in CDK6 copy number was found in a total of 

27.2% patients. However, in nearly half of the patients, gain in CDK6 was also associated with 

polysomy of chromosome 7 (Table 8.5).  

 

Figure 8.3: Representative pictures from the FISH analysis for CDK6.  

Green signals represent the centromere probe for chromosome 7. Red signals represent the locus 
specific probe for CDK6 

A: Normal (2 green and 2 red signals – red arrows) B: Polysomy (multiple green and multiple red 
signals – brown arrows showing cells with polysomy) C: Amplification (2 green and multiple red 
signals – white arrows showing cells with amplification   
 

Table 8.5: Status of the CDK6 gene in our cohort 

 Number Percentage 

Normal 230 71.8 

Amplification only 47 14.6 

Amplification +polysomy 
Chromosome 7 

41 12.8 

Polysomy  only 2 0.006 

Total evaluable 320 100 
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Concordance between FISH and OncoScan for CDK6 was only 65% amongst the 97 cases where 

both results were available (Table 8.6). There was no relation between CDK6 status and tumour 

histological type (Chi-square test p = 0.23). 

Table 8.6: Concordance between the results of FISH and OncoScan on status of CDK6. 

 
FISH result 

OncoScan result 

Gain No Gain 

Gain 27 13 

No gain 20 37 

Total examined 97 

The results of OncoScan and FISH were discrepant in 29/97 samples i.e. the concordance rate was 
65% (kappa 0.316) 

 

8.4.6 Relationship between status of CDKN2A and CDK6 

Of the 304 samples in which FISH results for both CDKN2A and CDK6 were available, there was 

no relation between the two CNAs (Fisher’s exact test p =0.5) (Table 8.7). 

Table 8.7: Cross-tabulation of the status of CDK6 and CDKN2A in our cohort. 

 
CDK6 

CDKN2A 

Normal Lost 

Normal 103 124 

Gained 31 46 

Total evaluated 304 

 

8.4.7 Survival analysis   

On univariate analysis, BAP1 loss on IHC was associated with improved OS than normal BAP1 

expression (HR = 0.699; 95% CI = 0.55-0.87; Log Rank p = 0.003). CDKN2A loss on IHC was however 

associated with poorer survival (HR = 1.5; 95% CI = 1.2-1.6; Log Rank p = 0.015). Similarly, patients 

who had CDKN2A loss on FISH also had a worse OS (HR=1.6; 95%CI = 1.27-2.02; Log rank test 

p<0.0001). Neither the nuclear nor cytoplasmic expression of NF2 (merlin) were prognostic. Patients 

with CDK6 gain had an inferior OS than those who did not (HR= 1.33; 95% CI = 1.01-1.76; Log rank 

test p = 0.04) (Figure 8.4). Patients who had both CDKN2A loss and CDK6 gain had poorer OS than 

those in which either or both of the genes were normal (Figure 8.5) 
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Figure 8.4: Prognostic significance of BAP1, CDKN2A and CDK6 

A) K-M curve comparing OS between patients who do/don’t have BAP1 loss on IHC.  
B) K-M curve comparing OS between patients who do/don’t have CDKN2A loss on IHC.  
C) K-M curve comparing OS between patients who do/don’t have CDKN2A loss on FISH.   
D) K-M curve comparing OS between patients who do/don’t have CDK6 gain on FISH. 

 P values from Log rank test 
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Figure 8.5: Prognostic implications of CDK6 and CDKN2A CNAs.  
KM curve comparing the OS between patients with differing status of CDK6 and CDKN2A.  
 

On multivariate analysis, loss of CDKN2A on FISH and gain of CDK6 on FISH were found to remain 

significantly associated with poorer OS along with higher stage, non-epithelioid histology, and 

poorer physiological status on at presentation (Table 8.8). 

Table 8.8: Multivariate analysis of survival. 

Multivariate Analysis 

  P value 

Hazard 

Ratio 

95.0% CI for hazard ratio 

Lower Upper 

Female sex  .029 .670 .467 .959 

Higher ECOG score .000 1.338 1.148 1.560 

Non- epithelioid histological 

subtype 

.000 1.806 1.474 2.214 

Stage (I&II Vs III&IV) .007 1.268 1.068 1.505 

NLR (taken as a continuous 

variable) 

.001 1.040 1.016 1.065 

CDKN2A loss by FISH .001           1.57 2.06 1.21 

CDK6 gain by FISH .016 1.410 1.066 1.867 

ECOG: Eastern co-operative oncology score, NLR: neutrophil to lymphocyte ratio  

Both normal 
CDKN2A loss; CDK6 

normal 
CDKN2A normal; 

CDK6 gain 

CDKN2A loss; CDK6 
gain 
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8.5 Discussion 

We endeavoured to validate some of the CNAs demonstrated using the OncoScan platform 

detailed in chapter seven. Using FISH and IHC we also studied some commonly described MPM 

associated genes and studied their clinicopathological correlates. We demonstrated that while the 

losses in CDKN2A were easily validated by FISH, CDK6 gains revealed by OncoScan were more 

difficult to validate. BAP1 loss of expression was found to be commoner in younger patients with 

epithelioid histological type. Loss of CDKN2A protein expression and CDKN2A loss by FISH were both 

more common in non-epithelioid histological type. Merlin expression had no clear clinico-

pathological correlates. CDKN2A loss and CDK6 gain were found to be independently associated with 

poorer OS on multivariate analysis.  

Using predefined cut offs for loss (homozygous & heterozygous) and gains, we found 

concordance between OncoScan and FISH data in 88/97 (91%) of our samples for loss of CDKN2A but 

only 64/97 (65%) for gain in CDK6. The results of the FISH and OncoScan in terms of the proportions 

of patients likely to harbour the CNAs also matched more closely for CDKN2A (55.4% of 310 patients 

evaluated by FISH and 65% of 100 patients evaluated by OncoScan) than it did for CDK6 (26.5% of 

320 patients evaluated by FISH and 45% of 100 patients evaluated by OncoScan). We therefore 

found it more difficult to validate the gains seen in OncoScan than the losses. While this is intriguing, 

several previous publications have also indicated limited concordance between OncoScan and FISH 

with respect to gene amplifications.424,425 Several factors relating to FISH, OncoScan and 

extent/position of the amplification may be responsible for such discrepancies.  We used the 

OncoScan FFPE Express 2.0 which interrogates 335,000 markers for copy number changes. It has an 

increased density in the area of 200 tumour suppressor genes oncogenes with one probe per 0.5kb 

for the top 10 “actionable“ tumour suppressor genes, a median spacing of one probe per 2kb for 

190-plus actionable oncogenes but a median backbone spacing of one probe per 9kb.373 Also, a 

disadvantage of MIP technology on which OncoScan analyses are based is that it suffers from less 
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uniformity compared to other methods. This is because the probe design for each distinct genomic 

target is unique and thus the performance between individual probes may vary. 

FISH allows detection of the real amount of gene copies in relation to the chromosome number 

and can discriminate between gene amplification from high gene copy number due to polysomy. As 

such it could be considered the gold standard assay for queries into copy number status of individual 

genes. However, a drawback from using FISH is that the results are based on a limited number of 

cells (50 cells in our study) in contrast to OncoScan which analyses 80 ng of DNA, equating to ~13 

thousand diploid cells (1ng of DNA contains DNA from 167 diploid cells).425  CDK6 status could 

possibly vary in different regions of the analysed tumour section and throughout the specimen due 

to heterogeneity thus leading to discrepancy in results. Additionally, there is also the potential bias 

of the assessor in focusing on areas with better/clearer staining. Increased infiltration with 

lymphocytes was demonstrated in a large proportion of our samples as described in chapter six. 

Increased cellular density in the TMA cores with overlapping of cells was in fact responsible for 

adding an additional layer of complexity to our FISH assay and although we tried to avoid these 

areas (Figure 8.6), potential errors introduced by this factor cannot be completely ruled out.  
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Figure 8.6: Heavy infiltration of MPM and high cellularity a potential source of errors in 
FISH analysis.  

A: DAPI showing lymphocytes (smaller nuclei) packed amongst cancer cells (larger irregular 
nuclei). B: Lymphocytes intermingled amongst cancer cells making accurate counting of signals 
difficult. Larger cancer cells are marked with red arrows and closely placed lymphocytes 
masquerading as single large nuclei are shown with yellow arrows. 
 

Another possible reason for the imperfect correlation between the FISH data and our genomic 

copy number analysis could be the tumour cellularity for the samples used for genomic copy number 

analysis. We cored areas of tumour marked by the pathologist but given the differing levels of 

lymphocytic infiltration seen in our samples, it is possible that the tumour purity levels were not 

uniform across all samples used for the genomic analysis. 

Another challenge in trying to use FISH to validate the results of OncoScan is posed by the 

positions and the lengths of the segment of the chromosome that is amplified or lost. Such gains 

often involve large chromosomal segments sometimes including the centromere. This leads to 

increased number of both locus specific and centromere probe signals and may therefore mask 

amplifications.426 In our cohort, we did see patients with amplification of large segments of 

chromosome, which could be subject to this fallacy of FISH assessment. We also found samples with 

very short lengths of the genome amplified in this area (Figure 8.7). This could potentially mean that 
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not all amplifications in 7q21.2 were detected by the probe we used. A solution to this problem 

would be to use custom designed and potentially several different FISH assays to detect the different 

regions of amplifications. This approach however would be time consuming and costly while not 

guaranteeing the detection of all amplifications present.   

 

Figure 8.7: Extent and position of amplifications seen in 7q21.2 in our samples (position of 
CDK6-marked in grey bar).  
There was great variation in the size and positions of the amplified chromosomal region.  
 

We found loss of BAP1 protein expression to be associated with younger age, epithelioid 

histology and better survival. These findings are in complete agreement with previous reports.87–89 

However our assessment of the loss of BAP1 on IHC was lower than reported in most previous series 

of smaller cohorts (46-66%).58,87,88 This may be because the previous studies have described BAP1 

nuclear staining to be either uniformly positive or negative in cancerous cells and therefore have 

employed a binary system of positive/negative without a cut off. We often found focal positivity in 

cancer cells despite good staining in the stromal cells (internal positive control) and therefore 
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employed a previously described cut off (≥5%).87 This present study is the largest series to 

investigate BAP1 expression in MPM and validates findings of previous studies in terms of the 

favourable prognostic value of BAP1 loss. However, this association with a favourable prognosis may 

be more a function of BAP1 loss being more common in epithelioid MPMs. 

Very little literature is available on the IHC assessment of NF2 (merlin) in MPM. In a study 

involving two separate MPM cohorts, one of which had patients who had undergone induction 

chemotherapy followed by EPP (cohort 1; n = 145) and the other with patients who underwent EPP 

followed by intrapleural chemotherapy or adjuvant chemo/radiotherapy (cohort 2; n = 59) looked at 

the prognostic implications of merlin expression. Low cytoplasmic labelling in cancer cells was found 

to be associated with significantly poorer OS and PFS in cohort 1 with a similar non-significant trend 

in cohort 2. Lo Iocano et al.33 however, found no correlation of NF2 staining with any 

clinicopathological covariates in a study with 110 MPM patients. Our findings mirrored those of the 

latter investigators. Given that we have studied this in the largest cohort to date and also based on 

our findings from copy number analysis of NF2 described in the previous chapter it looks unlikely 

that loss of NF2 has any significant clinical correlates in MPM. 

Several previous small scale studies have demonstrated the poor prognostic implications of both 

loss of p16 expression on IHC and loss of CDKN2A on FISH analysis.91,92In a much larger cohort we 

were able to conclusively establish this not only in the whole cohort but also in the epithelioid sub-

cohort. These findings assume additional importance in light of our findings of the presence of CDK6 

amplifications in a sizeable proportion of MPM patients. Both these genes are involved in cell cycle 

control. CDK6/4 help to drive the progression of cells into the DNA synthetic (S) phase of the cell-

division cycle and CDKN2A encodes for p16INKa which is an inhibitor of the CDKs. Our findings 

suggest that patients who have both CDK6 amplification and CDKN2A loss represent an aggressive 

phenotype.  
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In conclusion, our finding of discordance between OncoScan and FISH for amplification in CDK6 

is concerning. While the problem may be specific to the locus studied here, the presence of previous 

studies reporting the same issue in different genes would suggest otherwise. FISH analysis being 

conducted into EGFR amplification by co-researchers in our group may also shed some more light on 

the issue. However, the presence of CDK6 amplifications which we have been able to demonstrate 

either alone or in combination with CDKN2A loss may present an opportunity for trial of CDK4/6 

inhibitors in MPM. This is an avenue that needs to be explored by future studies. It may provide a 

potential for targeted therapy in MPM; a disease in which successful targeted therapy has been 

elusive. 
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Chapter 9: General discussion, limitations and future 

directions  

MPM incidence continues to increase in many countries around the world.16 Numerous rapidly 

industrializing populous countries like India, Brazil, Russia and China continue to import and use 

asbestos.16 Even in countries which have banned import and use of asbestos, exposure during home 

renovations and ‘bystander’ exposures have ensured a new wave of MPM cases. Moreover, a lack of 

data for some of the world’s most populous countries, among other factors, obscures the true risk of 

asbestos exposure worldwide.16,62 It is therefore very likely that the current world wide burden of 

MPM is much higher than current estimates and that it is going to remain a significant problem for 

the foreseeable future.  

The diagnosis of MPM is still associated with dismal prognosis. The roles of surgery and 

radiotherapy in the treatment remain to be well defined. Standard of care is still chemotherapy with 

platinum derivate and anti-folate agents. Although the MAPS trial in front line setting showed 

improvement in OS in cisplatinum and pemetrexed combined with bevacizumab compared to 

cisplatin and pemetrexed, there have been very few recent treatment paradigm changing advances 

in MPM therapeutics.427 Failure to identify oncogene driver mutations that may be responsive to 

targeted therapies has meant that targeted therapy is yet to emerge as an effective treatment 

modality in MPM. Reported trials of immunotherapy in MPM have shown some activity of 

checkpoint inhibitors. However, it now becoming clear that better predictive markers will be needed 

to choose patients who are likely to respond and also to tailor immunotherapy to individual patients. 

Despite its worldwide prevalence and almost uniformly dreary outcomes, MPM remains an 

understudied disease. Lack of comprehensive knowledge of MPM molecular pathogenesis has no 

doubt been a contributor to the lack of effective targeted therapy options. Similarly, the limited 

understanding of the MPM tumour microenvironment has restricted the ability to effectively apply 

immunotherapeutic approaches to MPM treatment. This study was conducted with the objective to 
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comprehend the genomic changes in the MPM genome and also to define the tumour 

microenvironment. The endeavour was also to study any potential associations between them and 

to identify genomic changes that could affect the immunological milieu and possibly the suitability of 

individual patients to immunotherapeutic modalities. 

During the course of this research we started out by assembling a large cohort of MPM patients. 

We reconfirmed the diagnosis of MPM of every patient by re-evaluation of the tumour morphology 

and also re-examination of the IHC evidence. We then conducted a retrospective audit of 

demographics, clinical, pathological and outcome data of these confirmed MPM patients to 

characterise our cohort. Given the relative rarity of MPM, large prospective cohorts although ideal, 

are incredibly difficult to build in a short period of time. Large retrospective cohorts which are 

clinically well annotated are therefore valuable resources. We were able to put together this cohort 

with good clinical annotation and adequate good quality FFPE tissue. Using this resource, we were 

able to study several biomarkers related to MPM.  

Given that IHC plays a huge part in MPM diagnosis and characterisation, we used the tumour 

expression of calretinin which is a marker most widely used in MPM to characterize our cohort. We 

found the pattern and distribution of calretinin expression in our cohort to conform to previous 

reports with large cohorts.74,77 Additionally, we confirmed the positive prognostic implication of 

calretinin expression and also demonstrated a difference between histological subtypes with regards 

to expression. Our investigation into expression of caveolin-1 demonstrated it to be a reliable 

marker for MPM given its uniform expression in all histological subtypes. This finding is important as 

it could be helpful in the diagnosis of sarcomatoid MPMs which are known to often be negative for 

calretinin. Using a small cohort of lung adenocarcinomas, we were able to demonstrate very low 

positivity rates in these tumours therefore paving the path for potentially using caveolin as a marker 

to differentiate MPMs from lung adenocarcinomas metastatic to pleura.  
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Understanding the intricacies of the immunosuppressive mechanisms that tumours use to 

escape detection and elimination by the host immune system is now being recognised as the key to 

successful and precise application of immunotherapeutic modalities. Using IHC, we defined the 

immunological milieu in MPM. We found MPM tumours to vary widely in terms of their 

immunological profile. Immunologically ‘hot’ tumours were found to be associated with high 

expression of PD-L1 and PD-L2; they had more TILs but also higher expression of TIM3 on the TILs. 

Non-epithelioid MPMs were more likely to be ‘hot’ immunologically thus giving hope that this 

subgroup of MPM tumours with otherwise dismal prognosis may in fact be better targets for 

immunotherapy. 

Our investigations revealed that besides PD-L1, MPM also expresses PD-L2 in a significant 

proportion. Although the expression of PD-L1 and PD-L2 mostly tracked together, in nearly a third of 

the patients, their expression was independent of each other. LAG3 expression was sparse. There 

was widespread expression of TIM3 in TILs. These findings may at least in part explain the difficulty 

in matching PD-L1 expression status to response to anti-PD-1/anti PD-L1 treatment. By no means is 

assessment of the immune microenvironment in MPM complete or even comprehensive. Yet our 

findings are enough to suggest that prediction of susceptibility to immune checkpoint therapy 

cannot be based on PD-L1 expression status alone. A broader assessment of the expression of 

multiple checkpoints and their ligands may be better able to predict responses and may also aid in 

choosing the optimum individual or combination checkpoint inhibition. Our comparison of the 

expression of PD-L1, PD-L2, TIM3 and LAG3 in MPM and NSCLC demonstrates difference in their 

expression rates between these tumours. This is again an important finding and raises the question 

of whether differences in the expression of these checkpoint receptors and their ligands can at least 

in part explain the differences in the rates of response to checkpoint inhibitors. This information may 

also be paramount in choosing checkpoint inhibitor combinations in different tumours.  
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TILs as an independent prognostic factor are known to be associated with good outcome in 

many cancers including breast and lung. The fact that we found high infiltration with TILs to be 

negatively prognostic in MPM is counter intuitive yet interesting. Widespread expression of 

lymphocyte exhaustion markers TIM3 in these TILs in our cohort probably suggests they are inactive 

and unable to mount an immune response. A similar analysis of TILs and TIM3 in cancers where TILs 

are found to be positively prognostic might help us understand why the effect of having high 

infiltration with TILs in MPM is contrary to that in most other cancers. Whether the level of TILs can 

act as a predictive marker for checkpoint inhibition would be an interesting and important study to 

conduct.  

We conducted a comprehensive assessment of the copy number profile in a large number of 

patients. Other than confirming the frequent losses in CDKN2A, NF2 and BAP1, our analyses 

unearthed some previously undescribed CNAs like gain in CDK6 and loss in DMRTA1 which could 

hold diagnostic, prognostic and possibly therapeutic implications. Contrary to expectations we did 

not find individual CNAs which were associated with any particular histology, with history of 

asbestos exposure or survival. However, we did find that despite being associated with worse 

prognosis, sarcomatoid MPMs showed lower PGA. High PGA was associated with worse prognosis in 

both epithelioid and non-epithelioid histological subtypes. These are very important findings but 

ones that need further exploration in dedicated studies. 

In recent times the mutational burden has been linked to response to checkpoint inhibition. We 

looked for evidence of association of the copy number profile and individual CNAs with aspects of 

the tumour immune microenvironment specifically PD-L1 expression. Although the intuition was 

that tumours with greater PGA would have higher rates of PD-L1 positivity, we found no such 

association. We were unable to detect a significant association between any particular CNA and PD-

L1 positivity. While it may be possible that this is because no such associations truly exist, it may just 

as well be because our study was not powered enough to detect these associations.   
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For the first time in MPM, we revealed CDK6 amplification and also demonstrated its prognostic 

prowess. CDK6 is important for the G1 phase progression and G1/S transition of the cell cycle and its 

inhibitor, CDKN2A is one of the most frequently lost genes in MPM. We think this makes for 

compelling argument in favour of preclinical studies into the activity of CDK6 inhibitors in MPM. Our 

inability to validate a significant proportion of copy number calls on CDK6 made on OncoScan using 

FISH is concerning. Although, numerous factors related to FISH analysis in a morphologically difficult 

and diverse tumour such as MPM could be among the causes, we do think that there needs to be 

further interrogation and scrutiny of the ability of OncoScan to correctly identify CNgains. 

9.1 Limitations 

Retrospective studies are limited by a variety of important factors. Our study spans a total of 26 

years. In this duration, there have been many changes in multiple aspects of health care. Just to 

enumerate a few that could have potentially affected our results: 

1) Practices of collection, processing, fixation and storage of the FFPE samples have no doubt 

changed and improved over the years. The variation in how the tissue samples were initially 

handled could have affected the quality of the DNA obtained and therefore results of our 

copy number analysis. Additionally, whether there was any effect of this variable on IHC and 

its reading is not known. We assessed the age of the samples which had failed to yield 

satisfactory QC results for OncoScan but could not pin point any relation to age of the 

samples.  

2) Treatment paradigms undoubtedly changed over the period. This would have an impact on 

the patient outcomes and as such we did demonstrate that the OS of patients treated after 

2004 were better (likely coinciding with adoption of cisplatin + pemetrexed chemotherapy). 

This definitely means that the survival analysis needs to be interpreted cautiously. 

3) Lack of adequate recorded data on a host of clinical and treatment parameters did make 

assessment of their effects on survival difficult. Prominent among these were lack of 
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adequate data on staging imaging and on the chemotherapy and radiotherapy received 

when they were performed outside of the Austin hospital. 

A protocolled assessment and staging, protocol based treatment and follow up would probably 

have generated a more robust dataset. However, generation of a prospective cohort as large as the 

present one would be slow and difficult at best given the relative rarity of MPM.  

Our analysis of CNAs was performed solely on the tumour tissue cores. Being archival samples, 

matching normal tissues were not available to assess and compare the copy number profiles. This 

would have allowed us to select out the CNAs selectively seen in tumour. We have commenced 

prospective collection of tumour and normal tissue and this would enable us to do such comparative 

studies in the future.  

We conducted a large number of IHC evaluations in the course of these studies. Almost all were 

done on TMAs. Although we did take 1 mm cores in triplets from each sample, it is easy to see that 

IHC assessment from TMAs could yield different results compared to those from full face sections 

especially when the staining can be focal and sparse. This is an accepted limitation of use of TMAs 

and one that has to be balanced against the advantage it provides in terms of expedient and cost 

effective analysis of these IHC markers. In a cohort as large as ours, trying to do all markers on full 

sections would be very difficult, costly and slow. 

9.2 Future directions 

Targeted therapy and immunotherapy are now slowly being established as viable and effective 

treatment modalities in several cancers. It would be fair to say that these are the modalities which 

need to be explored further in an endeavour to develop newer treatment options in MPM. The focus 

in this thesis was therefore to conduct an explorative study of these two aspects of MPM. Our 

assessment of CNAs in MPM was comprehensive and yielded findings that could be of importance. 

However, contrary to expectation our analysis was not able to demonstrate cross links between 

CNAs and the immunological milieu. We do believe that such links exist. We have not been able to 
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study the difference in the levels or profile of somatic/germ line mutations between patients who 

have a “hot” immunological milieu from those who have a “cold” immunological milieu. We did try 

to do a targeted search for mutations in 50 genes that have been previously described in MPM. 

However, the DNA samples extracted from our FFPE samples were found to be of sub-optimal 

quality to reliably yield credible sequencing results using Hi-seq panel from Illumina. Such 

evaluations might be easier and more credible if done on DNA from fresh frozen tissue with 

accompanying plasma or normal pleura. We have in the duration of this study also managed to 

prospectively collect 17 such samples from consented patients with MPM operated at the Austin, 

Warringal and Geelong hospitals. A whole genome/exome sequencing of these samples utilising the 

next generation sequencing platforms may in fact yield more results that further elucidate 

differences in genomic changes between patients who do and do not have an immunologically active 

tumour. 

Our assessment of the immunological milieu in MPM is extensive but by no means 

comprehensive or complete. As our knowledge of the immunological mechanisms used by cancer 

cells to escape immunological surveillance and destruction grows, it is becoming clear that we need 

to have a much broader understanding of the roles of these multiple immunosuppressive 

mechanisms and their interplay. The roles of the other check points, their ligands and macrophages 

are yet to be defined. In generating the large cohort with good quality tissue, we have established 

the platform on which these studies can be conducted.  

Some CNAs revealed to frequent and be of prognostic importance in MPM represent potential 

targets which would definitely merit further investigation and functional studies. One such 

investigation into CDK6 and the potential to use CDK4/6 inhibitors is currently being investigated in 

our lab. Similar studies need to be done to probe the possibilities of using DMRTA1, MTAP as targets.  

In summary, during the course of our study, we generated and used a large well annotated, 

biopsy proven cohort of patients to study genomic alterations and immunological profile in MPM. 
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Our effort was to explore the potential associations between the extent and pattern of copy number 

changes in MPM and the immunological characteristics of individual tumours. We also sought to 

explore differences in copy number profiles between MPM histological subtypes and to identify 

individual alterations that may have prognostic and potentially therapeutic implications 

 We found MPM to be immunogenic with varying degrees of tumour infiltration. The immune 

microenvironment appeared to vary amongst tumours with heavier infiltration with lymphocytes in 

sarcomatoid histological subtype. This subtype was however also associated with greater 

immunosuppressive environment with greater PD-L1 and PD-L2 expression. Despite its association 

with sarcomatoid histological subtype, increased level of TILs was found to be an independent 

negative prognostic marker contrary to most other cancers studied. Varying numbers of CNAs were 

found in our genome-wide copy number analysis with losses of genomic regions outnumbering 

gains. Although PGA was surprisingly lower in non-epithelioid histological subtype, patients with 

higher PGA were found to have a worse OS. The copy number profile did not significantly differ 

amongst histological subtypes, and importantly, we were not able to demonstrate any association of 

PGA, copy number profile or individual CNAs with PD-L1 expression. We found BAP1 loss to be 

associated with better OS while loss of CDKN2A, MTAP and DMRTA1 along with CDK6 gain with 

poorer OS. We found that patients who had both CDKN2A loss and CDK6 gain on FISH did worse than 

those who had either or none of these aberrations. On endeavouring to validate our copy number 

results from using FISH, we found good concordance for losses but the concordance for gains was 

lower.  

MPM has lagged behind most other cancers in terms of development of new and effective 

treatment options. Drastic improvement in outlook seen in some cancers has been illusive in MPM. 

However, recent clinical studies do suggest a potential to improve outcomes especially with 

immunotherapeutic modalities and targeted therapy. If immunotherapy and targeted therapy are 

going to be the innovations most likely to generate effective treatment options for MPM in the near 
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future, understanding the common genomic changes, the immunological milieu, their interactions 

and clinicopathological correlates is paramount. During the course of the studies described in the 

presented thesis, we have been able to shed considerable light on these issues. Our findings have 

highlighted aspects of MPM micro-environment (especially non-epithelioid histological subtype) that 

could potentially better direct checkpoint inhibition therapy or combinations thereof. Some genomic 

changes identified in our analysis could be potentially targetable. We would hope that further 

continued research into the leads derived from these findings could lead to treatment options that 

could potentially change MPM from an aggressive incurable malignancy to one that can be 

reasonably controlled or at some time even cured. 

Of the many aspects that set MPM apart from other cancers an important one is the fact there is 

an avoidable cause in at least 80% of the cases. As such prevention of MPM at least at present 

seems to be much more realistic goal than its cure.  Completely stopping the mining, selling and use 

of asbestos along with optimum precautions in handling asbestos products in older installations 

could in the future radically decrease MPM incidence. This would however need great public 

awareness and strong political will not only in the developed countries but also in the developing 

economies which continue to buy and use asbestos.  
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